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Rezumat

Problema declagrii cutremurelor de gméant, ca urmare a ggnii Soareluisi a Lunii, a fost
investigai de muti autori. Aceast declagare ar putea avea la origing modulgii
gravimetrice induse de mareele terestre in actdataeismit.

In acest studiu ne-am propus dambiective:primul obiectiv este de a ame caracteristicile
de @spuns ale unei zone seismice cu activitate seisnmtermedia%, supud adgiunii
anumitor componente ale mareelor terestre. tRogeografié si tectonica zonei Vrancea,
adancimea activitii seismice analizat si tipul de interadune dominarit la aceast
adancime, gravitea, ne permit & simplificam considergile problemei. Prin urmare, vom
analiza cuplajele posibile dintre mareele teregtoaitremurele de gmant,tinand seama doar
de implicarea diferitelor periodié@i ale mareelor in declaarea evenimentelor seismice. Cu
o metodologie proprie, udnm tendirtele de modulare ale actisiti seismice in zona
analizai de dtre componentele reprezentative spectral alé@riegrup de maree teresti®2,

M2 si N2 pentru grupul de unde semidiurhé€l, P1si O1 pentru grupul de unde diurnklF,
MM, SSAsi SA pentru grupul de unde cu perioade lur@oeficientul statistiqp, masufi a
sincronizarii relative dintre varigile cu o anumit perioad a mareelor terestrg activitatea
seismi@ a zonei analizate, constituie un patai factor precursor deoarece vaiile
temporale ale caracteristicilor lui evideza unele semituri sistematice in acest senf.
doilea obiectiv este integrarea rezultatelortimiite in modelele geodinamice acceptate n
prezent pentru zona Vrancea. O contiilbumportand la realizarea acestui obiectiv revine
aplicarii noului concept de tomografie statigtia unei zone seismice cu ajutorul mareelor
terestre pe bazaamia poate fi suswuti ipoteza torsiunii fragmentului de litosferce
caracterizeazzona seismicVrancea.

Accesul la o baz complet si omogera de cutremure principale, cum este catalogul de
evenimente seismice RomPlus pentru perioada 192004, metoda principalde analiz
numita HiCum (bazat pe cumulare de histograme), testele statisticajotorul cGrora se
calculeaz atat coeficientul statistio pe baza #ruia evallim corelaia dintre mareele terestre
si cutremurele de gmant catsi intervalele de incredere pentru parametrul deligimdine a
sinusoidei de interpolare, validarea rezultatelon pnetoda seriilor sintetice de evenimente
aleatoare, analizele in ferestre mobile tempagiaBD, un concept nou utilizat pentru prima
dat in problema coretei dintre mareele terestgecutremurele de mméant numit tomografie
marei@ statisti@ a distribuiei cutremurelor de mant, toate aceste lucruri ne permit s
urmarim realizarea obiectivelor propusk ca urmare, acopului generalal studiului nostru:
de a pune in evidghinteragiunile dintre mareele terestgecutremurele de gmant pentru o
zom seismi@ particulag, cu seismicitate intermedirzona seismicVrancea din Romania.

Cuvinte cheie: Vrancea, deckaor seismic, HiCum, coeficient statispicteste statistice, serii
sintetice, ferestre mobile, 3D, tomografie statisti






Résumeé

De nombreux auteurs ont investigué la questiorédemtualité d’'une action d’origine
solaire ou lunaire sur le déclenchement des tremdaiés de terre. Ce déclenchement
serait du aux modulations gravitationnelles induiar les marées terrestres.

Dans ce travail nous nous proposons deux objed&fgpremier est d’obtenir les
caractéristiques de réponse d'une zone seéismigee ame activité intermédiaire,
soumise a l'action de certaines composantes de®esiaierrestres. La position
géographique et la tectonique de la zone de Vraneegarofondeur de l'activité
séismique analysée et le genre d’interaction domténaa cette profondeur, la
gravitation, nous permettent de simplifier les edé@sations du probléme.

Nous disposons pour nos recherches du catalogu€?Remui reprend sur la période
1970-2007, l'activité séismique de la zone étudi@us analysons les couplages
possibles entre les marées terrestres et les teemebls de terre en ne tenant compt
gue de l'implication de certaines périodicités dnsléclenchement des événements
séismiques. Nos travaux utilisent une méthode gieking » nommée HICUM qui
est complétée avec des tests statistigues casmdépar le calcul d'un coefficiept
d’evaluation de correlation en fenetres glissantes.variabilité de ceux-ci semble
présenter des tendences liées a l'activité séisrimpale.

Le deuxiéme objectif est de confronter les résultats obtenuscales modéles
géodynamiques acceptés pour la zone de Vrancepplication de nouveau concept
de la tomographie statistique a lI'aide des maréggdtres contribue a réaliser cet
objectif. Cela donne une explication cohérente suitient le modéle du slab en
torsion dans la zone séismique de Vrancea et adtilon des ondes séismiques au
nord-ouest de cette zone.

Ces deux objectifs concurent a la realisatiorbdtigénéral de la thése qui consiste a
mettre en évidence les interactions entre les rear¥eestres et les tremblements de
terre pour une zone particuliere avec activité rsigjge intermédiaire, la zone de
Vrancea — Roumanie.

Mots clé: Vrancea, déclencheur séismique, HiCumeffaient statistiquep, tests
statistiques, facteur précurseur, 3D, tomograpiaissique.






Abstract

The possibility that Earth-tides could be trigggrirseismic events has been
investigated by many authors. One of the triggergasons of the earthquakes could
be the induced gravitational modulations of theleades.

This study has two objectivethe first objective is to obtain the characteristic of
response of an intermediate-seismic zone liableedain tidal periodicities. The
reasons of this problem are much simplify by geplgi@al position and Vrancea
tectonics, by the seismic activity depth and thevailing type of interaction at this
depth. That is the gravitation. Thus, we take ircoaat only different tidal
periodicities for analyse the possible couplingeiattion between earthquakes and
earth tides. The modulation tendencies of the smmative components of every
spectral group of the earth tides are analysed ddécated methodology. These earth
tide components ar&2, M2andN2 for semidiurnal wave1, P1landO1for diurnal
waves MF, MM, SSAandSA for long period waveslhe statistical coefficierg could

be a potential seismic precursor if the time varet of its characteristic prove a
systematically pattern in this sendde second objectiveregards the integration of
the obtained results in the context of the accegeddynamical models for the
Vrancea region. The new concept of tidal tomograighyery important for touch this
objective. It can offer a good explanation for tieesion property of the Vrancea
seismic slab.

The access to a complete and homogenous data lbas&io earthquakes like
RomPlus catalogue from 1970 to 2007, the princip@&thod of analysis named
HiCum (from Histogram Cumulating), the statistidabkts for the estimation of the
correlation between earthquakes and earth tidesghr statistical coefficienp and
confidence intervals, the results validation by itmethod of the synthetically series of
random events, the analyses in time and 3D slidimglows, the new concept named
statistical tidal tomography of the earthquakerthstion used for the first time in the
earthquake — earth tides correlation, all this m@etd things contribute to realise the
two proposed objectives and therefordhe aim of our study. to make obvious the
interactions between earthquakes and earth tidesafgarticularly region with
intermediate-depth seismic activity, the seismiantea region.

Key words: Vrancea, seismic triggering, HiCum, istatal coefficientp, statistical
tests, synthetically series, sliding windows, 3ftistical tomography
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INTRODUCERE

Scopulsi obiectivele tezei

Studiul geofizic al zonei Vrancea este foarte intgir pentru Romania deoarece
este vorba despre o zZbputernic seismicunde tidiesc milioane de oameni. Impactul
ultimelor cutremure dedméant cu magnitudini superioare valorii 7 pe scaiehter
(1940 i 1977) a fost devastator pentru BuatirdFig. 1) si in zona epicentral
[CONSTANTINESCU and ENESCU, 1985]. Periodicitateanou asemenea
evenimente este in jur de 30-40 ani.

Fig. 1 -Bucuresti, 4 martie 1977; consecpe ale unui cutremur cu
magnitudinea Mw=7.4.

Problema declamatorilor seismici ocufy in general, un loc important in literatura
stiintifica de specialitate. Tn acest context, nurgeamitori au investigat eventualitatea
unei modudri a procesului de declsare seismig prin intermediul unor influee
gravitgionale induse deatre mareele terestre n activitatea seigmacunor zone
[KNOPOFF, 1964; KLIEN, 1976 ; HEATON, 1982 ; DING &, 1983 ; KILSTON et
al, 1983, PALUMBO, 1986, STAVINSCHI, 2003, etc.].aDdin punct de vedere
geodinamic, mecanismele prin care mareele terastpeitea fi implicate nu sunt c
bine explicate.

Procesele de acumulare a energiei intr-ci Zmismi@ sunt complexai diverse,
nsi riman puternic legate de contextul geologiidectonic al regiunii. Din cauza

T
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eterogeneittilor de structuf, fiecare zod se poate comporta asemenea unui filtru
pentru mareele terestrg, uneori, ca un veritabil amplificator pentru ariten
componente ale acestora. [ENESCU et al., 1999].

Mecanismele specifice mareelor terestrgoaeaz in paralel cu alte cauze, cu
influente la séari foarte diferite: presiunea atmosferidenomenele termomecanige
tectonice sau de circula fluidelor (a, lava, etc.). Mareele terestre ar putea modifica
energia acumulatprin aki factori de origine interh sau extern Pamantului care
agioneaz asupra acelegaregiuni.

Lucrari relativ recente descriu posibilitatea imglic mareelor terestre in
declagarea cutremurelor de amant [ZUGRAVESCU et al, 1989; VAN
RUYMBEKE et al, 1981, 1983a, 1983b; LIN et al, 3Q0COCHRAN, 2004]. in
trecut, serile de evenimente disponibile pentraliae erau limitate. Tn prezent,
suprafaa zonelor studiate a putut fi extingr bazele de date sunt acum suficient de
dezvoltate pentru a permite analize caiefsle de bui calitate.

Abordirile globale in problema corgiai dintre cutremurele de amant si
mareele terestre, in virtutea unor aproximaeori extrem de grosiere, ascund tgac
specifice ale fiegrei structuri geologice, implicand-o intr-udspuns general,ifa
posibilitatea gsirii unor corel@i semnificative.

in prezent bncile de date cam zeci de mii de cutremure pemdmd, prin
mijloace statistice adecvate, observarea unor endn activitatea seisniica unei
anume zone.

Toate aceste lucruri mgonate anterior, ne-au condudtre fixarea a dou
obiective majore.

Primul obiectiv : oltinerea caracteristicilor déspuns ale unei zone seismice cu
activitate intermedidrsupud agiunii anumitor componente ale mareelor terestre.

Poztia geografi@d si tectonica zonei Vrancea, adancimea adiivitseismice
analizatesi tipul de interagune dominari la aceast adancime, gravita, ne permit
simplificarea considetilor problemei. In consecid, vom analiza posibilele cuplaje
dintre mareele terestgeproducerea cutremurelor dérpant luand in considerare doar
implicarea anumitor periodiéiti in declagarea evenimentelor seismice.

Cu ajutorul unei metodologii proprii, ne propunegh wwmarim tendirtele de
modulare a activittii seismice a zonei analizate d&re principalele componente ale
mareelor terestre, componente reprezentative pgniipul spectral din care fac parte.
De asemenea, am luat in calcul posibilitateginebi unui posibil factor precursor,
urmiarind varigiile temporale ale acestor caracteristici.

Al doilea obiectiv pe care ni I-am propus este de a integra rezidtatginute n
cadrul modelelor geodinamice acceptate in prezemtryp zona seismicVrancea.
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Cele doui obiective conduc la realizarea scopului general alcestui studiu,
care conséi in a pune in evidegi interactiile dintre mareele terestre si
cutremurele de pmant pentru o zom particulara cu activitate seismié
intermediara, in cazul de faa zona seismi& Vrancea (Romania).

Dorim s precizim de la inceputacnu ne-am propusisealizim o monografie pe
tema corelgei dintre mareele terestge cutremurele de gmant. De aceea lucrarea a
apelat doar la aceleipi de teoriesi la experiea de paa acum, Tn risuid si ajute la
realizarea scopului principal al tezei.

Planul tezei

In sensul scopului propus, structura tezei cupriciei capitole bazate pe
continutul prezentat in schema de lucru de mai jos. (Big

Conadgra‘;u ] Metodolqgvla |
teoretice de analiza Studiu de
Cercetari caz: zona
asupra e
corela tiei Seismica
dintre «—] Validarea si interpretarea Vrancea
mareele rezultatelor
terestre si
cutremurele v
de pamant
D Concluzii si perspective

Fig. 2 -Schema-bloc a principalelor etape ale tezei

Scurta prezentare a capitolelor tezei

Capitolul 1 reprezini o privire general asupra zonei seismice Vrancea in
contextul tectonicii globale, subliniindasaturile caracteristice din punct de vedere
seismic, tectonigi geodinamic. Sunt meionate concis coordonatele geografice ale
zonei, evenimentele seismice istorice, particdiglet distribuiei focarelor
cutremurelor vrancene, dinganalitatea ei NE — SV, sdiile dominante ale planelor
de falie, sistemul de falisi regimul compresiv caracteristic, energia de fond
cvasiconstait periodicitatea de aproximativ 30-40 de ani aemtirelor puternice.
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Se face o scuttprezentare a celui mai compktomogen catalog de cutremure
vrancene, catalogul RomPlus elaborat de InstitNagional de Fizica Bmantului din
Bucureti. Deoarece n ateia noastk se afi doar cutremurele principale, tot in acest
capitol este descris criteriul Kossobokov-Romaslakde eliminare a pasicurilor.

Expunerea succiata fiecirui model geodinamic acceptat in prezent pentriazon
Vrancea, Tn incercarea de a explica specificitateivitatii ei seismice, pune in
evidena caracterul dominant al falor gravitaionale asupra fragmentului de piac
litosfericd sau slab-ului seismic, cum mai este denumit, adesurni termen fiind
utilizat frecvent in prezenta lucrare.

Capitolul se incheie cu céateva concluzii sintebaa¢ asupra coinutului
prezentat.

Capitolul 2 cortine elementele generale de teoria mareelor tereskeenente
necesarsi suficiente pentru ielegerea posibilei implici a acestora in declgarea
cutremurelor de gmant intermediare din zona Vrancea. Se pgende la definireai
demonstrarea formulei potgalului de atrage exercitai de un corp perturbator (Lan
si Soare in principal) asupra unui punct oarecarepdeRimant, pas necesar in
intelegerea defiiei mareelor terestrg a principalelor familii de unde mareice in care
se descompune acest patain Sunt introduse notide si denumirile specifice undelor
de maree terestre in vederea stabilirii cadruhmniteologic necesar.

Spectrul Fourier al mareelor terestre prezmimagine sugestiva principalelor
grupe de maree teresyiea undelor dominante din fiecare géupg\cest spectru ofér
justificarea alegerii ulterioare a anumitor compaee ca posibile candidate la
declagarea evenimentelor seismice.

Dupa cateva obseryid importante asupra suportului geofizic caré & baza
consideidirii mareelor terestre ca deckator seismic, sunt amintite rezutatele care
confirma/infirma ipoteza corelgei in cadrul studiilor intreprinse anterior.

Bazéandu-se pe cele mai recente stsidpe rezultatele lor pozitive in problema
existenei corelaiei, precumsi pe rolul important pe care il poate juca campul
gradientului de fge mareice asupra slab-ului seismic supus ¢loerde convege
din mantasi fortei arhimedice, capitolul se incheie subliniind pdai implicare a
mareelor in decla@area cutremurelor daamant.

Capitolul 3 este consacrat in intregime prezZenimetodologiei de analiz i
descrie toate etapele procedurii utilizate cupmiza
- metoda principal de analiz, metoda de stacking numitHiCum,
prescurtare a denumirii englgtieHistogram cumulating;
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- testele statistice utilizate care dau coeficiestalisticp si intervalele de
incredere pentru parametrul analizat. Au fost ohise pentru prima dat
in acest tip de analiza coreldei pentru zona Vranceatestul
permutarilor si metoda Bootstrap

- analize in ferestre mobile temporgie3D. Acestea din urthau permis
introducerea unui concept nou in analiza coifela maree-cutremure,
conceptul detomografie mareici statistici a unei zone seismice cu
ajutorul mareelor terestre;

- validarea rezultatelor de corgka oltinute, in toate cazurile, se face cu
ajutorulseriilor sintetice de evenimente seismice aleatoare

Capitolul 4 cuprinde aplicaa propriu-zia sau studiul de caz. Numeroase
imagini Tnsgesc etapele prezentate in capitolwi 3eprezini materia prird pentru
discuiile care urmeaz si fie dezvoltate ulterior. Capitolul 4, de andlia datelorsi
validare a rezultatelor in cazul actitit seismice intermediare din zona Vrancea,
formeaz o parte importaita tezeki concentreaz 0 mare parte a graficelor luci.

Capitolul 5 valorifica rezultatele ofinute in capitolul 4si contine interpreiri
proprii autorului asupra rezultatelor tolute. Astfel, este pus in disge un posibil
pattern temporal al declgirii cutremurelor puternice datatiprezemei unor amprente
specifice ale varigi coeficientului statistip Th apropierea unui cutremur denpant
mediu, intermediar sau puternic. Aceste si#nomn particulare au fost confirmate atat
n ferestre mobile definite prin intervale de tifmipe precizate, deplasate cu intervale
de timp constante, c&t prin utilizarea unor ferestre cu ndmfix de evenimente
seismice, ferestre deplasate cu un fueonstant de evenimente. Prin urmare, se
propune considerarea lui ca un posibil factor premu

O alta parte importarit a acestui capitol este dedicatompadrii rezultatelor
obtinute prin alte tipuri de tomografisi analize de pattern de seismicitate, cu
rezultatele obtinute cu ajutorul tomografiei mareice statisticeinpintermediul
diferitelor componente mareice asupra actitiseismice vrancene. Inforrtia astfel
obtinuta confirma concluzii ale tomografiei seismiggé magnetotelurice, ale analizei
patternului de seismicitatg studiului atenarii undelor seismice, conducandtie un
model integrator al acestor rezultate.

In acest sens, se propuneschemi de cuplaj dintre undele declinaionale
mareice, pe de o partesi cele eliptice mareice, pe de altparte, cu slab-ul seismic,
modelul tindd cont de prezea triplei jongiuni intre cele trei pici continentale
(corespunzand tectonicii actuale din zona Vranaayiferemele reologice la nivelul
partii superioare a mantalei (puse in evigdeprin tomografia seismicsi atenuarea
undelor seismice la nord-vest de slab-ul seisgiidg agiunea curetilor de convege
din astenosfer
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Capitolul se incheie printr-o apliga restrans a tomografiei mareice statistice,
redus doar la utilizarea a daudin cele zece unde mareice propuse la inceputul
lucrarii, (undele semidiurne Mg S2) asupra a ddwone cu seismicitate intermediar
aseninatoare zonei Vrancea din punct de vedere al digtabfocarelor.

Capitolul dedicat concluziilor contine trei girti definitorii ale lucérii: o sintez
a rezultatelor mai importante fitute, contribtiile punctualesi originale ale autorului
si perspectivele deosebit de generoase ale suhieéatnbrdat in tex

Lucrarea cuprinde 172 de pagini, 8 tabgleste ilustrat cu 111 figuri colori 2
planse format A3 color alituite, la randul lor, din colajele altor figuri igendente.

Alaturi de introducere, 5 capitole, concluzi referinte bibliografice, teza
prezint, in anexe, caimutul a patru luciri importante publicate pe parcursul
elabodrii tezei de doctorat, luari din care doa au fost publicate, in anul 2007, in
Natural Hazards, revistu cotaie ISI.

Referirtele bibliografice cuprinzand 209 titluri de artieoyi carti al caror
continut a fost parcurs in faza de documentare, inghreieenta lucrare.
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1 ZONA SEISMIC A VRANCEA-PRIVIRE GENERAL A

1.1.Zona seismid@ Vrancea in contextul tectonic global

1.1.1. Compararea cu alte zone intracontinentale cseismicitate intermediat

Activitatea seismi€ a unei zone se exprimadesea in funie de prezeg
«limitelor de pla&»: de exemplu, zonele cu o subde@ctiva sau zone caracterizate
de o paleosubdtie (subdugda propriu-zid nemaiexistand in prezent), cum se crede c
ar fi cazul zonei seismice Vrancea (Fig. 1.1) [SANIESCU, 1984; ENESCU and
ENESCU, 1993 ; LINZER et al.,, 1998, WORTEL and SRWXN, 2000]. Aceste
zone sunt dovada unei tectonici actirgpot fi prezentesi acolo unde litosfera mai
putin rezistent este supusunor constrangeri importante.

iy

Fig. 1.1.—Poz¥ia geografici a zonei Vrancea in contextul tectonic european

In lume se cunosc doar dowone intracontinentale similare Vrancei prin
dimensiuni restrinse ale distrifiei focarelor, caracterizate prigaanumita geometrie
de « cuib » (de la englezescul, nest) a hipocanmtfZARIFI and HAVSKOV, 2003] :
Hindu Kush (Afghanistanki Bucaramanga (Columbia). Dar contextul tectonic al
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acestor doluzone este complet diferit de al Vrancei [REIU and CADICHEANU,
2003, 2006].

Studiul nostru are Tn vedere doar activitatea Seisnintermediai adic
evenimentele seismice care au loc la o adancimenmaaé de 60 km [BATH, 1973;
APOSTOL, 2006,], pentru a elimina, in acé@astaf, complexitatea factorilor ce
intervin Tn cazul cutremurelor crustale. In aceist drma caz, stresul tectonic este
influentat de mai mul factori externi [TURCOTTE and SCHUBERT, 1982] cum
sunt: varigile climatice [RUDDIMAN, 1997], procesele de erome a solului
[CLOETHING et al.,, 2004], activitatea antropjcvarigiile campului baricsi ale
temperaturii [ADUSHKIN and SPIVAK, 2006], dinamigaanzelor de ap freatic
[STEJSKAL et al., 2007], etc.

1.1.2. Zona seismit Vrancea — laborator geodinamic natural

Zona seismig Vrancea poate fi considefiain laborator geodinamic natural ideal
pentru studiu datogitinstrumentgéei geofizice deja implementade mai mui ani,
structurii  geologice bine delimitat spaial si gratie accesibiliitii  zonei
[ZUGRAVESCU, 1985al].

1.2. Activitatea seismié

1.2.1. Delimitarea geografi@ a zonei epicentrale

Zona seismig Vrancea cotine cea mai mare parte a epicentrelor localizatre
26°-27° longitudine esticsi 45°-46° latitudine nordic[RADU and POLONIC, 1982].

1.2.2. Cutremure istorice importante

Cele mai Iimportante evenimente seismice istoricee aecolului XX
[STEFANESCU, 1902; ATANASIU, 1961; BLAN et al, 1982,
CONSTANTINESCU and ENESCU, 1985] in Roméania au dvtia data de:

6 octombrie 1908 (h=125 km , Mw=7.1),
10 noiembrie 1940 (h=150 km, Mw=7.7),
4martie 1977 (h=94 km, Mw=7.4),

30 august 1986 (h=131 km, Mw=7.1
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1.2.3. Particularitati ale seismiciftii

et e
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Fig. 1.2.-Distribufia hipocentrelor cutremurelor intermediare
vrancene in perioada (1970-2007)

Activitatea seismig intermediad vranceai prezinti urmatoarele caracteristici
importante:

» Adancimea frecveata focarelor superioawalorii de 60 de kngi o distribuie
a hipocentrelor intr-un volum foarte restrans (Rig) [CORNEA and RADU,
1978].

> Seismicitatea de fond cvasiconstafMANDRESCU and RADULIAN, 1999 ;
RADULIAN et al., 2007]

» Evenimentele cu magnitudine Mw > 7.0 preZiotperiodicitate relat&/ in jur
de 30-40 de ani, dar evenimentele cu magnitudingartsa intre 5.0si 7.0 pe
scara Richter nu sunt prea numeroase [TRIFU and WRABN, 1989;
IMOTO and HURUKAWA, 2006].

1.2.4. Catalogul de cutremure RomPlus

Institutul Ngional pentru Fizica #nantului din Bucurgi a pus la dispora
noasté catalogul de cutremure RomPlus pentru perioad®-P8D7. Completitudinea
si omogenitatea datelor, mai ales duf981 (Tabelul 1.1)., ne-au permis accesul la 0
baz semnificatii de date din punct de vedere statistic, atat caande evenimente
(aproximativ 2600 de evenimente principale cu amedntermediai) catsi calitativ.
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Tabelul 1.1 —Cutremurele de gmant intermediare din zona Vrancea cu magnitudinea
superioaw valorii 5.0 pe scara Richter (M 5.0; 1981-2005)

An Luna | Zi Ora | Min | Sec Lat. Long. | Adancime Mag.

(deg.) | (deg) (km) (Mw)
1981 7 18 0 2 59| 45.69 26.42 166.1 5.5
1983 1 25 7 34 50, 45.7% 26.64 149.8 5.6
1985 8 1 11 17 36 4579 26.77 118.6 5.2
1985 8 1 14 35 4 45.73 26.62 93.5 5.8
1986 8 30 21 28 37| 4552 26.49 131.4 7.1
1987 9 4 1 40 30| 45.68 26.43 160.2 5.0
1990 5 30 10 40 6 45.883 26.89 90.9 6.9
1990 5 31 0 17 48| 4585 26.91 86.9 6.4
1999 4 28 8 47 56| 45.49 26.27 151.1 5.3
2000 4 6 0 10 39 45.7% 26.64 143.4 5.0
2004 10 27 20 34 36/ 45.78 26.73 98.6 6.0
2005 5 1 53 22| 45.68 26.54 148.3 5.1

1.2.5. Pre=si postsocuri. Criteriul Kossobokov-Romashkova

Activitatea seismig vrancead este caracterizatde multe ori prirsocuri produse
Tnainte de degsiccarea principal a energiei tectonice. Acestea sunt considerate
presocuri. Numeroase sunt evenimentele produse dugocul principal,si numite
nostru bazat pe decjarea

curent posfocuri

sau

Laftegocuri”.

In  studiul

evenimentelor de atre factori externi Pmantului, am luat in considerare doar
presocurilesi socurile principale, plecand de la ipoteza origaiimune a factorului lor
declanator. Pentru evitarea unor erori posibile asupzaltatelor calculelor noastre ca
urmare a prezeai posgocurilor, am folosit criteriul Kossobokov-Romashkoy2006]
de eliminare a lor [CADICHEANU et al., 2007], crite elaborat special pentru zona
Vrancea de are cei doi autori. Astfel, secvese postocurilor au fost excluse
considerandu-se pgsturi evenimentele care se produc intr-un intedeltimp mai

mic de:

2 zile dup
2.5<Mw<5.0;

4 zile dup
5.06Mw<5.5;

8 zile dup
5.5<Mw<6.0;

16 zile dupa socul
6.0<Mw<6.5;

32 zile dupg socul
6.5<Mw<7.0;

socul

socul

socul

principal

principal

principal

principal

principal

dag

dag

dag

acesta are

acesta are

acesta are

dagt acesta are

dat acesta are

magnitudinea

magnitudinea

magnitudinea

magnitudinea

magnitudinea

64 zile dug socul principal dag acesta are magnitudin&aw>7.0
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1.3. Structura tectonic

Fig. 1.3. -Aspecte tectonice ale zonei Vrancganecanisme
in focar caracteristice (Knapp et al., 2005)

1.3.1. Phci tectonice convergente

Epicentrele tuturor cutremurelor intermediare sdrdtribuite pe o suprafa
aproximativ elipti@, intr-un domeniu relativ ingust in partea de sstdaeCarpglor de
Curbugi, Tn zona de coliziune a treiggl / subpiici intracontinentale: Placa est-
europeaa (PEE), Placa Tisza-Dacia (PTDy Placa moesic (PM) (Fig. 1.3)
[ZUGRAVESCU and POLONIC, 1997; SEGHEDI et al., 1998; ARIFENU,
1999].

1.3.2. Sistemul planelor de falii

In zona seismit Vrancea sunt dominante mecanismele in focar aaistite
faliilor inverse (Fig. 1.4%i sunt situate intr-un plan aproape vertical, daeNE-SW
[CORNEA et al., 1987; ENESCU, 2003].

Fig. 1.4. -Mecanismele in tocar caracteristice zonel seismitancea
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1.3.3. Regimul seismic dominant

Mecanismele n focar reflectun regim de stres compresiv dominant in zona
subcrustal. Tendirta compresi¥ se accentueaz dati cu adancimea [WENZEL et
al., 1999; BAIA, 2003].

1.4. Modele geodinamice

Existi mai multe modele geodinamice pentru zona Vranddatre autorii
acestora amintim, Tn ordine cronologipe: Roman, 1970; McKenzie, 1970, 1972,
Fuchs et al, 1979; Riznichenko et al, 1980; Shchyuand Dobrev, 1980;
Constantinescu and Enescu, 1984; Oncescu 1984;s€@ned al, 1984; Trifu and
Radulian, 1989; Bobrinsky et al., 1990 ; Khain dmbrovsky, 1994; Linzer, 1996;
Girbacea and Frisch, 1998; Sperner et al., 2004utiBie 2002; Ismail-Zadeh et al.,
2003; Knapp et al., 2005.

Prezeritm in continuare pe cele mai importagienai bine argumentate dintre
aceste modele.

1.4.1. Modelul fragmentului de plaé litosferica (,slab”) in curs de
desprindere

Studii Tntreprinse relativ recent consiglefragmentul de plac din zona
subcrusta vranceaa ca fiind un ultim fragment de litosteioceanié dintr-o bucat
de mari dimensiuni din care s-au desprins, pe narail multe fragmente ce au coborat
si au fost incorporate Th manta, ca urmare a prdgeda subduge Tn urma &ruia au
luat natere Carpai de rasarit [LINZER, 1996; SPERNER et al., 2001](Fig.1.5).

-/ Location of
Vrancea earthquakes

Fig. 1.5. -Modelul fragmentului de plad (,slab”) in curs de desprindere
(Linzer, 1996, Sperner et al., 2001)
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In prezent, un ultim fragment aflat in zona de satla Carpélor de Curbui se
afla in curs de desprindegede alunecare leatin astenosfarsub agunea dominarit

a gravitaiei. Autorii nu pierd din vedere procesele izosttare ingesc aceste etape
ale desprinderii fragmentului.

1.4.2. Modelul delamiririi

Acest model considérexistena unui proces de eroziune arti inferioare a

litosferei (Fig. 1.6) deatre o mas astenosfericin ascensiune ca urmare ascarilor
convective din mantaua superidar

Brasov-Ciune-Gheorghieni basins

NW Transylvanian basin Persami i Harghita Focsani hasin SE
ek B
Lithospheric et T s
801 Mantle A~ 199
2 [ : : e
120 ( ( { % 120
- I ] -
| / \ B s =
1604 ~ Convective \. r = 160
Heat % E
Asthenosphere Flux A
200 ! L 200

[ | Transylvanian Basin/Eastern Carpathians foreland Basement units
Eastern Carpathians fold-and-thrust belt A  Voleano

B Oceanic crust i Lithospheric mantle [ Asthenosphere

Fig. 1.6. -Modelul delaminirii
(Girbacea and Frisch, 1998)

Procesul descris conduce la desprinderea Eftagmentului seismic de litosfier

si coborarea Iui In manta subtamea propriei gredti [GIRBACEA and FRISCH,
1998; PRAT and GIRBACEA, 2000; RUSSO et al., 2005].

1.4.3. Modelul termotectonic

Modelul propus de Cloethingi colaboratorii & [CLOETHING et al., 2004]
considedi caracterul particular al subdies fragmentului de placdin zona Vrancea
controlat de procese termo-mecanice sublitosfesiicke variaiile laterale ce apar ca
urmare a intergnii proceselor din litosférsi a celor de la supraga(Fig. 1.7).
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Fig. 1.7. -Modelul termo-tectonic (Cloetingh et al., 2004)

Si intr-un cazsi in ceklat gravitaia joac un rol important deoarece intervine atat
in cazul instabilitilor sublitosferice rezultate Tn urma proceselootgemice, cagi in
controlul proceselor izostatice generate de er@zusedimentare la suprafa

1.4.4. Modelul oltinut prin tomografie seismica si tomografie magnetotelurica

in anul 1999 a avut loc in sud-estul Romaniei upegixnent interngonal de
tomografie seismi; cu 143 de sta, CALIXTO'99 [MARTIN et al., 2001].
Invesiunea datelor au pus in evigea zord de mare vitex seismi@ cu un maxim al
perturbaiei vitezei undei P de +3.5% Tn comp@eacu modelul de baz Aceasi zora
de vitez mare a fost interpretata fiind un fragment litosferic in coborare (Fig8).
Prezema lui a fost materializatpari la 350-370 km, maximul rezgiei tomografiei,
ceea ce este n acord cu rezultatele da pamci [WORTEL and SPAKMAN, 2090
Imaginile tomografice au relevat caracteristiciecau fusesérmertionate in studiile
anterioare [ONCESCU, 1984; WENZEL et al., 1999]au permis determinarea
geometriei fragmentului in cobor&iepozitionarea hipocentrelor.

Deoarece rezultatele pbute Tn urma interprétii imaginilor tomografiei
seismice sunt importante in studiul nostru, vone faccontinuare o sint&éa acestora.
Astfel, zona de mare vitézidentificat cu fragmentul litosferic in coborare are o
orientare NE-SV intre 7¢J 200 km adancime. Sub adancimea de 200 km se peanlu
schimbare a orieatii de la NE-SV la o orientare N-S iar maximul adénii atinge



Studiu asupra influenelor gravimetrice induse de mareeler terestre imaseismid Vrancea 15

350-370 km. Perturbia vitezei este maximintre 110si 150 km adacimei aproape
constant sub 200 km (Fig. 1.8).

M=1.5 M=7.2
Mz=77 1977 1986 M,=69
1940 (4 (4 1990
P v @ !
0 J e G‘
W g ' @
|t :
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‘ 501
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i | g Ly
200" Positive anomaly ‘ [ ‘ :
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-0, | 0% A5 20% ‘ & 0 o o
3004+ : .7 6 5 4
-400 : ik e :
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Fig. 1.8- Modelul olzinut prin tomografie seismié
(Martin et al., 2001, 2005, 2006a, 2006b)

Pe baza analizelor efectuate asupra imaginilor ¢pafwe, autorii [MARTIN et
al., 2005, 2006] consideifragmentul subdus ca nefiind complet datade litosfes.
Partea de NE a fragmentului pakefie cuplaé cu litosfera moesicsi gazduieste zona
de seismicitate intermediar Zona de cuplaj este delimiiatle Falia Peceneaga-
Camenasi Falia Intramoesit. Partea de SV a fragmentului este aseignmdespring
de crusi si usor rotiti sub litosfed la adancimea de 200 km.

Anomaliile de vitez mica de deasupra adancimii de 110 km sunt interpretate
ascensiune a materialului astenosferic. Imediat 5l km se afl o zora de mare
perturbaie a vitezei seismice, considergartea cea mai rigida slab-ulusi o zora cu
acumulare mare a stresului. Cauza acestei aéunmuhi mari a stresului este pupe
seama faelor arhimedice datorate scufdimid fragmentului in faza de subdie din
trecut. In plus, aceastanomalie este Tn acord cu discontinuitatea litésfe
astenosfer dintre 110si 150 km sub Platforma moesigi mai adang de 200 km sub
Platforma est-european

Procesul de torsionare a fragmentului de la daedE-SV de la suprafala cea
N-S peste 200 de km a fost semnalat pentru primt& gan tomografie
magnetotelurig [STANICA et al., 2004] (Fig. 1.9).
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Fig. 1.9. —=Tomografie magnetoteluri¢ 3D. Cercurile rgii marcheaz focarele
cutremurelor intermediare (Snica et al., 2004)

Imaginile tomografice concodidcu ipoteza de rollback a fragmentului in timpul
subdudei, colisiunea gcilor urmat de pibusirea fragmentuluisi delaminare
litosferica. Diferitele grade de cuplaj mecanic al fragmentwu litosfera permite
intelegerea localiizii seismiciitii in volume cu o concenttia mai mare a stresului.

Acest fragment torsionat de la ditecN-S la cea NE-S\§i aflat in cdere sub
propria greutate in manta, este sub controluéfgravitaionale.

1.4.5. Modelul fragmentului de pla@ in prezernta curentilor de convedie

Un alt model interesant a fost construit de Isrdaifleh pe baza tomografiei
seismice, profilelor de refrde seismid, fluxului termic si evoluiei geodinamice a
regiunii. Cu ajutorul acestora s-a efectuat o aa@antitatii a curefilor de convege
din mantasi a stresului tectonic din partea de sud-est a &i&p(Fig. 1.10).

In plus, s-a demonstrati cfortele arhimedice, care reziltdin distribuia
temperaturilorsi densititilor Tn crust si manta [SHAW, 1970; DEMETRESCU and
ANDREESCU, 1994], pot guverna in prezent defaila subcrustale din sud-estul
Carpailor si pot explica patternul regional al stresujuseismicitatea intermediar



Studiu asupra influenelor gravimetrice induse de mareeler terestre imaseismid Vrancea 17

T 7"""Cérﬁé.th'éfs.-.f* -?-«Lftq;"fm-w S T
. - 2 o _'t_..,;::f .t e Black Sey,..

Disy R T i :
a e 400
”Oe-km 200 w J00 300

Fig. 1.10. -Model legat de myicarea fluidelor in manta ca urmare a
coborarii slab-ului in manta (Ismail-Zadeh, 2005)

Si in acest caz problema pgusgste interesaimtpentru studiul nostru deoarece
ridica o intrebare la care se calhci un aspuns: de ce cutremurele sunt localizate
doar in zona de stres maxim?

Autorul a incercatasraspund printr-un model [ISMAIL-ZADEH et al.2003
care arat ca patternul stresului tectonic in cazul unui slatsihdude difera de cel
aflat intr-o zo# de coliziune continental Maximul stresului migredizde la suprafa
superioad fragmentului aflat Tn coborareatce cea inferioar datori variaiei
dinamicii acestuia (de la slab in subtiesupus faelor laterale, la slab in retragere
datoriti fortelor gravitaionale). In cazul Vrancei, cutremurele mari tiridse produg
mai degrab in partea inferiodra slab-ului decéat in cea superioSMAIL-ZADEH
et al.,1999. Acest lucru ar confirma faptukiactivitatea seismicintermediai din
zona Vrancea, in prezent, este sub controlgglimr gravitaionale.

1.4.6. Modelul triplei jonctiuni

Zona seismig Vrancea se aflin perimetrul de converggna trei paci/subphci
de pe teritoriul Romaniei [CONSTANTINESCU et al..97b] separate prin
discontinuititi convergente dtre tripla jongiune vranceal zona Tornquist-Teisseyre
(TTZ), falia Peceneaga-Camena (PQHglia transgetig (TGF) [BESUTIU, 2002].

Forta rezultant din convergeta pkcilor poate defini tripla jontune ca stabil
(rezultanta este zero) sau ca fipbngiune instabi (rezultani diferita de zero).
Acest din urm caz ar caracteriza zona seisindrancea in accejpinea modelului
geodinamic amintit. Mai precis, ar fi vorba de @l& jongiune instabd de tip
transform-transform-compresiofiabl crei rezultat s-a materializat prin colapsul
vertical Tn mantaua superid@aal corpului prismatic rezultat in urma coliziunii.
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Fig. 1.11. -Modelul triplei joncriuni (Besutriu et al., 2004)

Modelul Tncearg si explice o serie de neconcordarale modelelor bazate pe
subdudie. Pentru studiul nostrutreem ideea aainii mai multor tipuri de fo@ asupra
corpului prismatic in care s-ar concentra actiegaseismig intermedia#, una dintre
aceste fae importante fiindsi cea gravitdonak.

Observétii

Toate modelele prezentate snsxistena, in zona Vrancea, a unui fragment care
coboa# Tn manta sub aicinea fotei gravifice. Fotele hidrostatice, aionand in sens
invers fotei de greutate a slab-ului, congua aceagt coboréare lerit catre nucleul
Pamantului. Fotele de frecarsi cele de véascozitate se opun Tnaimtgenerand la
adancimi intermediare o acumulare de stres carelibereaz n principal prin
intermediul cutremurelor deamant.

In aceast situaie, o fota gravitaionak variabil, componerit a fotei gravifice la
care este supus slab-ul seismic, ar putea comirotzesele de acumulare a stresului in
zona seismit Vranceasi ar putea contribui la declgarea cutremurelor deamant.
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2 IMPLICAREA MAREELOR TERESTRE IN DECLAN SAREA
CUTREMURELOR DE P AMANT

2.1.Potenrtialul de atractie gravitational

2.1.1. Dezvoltarea in serie de polinoame Legendre

Potentialul for tei de atraaie exercitat de un corp perturbator asupra unui punct
oarecare Ad,y) aflat pe suprata Pimantului se poate exprima prin dezvoltarea in
serie de polinoame Legendre [MELCHIOR, 1971], ¢ieug.1):

V= %i(?jn P, (cosp) (2.1)

unde V este poteialul fortei de atragie, G — constanta de attgcuniversal, | - masa
corpului perturbator (Luna sau Soarele in pringipadlistana centrul Bmantului-corp
perturbator p-distanta de la centru #nantului la punctul Ay-unghiul zenital format
de diregia lui p si diretia lui r. In figura 2.1 este notatu r’ distana dintre punctul A
si corpul perturbator.

Demonstrda are ca punct de pornire expresia ge#esapotemialului intr-un
punct, in cazul nostru V(A) (ectia 2.2) [MELCHIOR, 1971]:

V(A =V(o.0) =% (2.2)

Conform teoremei lui Pitagora generalizain triunghiul AOB este adérata
relaia 2.3:

r'’=r?-2rpcosy + p? :r2(1—2§cos//+%) (2.3)
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1 > (W)

Fig. 2.1— Schema care gtla baza calculului potenalului
de atragie gravitgionala exercitat de un cor
perturbator extern asupra unupunct oarecare
A(p,w) aflat pe suprafga Pamantului
(Melchior, 1971)

Folosind notaa $ =h<1,siridicand relaia (2.3) la puterea (-1) vom tie :
% . % (1- 2hcogy + h?) 2 (2.4)
Dezvoléim in serie convergentin raport cth, paranteza din ectia 2.4:
%z%éh"ﬂ(cosw) (2.5)

Se deriveazin raport cth ambii termeni ai ecugi 2.6:

(1- 2hcogy +h?) 2 =S h'P (2.6)

n=0

Ohtinem succesiv:

(L- 2hcosy +h?) ?(cosy — h) = > nh™*P 2.7)
(cosy —h)S h'P, = (L- 2hcosy + h?)3 nh™P 2.8)

Prin identificarea coeficigitor in h" (n>2) se obine formula de recureh 2.9,
Ossian Bonnet:

(n+1)Pps1-(2n+1)cosyP+nP,1=0 (2.9)

Conform acestei refix
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P, =1

R =cogy

P = —3C°§2‘” -1 (2.10)
_ 5cos ¢ —3coxy

i 2

35 15 3
P, =—cos'¢y —-=—=cosy +=, etc...
= c0s Y - oS Y+

2.1.2. Semnificéia termenilor principali

Primii doi termeni ai dezvditii (n=0 si n=1) potenialului din ecuga (2.1)
reprezini potenialul exercitat asupra baricentrului. In cazul termlui P,
recunogtem valoarea poteialului de atragie dintre masele celor daucorpuri
concentrate in centrele lor de raén timp ce prinP; obtinem proiega acestui
potenial pe direda zenitai a punctului A. Alegerea baricentrului ca punct de
referina elimina automat acest termen.

Doar termenii corespuatori lui n>2 sunt importati in definirea mareelor
terestre.

2.2. Mareele terestre — considel#d generale
2.2.1. Defintie

Mareele terestre reprezinin fenomen diferaral care genereézleforniri si, in
consecim, potenialul mareic corespurpor acestui fenomen este constituit din
potenialul fortelor ce agoneaz difereriat intr-un punct fe& de centrul de gravite
[Melchior, 1978].

2.2.2. Dezvoltarea in serie Laplace. Principalelegpe ale mareelor terestre.

Revenind la figura 2.1, definim matematic pataial mareic prin ecuga (2.11):

W=, -1, = 5[ 2] P (o) @1

Daca ne vom limita doar la primii doi termeni, vomtote:
2
W, :%G,ua—3 (3cosy -1)
r (2.12)

1 a’
W, = EG’ur_“ (5cos'y — 3coxy)
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undea reprezind raza medie adnantului. Cum raportu/r este de aproximativ 1/60,
termenii cun>3 devin complet neglijabil\W; nu este folosit in practicdeoarece chiar
si tehnicile de misura evoluate din prezent ar necesita costuri imegisegmpi de
masuii foarte lungi pentru decelarea acestui termen.

Luéand in considerare reide dintre elementele unui triunghi sferic, grupém
mod adecvat #rimile cunoscute cu ajutorul constantei lui Dood&bsi introducand
distana mediec dintre Rimantsi corpul perturbator\\, din ecuaia (2.12) se poate
scrie astfel:

W, = DG) {coé @ cos J cos2H +sin2¢ sin2dcosH + S(Sin2 ¢ - %)(sinz o- ?13)}
(2.13)

2.2.3. Componentele locale ale mareelor terestre

Ecuaia (2.13) cofine trei termeni ce definesc trei grupe mari alereakr
terestre cu importai deosebit prin semnificaa fizica pe care o au (Fig. 2.2).

Maree semidiurne Maree dine Maree de lurigperioada
cos ¢ cos d cos2H sin2¢ sin2d cosH S(Sin2 ¢ - %J(sinz o- %)

Fig. 2.2. —Cele trei grupe mari ale mareelor terestre (Melchid971)

Astfel, conform Rtrascu [1981], primul termen deformeaz suprafza
echipotetiala Tntr-un sferoid ale @rui linii nodale sunt meridianele care fac’4%
meridianul ce cotine corpul perturbator (2H=8D La poli deformgda va fi nuk
(p=90P). Deformaia maximi va fi la ecuator ¢=0°, in special cand declifia
corpului perturbator va fi nal(5=0°), atat pentruH=0 catsi pentruH= n/2. Prin
urmare, acest termen impliexistena unor maree semidiurne, adlicu perioada de o

jumatate de zi solarsau lunat.
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Termenul al doilea, care cme pe coH, deformeaZ suprafga echipotetiala
intr-un sferoid ale arui linii nodale sunt ecuatorub€d®) si meridianele dejrtate cu
90’ deopartesi de alta meridianului ce cdne corpul perturbator H=+90").
Deformarea suprafei echipotetiale va fi zero la ecuatorp€0”) si poli (9=90°), iar
maximi va fi la g=+45° in meridianul corpului perturbator. Acest termempine
existena unui grup de unde diurne.

Al treilea termen caime doi factori variabili, unul funee de latitudinea
: . . 1) . : : . 1
punctului de observie (S|n2¢—§) si altul funaie de timp (smzé—é). Astfel

suprafaa echipotetiala a Rimantului va fi deformat de acest termen intr-un sferoid
armonic care este simetric in raport cu axa deieota Rimantuluisi ale crui linii

, . , 1 . ,
nodale rezuft din ecuda (S|n2¢—§] =0 ca fiind paralele coresputiaare lui

¢0=+35"16". Prezern lui sifd in acest termen face ca dimensiunile sferoidului
respectiv § varieze periodic Tn timp. Luna va impune astf@utsaie a sferoidului cu

0 perioad de aproximativ 14 zile, iar Soarele cu o peripae o junitate de an.
Intrucéat din combinarea celor doi factori resuft un termen constant in timp, acesta
va produce o goai turtire permanetita suprafgei echipotenale. Datorit efectului
simultan al Soarelui Lunii suprafaa echipotetiala va fi intotdeauna cu 28 cm mai
jos la polisi cu 14 cm mai sus la ecuator.

Precizm c intr-un triedru local de referi fiecare grup a mareelor terestre se
descompune in trei componente locale (Tabelul 2uhp vertical, una in plan
orizonatal pe dirg@ est-vesti 0 a treia, tot Tn plan orizontal, dar pe diracord-sud
[KUMPEL, 1994].

Tabelul 2.1 Coeficienii geodezici ai diferitelor familii de maree(Melcbr, 1971)

Coeficienii geodezici ai diferitelor familii de maree in edrei componente locale

Funaia Potenialul si _ Componenta Nord-Sud ~ Componenta Est-Vest
comnonenta vertics

Zonak | 3(sin2e- %) (il % ) -3 sin 2¢(sin & - ~1§ ) 0

Teseral sin 2 ¢sin 2 8 cos H - 2cos 2.¢sin 28 cos H + 2singsin 28 sin H

SeCtorlail Cosz q,cosz & cos 211 + sin 29 00525 cos 2H + 2 cos qJ'CUS2 §sin2H
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Aceste componente sunt asurabile cu ajutorul unui gravimetru, pentru
componenta vertical si doua clinometre cu lichid sau penduli orizontali pentru
componentele orizontale.

2.2.4. Notdiile lui Darwin

Darwin a introdus in 1883 o nei@ simphk pentru cele mai cunoscute unde
mareice lunarei solare : M2-pentru unda semididrhunai principak, L2 si N2
pentru undele lunare semidiurne eliptice, K2-pentroda Ilunat semidiuria
declingionaki, S2-pentru unda semididrsola& principak, etc.

2.2.5. Dezvoltarea in serie Doodsa clasificarea sistematié a lui Doodson

Termenii in(c/r), J si H prezint, fiecare, varigi complexe in funge de timp. O
dezvoltare complétsi pur armonid (0 sund de unde pur sinusoidale) a fogtuta
pentru prima datin 1921 de are A.T. Doodson [DOODSON, 1921]. in aceast
dezvoltare, argumentele sunt exprimate in fiencle sase variabile independente
(Tabelul 2.2). Aceste variabile independente pemtibducerea unui nou parametru,
numit argumentul sau nuimul lui Doodson, cu ajutorulacuia undele mareice pot fi
clasificate Tn ordinea cgterii vitezelor lor unghiulare.

Tabelul 2.2 —Celesase variabile astronomice independente ale mareééoestre
(Melchior, 1971)

Timpul lunar mediu, socotit de la culmiiainferioaé a Lunii (=H+180)

Longitudinea medie a Lunii

Longitudinea medie a Soarelui

Longitudinea perigeului Lunii

Zlo|z|w|a

=-N sau N, longitudinea nodului ascendent al Lunii

Ps Longitudinea periheliului

Argumentul lui Doodson se scrie astfel in ftieae celesase variabile (ectia
2.14) :

ar+bs+ch+dp+eN'+fp (2.14)

unde a, b, c, d, g f sunt nite coeficieti care, printr-un mic artificiu de calcul, vor fi
mentinuti doar la valori pozitive. In felul acesta, penfiecare und mareic se ohine
0 notaie caracteristi€ (2.15), cunoscitsub numele de nata lui Doodson :

a, (b+5), (c+5),(d+5), (e+5), (f+5) (2.15)

Aceasi notaie prezentat in tabelul 2.3, chiar d&c nu poate acoperi
complexitatea tuturor undelor, este foarteayténtru cazul undelor mareice principale
[LONGMAN, 1959].
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Tabelul 2.3 -Notafia Doodson pentru undele de maree tergsprincipale (Melchior, 1971

Exemplu - Exemplu:
My 27 2ls]d 555 Grupul 16 reuneste 6 constituenti principali :
|
S, 21-2h+2s 27|41 555 Ky 1ham00
Q w2+p 3R 655 B 163,555
: 4 }
§y t+2s-p 175l 455 8, 164,556
L 2a 07| 665 m 161556
_pmes | o 166.554
Grup
167.355
Constituent )
Grupele de unde sunt separabile dupa o luna. Grupul 27 reuneste 4 constituenti principali :
Conztituentii sunt zeparabili dupa un an. 5,'.2 Ty Ho Ko

2.2.6. Variaia amplitudinii undelor

Figurile 2.3a, 2.3b et 2.3c, preluate din capitaledicat mareelor terestre din
volumul 1 «Physique et dynamique planétaires. Géodésie ebramtnie géodeésique
al lui Paul Melchior [1971], preziat varigile in amplitudine pentru diferitele
componente mareice in furede latitudinea punctului.
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Fig. 2.3¢ - Variaiile amplitudinii undelor principale ale componenierticale a forei
mareice in funge de latitudine.
K1, O1, P1 : unde teserale diurne
M2, S2, N2 : unde sectoriale semidiurne
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Fig. 2.3k - Variaiile amplitudinii undelor sectoriale semidiurne (M2, S2, |
ale fortei mareice pentru componentele N&udd (linie conting) si
Est-Vest (linie intrerug@) in funagie de latitudine.

oy Elo'\f
Fig. 2.3c - Varidtiile de amplitudine ale undelor teserale diurne,(K1L, P1
ale fotei mareice corespudéitoare componentelor Nor@ud (linie

continui) si Est-Vest (linie Intrerug) tn fungie de latitudine.
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2.2.7. Spectrul Fourier al mareelor terestre

O alt metodi de a reprezenta in acglaimp frecvenele si amplitudinile
componentelor mareice este spectrul Fourier ataeé~ig. 2.4) [HARRIS, 1978].

100.000F ~ © 7 T T 77
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1.000

7
8
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VRVIER-al | | ] S
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| J 03 1.0 1.5
Frecventa (cicli/zi solara) Y

Undele de perioadunga 0\ Undele semidiurne
Undele diurne

Fig. 2.4 -Spectrul Fourier general al componentelor mareel@restre (Melchior, 1978).

in cele ce urmedz reprezerim, cu ajutorul spectrului Fourier, cele mai
importante componente ale figai grup de maree terestre, componente ce au fost
selectate pentru a fi aplicate in analizele ulsmeadin studiul nostru (Figurile 2.5a, b,

C).
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Fig. 2.5a -Spectrul Fourier al componentelor semidiurn@lelchior, 1978).
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Fig. 2.5b- Spectrul Fourier al componentelor diurne (Melcbr, 1978).
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Fig. 2.5c- Spectrul Fourier al componentelor de ludgperioadi (Melchior, 1978)..
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2.3. Problema corelgiei dintre mareele terestresi cutremurele de
pamant
2.3.1. Consideraii geofizice

O zora seismi@ este, prin definie, o zor puternic eterogendin punct de
vedere geologi(ENESCU et al., 1999; CLOETINGH et al., 2004]. auza acestor
eterogeneitti, fiecare zoa seismid@ se compott ca un filtru sau ca un adeat
amplificator pentru anumite componente ale mareel@stre [CADICHEANU et al.,
2005, 2006].

Sestie ci amplitudinea stresului mareic, Tn jur de 0.03 late mult mai mig cu
doua-trei ordine de ririme, decat stresul tectonic eliberat n timpul iucutremur de
pamant [KLEIN, 1975; SOUCHAY and STAVINSCHI, 1999; \RGA, 2007]. In
schimb, derivata sau, altfel spus, viteza de Viarimedie a stresului tectonic acumulat
este de ordinul a 0.001 bar/h, cu unultlondine de rarime mai mic decéat viteza de
variaie medie a stresului produs de mareele terestie.uPmare, in aceassitugie
stresul mareic poate juca rol de degtdor al cutremurelor deamant [HARRIS,
1998; STAVINSCHI and SOUCHAY, 2003; STEACY et &2005;TANAKA et al.,
2006].

Deoarece natura cor@ki se presupune a fi puternic leggade mecanismul
faliilor, este preferabil ca studiile de condamaree-cutremureadie intreprinse n
zone mai restranse, unde prevaleazanumif orientare a sistemului de falii, decat in
zone extinse sau globale. In acest dinaoaz, ne-am putea confrunta cu rezultante
zero ale fotelor active la scarmaresi, in conseciti, fara sansa de a observa conia
cautag.

De altfel, cele mai multe rezultate pozitivetiobte au fost raportate pentru zone
seismice relativ restranse.

O alta observae importani este aceea legatle cazul fragmentelor rezultate din
fenomenul de subdtie si aflate in coborare leitin interiorul mantalei sub @anea,
in principal, a forei de gravitée, a curetilor de convege si a fortei arhimedice.
Miscarea lor in gradientul campului de t®rmareice ar putea implica un control
patial al stresului din interiorul slab-ului deitce mareele terestrg, Tn anumite
condiii, declaryarea cutremurelor desmant [KE, 1999 ; KILB et al., 2000; SUN and
JIA, 2001 ; GOMBERG and JOHNSON, 2005].

in categoria zonelor seismice limitate geograficimplicind prezerm unui
fragment desprins sau in proces de desprindeleodeefi intra si zona Vrancea.
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2.3.2. Abordarea sistematig a problemei. Rezultate controversate

Un nurir considerabil de articole au fost dedicate paosilil declaryarii
cutremurelor de are mareele terestre. Primul test de careldn acest sens, a fost
publicat de &tre Schuster, 1897, aarti metodi a Amas la baza multor studii
intreprinse de atunei para acum.

Dintre autorii de studii aleacor rezultate au pus n evidérexistena corelaei
dintre cutremurele deaméntsi mareele terestre in lugile lor, menionam pe: Heaton
(1975), Klein (1976), Young and Zurn (1979), Zaggscu et al. (1979, 1985), Souriau
et al. (1982), Ulbrich et al. (1987), Rydelek et(@988), Shirley (1988), Tsuruoka et
al. (1995), Enescu and Enescu (1996), Souchay J19@8&ock (2001), Tolstoy et al.
(2002), Tanaka et al. (2002a, 200b, 2004, 2006).

Dintre autorii ale #&ror rezultate infirni ipoteza corelgei dintre cutremuresi
mareele terestre, 1i @inh pe: Schuster (1897), Knopoff (1964), Simpson 7196
Shudde and Barr (1977), Heaton (1982), CurchinRewhington (1987), Hartzell and
Heaton (1989), Rydelek et al. (1992), Vidale e(H298).

Lucrarile recente, cu rezultate deosebit de interesginfezitive ale autoarei
Sashiko Tanaka, ne-au determinafreceré@ém urnirirea variaiei aceluigi parametru
statistic legat de corgla maree-cutremure in cazul zonei Vrancea, cu mjutmei
metode de stacking, nuriHiCum (Histogram Cumulating), dezvoliadle o echip
de cerceitori de la Observatorul Regal al Belgiei [VAN RUYNHBE et al., 2003].

Observatii

Bazandu-ne pe cele mai recente stuydipe rezultatele lor pozitive in problema
existenei corelaiei, precumsi pe rolul important pe care il poate juca campul
gradientului de fae mareice asupra slab-ului seismic supus ¢lwerde convege
din mantasi fortei arhimedice, reiesearf nici un dubiu, 8 mareea terestrpoate fi
considerat un candidat important la deckamea cutremurelor deamant si a
evenimentelor in care graviia ocug un loc important.
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3 METODOLOGIA DE ANALIZ A

3.1. Metodologia de analid a corelaiei dintre mareele terestresi
cutremurele de pamant.

3.1.1 Tehnici de analii utilizate in studiul corelatiei

Periodicititile lunaresi solare au fost cercetate, finde la Tnceput, in seriile
temporale globale sau locale de evenimente seigi8CBIUSTER, 1897; MORGAN
et al., 1961 ; NAGASAWA, 1973 ; LAMMLEIN et al., 4, NECOVETICS, 1984,
NIKOLAYEV, 1997a, 1997b] sau in cele ce fTpsau erupile vulcanice
[HAMILTON, 1973; EMTER, 1997].

intr-un nundr important de studii, momentul decarii cutremurului a fost
localizat pe curba mareelor terestre, @umreprezentdt cu ajutorul unor funa
teoretice, variabile n timgi calculabile. S-a luat Tn considerare fie poinl mareic
[SHLIEN, 1972; SHIRLEY, 1988], fie acceleia gravitaionakh [KNOPOFF, 1964;
SIMPSON, 1967; SAUCK, 1975; SHUDDE and BARR, 19RYKUNOV and
SMIRNOQV, 1985] sau deformarearmRantului [KLEIN, 1976; YOUNG and ZURN,
1979; MCNUTT and BEAVAN, 1984; OIKE and TANIGUCH1988; RYDELEK et
al., 1988].

Heaton [1975] a considerat pentru primaadat studiul du varigia stresului pe
planul de falie din focar in cazul figti eveniment seismic.

3.1.2. Céteva limite ale aplicsilor

Factorul cel mai probabil ce ar putea controla muiide declagarii unui
cutremur de gmant este stresul, dar rgé&adintre componentele mareigevaloarea
stresului implicat este complicat

Si mai dificila este explicaa legiturii dintre mareele terestrg mecanismele
fizice ale ruperii pe falie [SCHOLZ et al., 1973 W8S, 1973]. Cea mai bammetod:
ar fi examinarea stresului n rgiacu planul de falie [KLEIN, 1976].
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O limita importand Tn aplicaiile anterioare a fost evaluarea stresului teoretic
produs de mareea terastin general, in epicentrul cutremurului, adla suprafea
pamantuluisi nu la adancimea corespuitaare hipocentrului. Rine au fost studiile
care auinut seama de acest aspgatezultatele lor parasfie pozitive in cazul in care
au fost respectatg alte condiii pe care le vom preciza in continuare.

Astfel, Tn regiunile seismice oceanice sau contamlensituate panla 100 km de
tarm sau 1n cazul unei abaiml globale a corelgi dintre mareele terestrgi
cutremurele de gmant, trebuia &se ia in considerare sarcina suplimentdus de
mareea ocearicsau 8a numitul loading oceanic. Ignorarea ei a condugeat, la
rezultate negative privind corgia maree-cutremure [TANAKA et al., 2002].

in plus, studiul global al coreiai nu ia in considerare caracteristicile de
orientare a sistemelor de falie, ceea ce condugedaultant nuli a fotelor ca urmare
a compendii reciproce a fenomenelor care se manifgsé falii cu oriendri, pe
ansamblu, foarte diferite.

Analiza coreldei dintre mareele terestrgi cutremurele de Pmant prin
intermediul evalarii stresului mareic pe planul de falie [LIN et,al985] nu este
singura posibilitate care ne-ar putea conduiteeaezultate elocvente in acest tip de
analiz. Tn cele ce urmedz vom incerca sdemonstim viabilitatea unei alte metode
adaptat pentru a pune in evidgn prezema unor periodicitti sau tendire de
modulare, in cadrul seriilor temporale de evenimesau varigi ale unor parametri.

3.2. Metoda de analid spectrak HiCum

3.2.1. Descriere general

Metoda de analizHiCum (cumulare de histograme) se bazepe o procedur
de cumulare sau stacking [BARTELS, 1938; VAN RUYMEE et al., 2003, 2007]
prin intermediul dreia se face suma tuturor evenimentelor caracterida aceaa

~

faza.

Faza fiedrui eveniment se deterndirdivizand seria temporaldag in intervale
de aceedl lungime egal cu perioada luatin calcul, T, si atribuind fiecrui interval
valoarea de 360° saurn.2 Astfel toate evenimentele agaénd seriei temporale
analizate vor fi caracterizate printr-o anumeifaau vor apame unui anume interval
de faze in cazul in care, pentru diminuarea zgolmogenerat prin prezea unui
numar insuficient de evenimente sau o dispersie prege raaacestora, este mult mai
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indica& gruparea evenimentelor. Acestea vor apey in acest caz, unui interval de
fazesi nu unei faze anume (Fig. 3.1).
T.-To ﬂfl
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Fig. 3.1. —=Schema de principiu a metodei de stacking HiCulmpartirea seriei
temporale de evenimente in intervale egale cu pad@ de timp T, divizat
ulterior intr-un numar de N clase (sectoare) echidistante reprezent&retare,
fazaa; sau intervalul de faZ ; in care un eveniment Eare loc la momentul;t

Precizia depinde de perioada aleate nunirul de datesi de ga numitul interval
de gantionare care nu este altceva deadfitnea intervalului de faze amintit anterior
si care se ofine impirtind fiecare interval de perioad intr-un nundr convenabil de
sectoare, furte de valoarea perioad€&iraportai la fenomenul analizat.

De exemplu, dacvom ciuta o tendifa de modulare a unei serii temporale de
evenimente seismice cu o peridatk 12 ore, intr-o zancu activitate moderat vom
prefera imprtirea fie@rei perioade in 12 sectoare, echivaland fiecar@0Cuin loc de
360 de sectoare echivaland fiecare cu un grad.eDsgp va fi mai mig si testele
statistice aplicate ulterior vor da rezultate mané.

Prin urmare, la sfaitul procedeului descris, fiecare eveniment vaafiacterizat
prin faza dreia 1i apatine sau intervalul de faze corespatoz, ceea ce ne va permite
construirea unei histograme in care dwmh claselor corespunde fazelor sau
intervalelor de faz. Mai trebuie precizat ca momentul de refgrity se alege in
functie de valoarea la care amplitudinea undei modulateste maxii inainte de
primul eveniment seismic considerat.

Etapa urmtoare const in interpolarea histogramei cu o ftieccosinusoidal a
carei perioad este egal cuT. Interpolarea are la baznetoda celor mai micigtrate.
Amplitudinea si faza acestei cosinusoide reprezirarametri importam pentru
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evaluarea impligrii componentei de perioddT a mareelor terestre in modularea
activitatii seismice sau varie parametrilor seismici.

3.2.2. Interpolare cosinusoidal cu ajutorul metodei celor mai mici pitrate

Consideim distribtia olginuta la punctul anterior echivalentul unei distribu
temporale cu pas dgantionare constant. Nuimul claselor il natm cu N iar valoarea
distribuiei pentru o anumitclasi (fazi) n se poate scriex,=x(n), n=0, 1, .. N-1.

Ne propunemisinterpokm aceste valorx, printr-o cosinusoidl de perioad bine
precizaid, ceea ce corespunde unei viteze unghiulare cuteysgy(Ecuaia 3.1). Acest
lucru implica aflarea valorii fazei iniale ¢ si a amplitudinii cosinusoidei de
interpolare:

Xn = X cos,ndt+ ¢) + gn n=0, 1, ..... N-1 (3.1)
unde X este amplitudineadt este echivalentul in secunde al intervalului dex &z
¢ este faza iniala, iar e, reprezind reziduul sau eroarea corespiioare fazen.
Metoda celor mai mici firate minimizeaz suma la ptrat a erorilor conform
ecuaiei (3.2):

— X cos,ndt + ¢))* (3.2)

Pentru simplificarea calculelor, consider media egal cu zero
[BLOOMFIELD, 1976, BENDAT and PERSOL, 1986, LOMB926] si scriem
ecuaia (3.1) care nu este liniatn X si ¢, sub o alt forma (Ecuaia. 3.3):

X = Acos(,ndt) + Bsin(e,ndt) + £, n=0, 1, ..... N-1 (3.3)

undeA=Xcos¢ si B=-Xsing

Acum parametruE este cuadratic 1A si B. Minimizarea valorii IUIE se reduce
la rezolvarea sistemului de eciuabtinut prin egalarea cu zero a utoarelor derivate
oE oE

— =0 si —=0. Se oline matricea din ectia (3.4):
0A oB

> cos (e ndt) Y cosg,ndt)sin(w,ndt) |[ A] | > X, cosiy,ndi) -
Y cos@yndt)sin(w,ndt) > sin®(w,ndt) {B}_ DX, sin(w, ndt) (3:4)

Simplificam matricea din ecui@ (3.4), utilizdnd identitile trigonometrice
urmatoare (Ecuga. 3.5) :



Studiu asupra influenelor gravimetrice induse de mareeler terestre imaseismid Vrancea 35

Y cog (ayndt) = g (L+ D, (2ca,dt) cos, Ndt)
n=0

Y sin? (ayndt) = % (L- D, (2w,dt)cose, Ndt) (3.5)
n=0

N-=

1cos(a)ondt)sin(a)ondt) = % D, (2w,dt) cos(u, Ndt)
0

n=

undeDy, este nucleul lui Dirichlet (Fig.3.@ Ecugia 3.6):

. (Na)
SIinf —
D, ()= —22% (3.6)

=0

i i |
-2pi —pi 0 pi 2pi
a

Fig. 3.2 —Funcitiile nucleului Dirichlet pentru diferite valori aé
numarului de clase N ale distribtiei date

wo=k/4xNdt KE2, N-1 (3.7)

atunci D, (2«,dt) =0 si matricea din ecu& (3.4) devine diagonal adica fundiile sin
si cosvor fi ortogonale pentru frecven particulare de forma celor din egaa(3.7),

o.
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Acum se poate calculgar coeficienii Asi B (Ecuaia 3.8)

2 N-1
A= NZ X cos(undt)
) - (3.8)
:Nansin(wondt)

care sunt coeficigm Fourier standard [STEARN, 1975].

AmplitudineaX se obine din ecuaa (3.9) iar fazg, din ecuda (3.10):

X =+ A? + B2 (3.9)

- -B
Q= arctg( A j (3.10)

Histogram baxr and the fitting curzve

fMumber of sectors, M
8] &0 120 150 240 300 Z60

0 deg Fhase (deg) 360 deg

Murnbser of events or average values of the paramaisr for each sector

Fig. 3.3 —Histograma interpolai printr-o functie cosinusoidat.

Amplitudinea depinde de perioadade lungimea seriei temporalede nunirul
de clase sau sectoare cu ajutotmbra s-a obnut histograma.
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3.2.2. Aplicaii ale metodei HiCum

Metoda de analizspectral descrid mai sus a fost aplicatu succesi in cazul
unor serii de date parametrice precum Tinregitdr gravimetrice efectuate cu un
gravimetru supraconductor sau inregistale presiunii aerului.

In exemplele ce urmeazm folosit in scopul compaii spectrului Fourier cu
metoda de staking HiCum, patru seturi de date teabpoinregistiri pe o perioad de
un an efectuate cu un gravimetru supraconductobsarvatorul Membach din Belgia,
mareea sinteti; presiunea atmosfetici datele reziduale pentru age@erioad: si
acelai observator (Fig. 3.4).

(a) (b)
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Fig. 3.4. — (a)365 de zilade date inregistrate cu gravimetrul supraconduc{dembach —
Belgia), mareea sintetit corespunatoare, presiunea atmosfercsi datele reziduale pentru
aceeai perioadi, precumsi (b) spectrele Fourier corespuidoare fiegirui caz in parte
(van Ruymbeke et al., 2007).

Rezultatele analizei HIiCum asupra acestor datedlu@nconsiderare, pentru
fiecare caz in parte, frevighe corespuriizore undelor mareice K1, O1, MRS2, arai
(Fig. 3.5), iIn compatee cu spectrul Fourier din figura 3.4, puterea deoluie a
acestei metode de stacking capakil detecteze prezem frecverelor amintite acolo
unde spectrul Fourier nu ar putea face distica urmare a nivelului ridicat al
zgomotului de semnal.
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Un alt avantaj al metodei HiCum este lipsa efectd® marginei posibilitatea
de aplicare asupra seriilor temporale aleatoaigy impunerea unei santiorari
regulate a semnalului.

Si in cazul acestei metode fenomenul de aliasing pstzent dar el poate fi
controlat cu ajutorul fazei undei teoretice de nets.
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Fig. 3.5. —Rezultatul apliarii metodei de stacking HiCum folosind perioadele
undelor mareice K1, O1, M2 et S2 pentru cele paseturi de date mefonate
(van Ruymbeke et al., 2007).

Rezult ca metoda este suficient de sengiljlentru a pune n evidgn intr-o
serie temporalde evenimente cum sunt cutremurele gimdnt, tendire de modulare
ale activititii seismice cu anumite periodigjt, Tn spea periodiciéti ale undelor de
maree teresir Ea nu exclude Tisexistena aliasingului al &rui efect poate fi diminuat
prin cunoaterea valorii exacte a perioadei implicaie& semnificgiei momentului de
referina ales.

Evident la prima vedere, orice distrimi oktinuta cu ajutorul acestei metode,
chiarsi Tn cazul unor serii temporale aleatoare congrsihtetic, poateascondud la
interpolarea matematicprintr-o cosinusoidl cu o perioadl stabilii a priori si o
amplitudine mai mare sau niitn funaie de caz.

Problema tedtii statisticesi validarii rezultatelor olgnute devine eseiala.
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3.3. Testele statistice utilizate pentru validareaezultatelor
obtinute

Pentru testareg validarea rezultatelor noastre am incercat, drprima etag, si
valorificam experiefa cu rezultate pozitive cunosgupari in prezent in domeniul
corelgiei dintre mareele terestrgi cutremurele de gmant. Astfel, obsenvdle,
modelele teoreticgi testele utilizate Tn cazul unor studii de caznag@toare au fost
pentru noi punctul de pornire [VERE-JONES, 1978BH3E 1987, SNEDECOR and
COCHRAN, 1989 ; TODORAN, 1989 ; TAMURA et al., 1991

Am dedus & in studiile de coretee maree-cutremure unul din cele mai utilizate
teste este testul lui Schuster iar validarea raigltir in anumite congii s-a facut cu
ajutorul seriilor sintetice de evenimente aleatgd@i@NAKA, 2002a, 2002b, 2004,
2006].

3.3.1. Testul lui Schuster

Testul lui Schusteratribuie fie@rui eveniment seismic un versor &w faz o;
coincide cu faza coresputiaare producerii evenimentului Tn intervallil perioada
fixata a priori ce va sta la baza aplic stackingului. Rezultanta adami vectoriale a
tuturor versorilor se noteazu vectorulD (Obs.: se utilizegzmodul de scriere prin
caracter italic, boldi cu majuscu).

Lungimea vectorului rezultaid se calculeazcu ajutorul ecugei (3.11).

Ne 2 Ne 2
D2 :(ZCosaij +(Zsinaij i=1,2,...Ne (3.11)
i=1 i=1

unde ¢; este faza evenimentului seismiciar Ne reprezini numirul total de
evenimente analizate. Dapresupunem & parametruly; are o distribtie aleatoare,
probabilitatea de a gdbe un vector rezultant cu o valoare égsdu mai mare decéx

este dat de ecuaa (3.12):

P, = exr{—ﬁ—ze] (3.12)

Parametrul sau coeficientpl reprezini nivelul de semnificge la care putem
renuna la ga numita ipotezx de zero. Modul in care este definit acest coeficie
statistic este prezentat in figura 3.6. Ipotezaeate presupune o distrifye aleatoare a
fazelor o;. Atunci cand valoare@s este mid, inseama ca ne indeprtam de cazul
aleator. Am ales in studiul nostru ca nivel de séomie la care putem rengm la
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ipoteza evenimentelor aleator distribuite, valoapg®%. Acest coeficienp este
considerat in analizele noastre, ca peste totAual @malizelor privind coreta maree-
cutremure intr-o abordare asenitoare cu a noagircoeficient statistic de evaluare a
corelgiei dintre mareele terestgecutremurele de fmant.

(influente {evenimente aleatoare)
gravimetrice ale

mareelor terestre)

p = 5% P e [5%-100%]

Fig. 3.6—Definirea coeficientului statistic p

3.3.2. Testul permutrilor

Testul permutarilor [PITMAN, 1938] este cunoscuji folosit frecvent in
geneti@. Analizand caracteristicile acestui test, am aersit @ el poate fi aplicat cu
successi in problema corelgei dintre mareele terestge cutremurele de gmant. Cu
ajutorul lui putem otine valoarea acelujacoeficient statistig, notat de data aceasta
Peer @vand acead semnificaie casi coeficientul ps. El reprezini un coeficient de
evaluare a corefeei dintre mareele terestgg cutremurele de Fmént la un nivel de
semnificaie stabilit a priori, nivel la care se poate refauta ipoteza de zero a
evenimentelor aleatoare, conform figurii 3.6.

Metoda de calcul a coeficientulpie, este relativ diferit de cea a coeficientului
cu aceeg semnificaie, ps. Aceasi metodi se bazeag casi testul lui Schuster, pe o
distribuie de evenimente abuta cu ajutorul metodei de stacking HiCum. Parametrul
care se ia in calcul de data aceasta nu mai este;fai amplitudinead, a sinusoidei
obtinuta prin interpolarea distrilziei. Aceasi amplitudine devine amplitudine de
referina pentru etapele care urmeédestului.

Se permdit aleator distribtia initiala de un nurar suficient de orin. Teoria arata
ca permutarea de 1000 de ori este suficigoéntru olinerea unui rezultat stabil
[FISHER, 1935 ]. Pentru fiecare din celaistribuii obtinute dug fiecare permutare
a distribudiei initiale se calculedz amplitudinea Ay a cosinusoidei cu care se
interpoleaz distribuia rezultai din permutarea aleatoare.

Se aleg acele valori ale acestor amplitudini pentteA; >A, (j=0,1,2....... m)
unde m<n. Valoareg,e, se calculeazcu ajutorul ecugei (3.13) :
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Pyer =M/ (3.13)

Coreland valorileps oktinute prin aplicarea testului lui Schusteu, valorile ppe
calculate prin testul permirtlor, pentru mai multe cazuri analizate s-atiobt, in
majoritatea situgilor un coeficient statistic al rezultatelor sujervalorii de 90%.
Aceasta aratfara nici un dubiu, compatibilitatea totah celor doa testesi reprezing
0 contribuie importani Tn largirea posibilistilor de analiz in problema coretalor
maree-cutremure.

3.4. Intervale de incredere. Metoda Bootstrap

Unii cercetitori consided ca intervalele de incredere calculabile statistictpen
diferiti parametri sunt mai indicatg mai informative decit testele statistice propriu-
zise. Adevirul include, probabil, utilizarea concomiténta ambelor posibiliti
deoarece testele ajutla verificarea ipotezei de zergi punerea in evideh a
tendintelor unui parametru, dépcare calculul intervalelor de incredere aducecindi
preioase legate de particulatite parametrului aflat in dis¢ce [DAVISON et al.,
1992, DICICCIO and EFRON, 1996].

Si metoda Bootstrapse bazeazpe tehnica permatlor dar aplicarea acesteia se
face puin diferit decat in cazul testului permittor [EFRON and TIBSHIRANI,
1998]. Conform principilui acestei metode, dufiecare permutare aleatoare a
valorilor distribdiei initiale sau de referif, spre deosebire de testul peramilbr care
nu mai permite efectuarea acejeipermutiri asupra distribtiei initiale, in cazul
metodei Bootstrap se poate repeta ageesaiant a permulrii. Singura condie este
pastrarea dimensiunii ifiale a distribtiei de referiga adicd a nunarului ei de clase.
Se poate observa populaia initiala, echivalentul nurirului de evenimente seismice
luate in calcul, poateaglifere dug fiecare permutare.

Pentru fiecare naudistribuie se calculeazstatistica stabilit pentru parametrul
Y (valoarea medie sau mediana sau devistandard, etc.). Reia (3.14) exprim
intervalul de incredere sau confide(.C.) pentru un nivel de incredefeprecizat:

I.C. = [Y(l-ﬁ)/2 :Y(1+ﬁ)/2] (314)

In lucrarea noasirparametrulY este amplitudinea cosinusoidei de interpolare
obtinuta pentru fiecare distriliie dug aplicarea permatii de tip bootstrap. Studiul de
fata nu si-a propus sa ia in calcul, deocanigata parametru bootstrap, faza
cosinusoidei de interpolare, gileapreciem & si aceasta ar putea aduce in viitor
informaii utile Tn problema coretgei maree-cutremure.
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3.5. Analize in ferestre mobile

3.5.1. Criteriile de alegere a dimensiunilor fereséi mobile

Variatia temporal a coeficientului statistip este foarte importaifin inelegerea
caracteristicii deaspuns a zonei seismice analizate. In plus, acesictnt ar putea
avea calitatea unui potgal factor precursor.

In acest context, ne-am propus aalculim valoarea coeficientulyp in ferestre
mobile temporalgi ferestre mobile 3D, pentru baza de date seispaoeare o avem la
dispoziie pentru zona Vrancea. Criteriul general de alegetlimensiunilor ferestrelor
in ambele cazuri a fost impus de cel al Aurtui minim de evenimente cerut de teorie
in vederea aplirii testelor statistice coresputigare. Dgi acest minim este de 10
evenimente, noi am dublat nédral, ridicand pragul la 20 de evenimente atat iruta
ferestrei temporale céatin cel al ferestrei 3D.

De asemenea, am utilizat criterii legate de aspectemenologice cum ar fi cel
al completitudinii ciclurilor mareice suprapuse fgesele sezoniere indeosebi.

3.5.2. Fereastra mob# temporala

Ferestrele mobile temporale sunt caracterizategymensiunea aleaslarsi prin
momentul injial fata de care ne raparn atunci cand aplion metoda de stacking.
Acest moment de referth foarte important corespunde fazei maximului de
amplitudine a componentei mareice considegase traduce prin momentul de timp
cel mai apropiat dinainte de producerea primuluergwment seismic din seria
temporai de cutremure analizat

Lungimea temporéla ferestrei mobile corespunde unui an tropic,cimcordara
cu criteriile stabilite la punctul 3.5.1. Pasuldkplasare sau alunecare a ferestrei a fost
ales egal cu o zi, in cazul analizelor de detadintiu 0 anume compondntareia,
sau egal cu 30 sau 50 de zile In analizele cu dieriati ale tuturor componentelor
mareice. Indiferent de alegerea acestui pas, edeldt oinute au indicat aspecte
comparabile.

3.5.3. Fereastra mob# 3D

in cazul ferestrei mobile 3D, aceasta este reptatigorintr-un element de volum
ale arui dimensiuni respett condiiile legate de erorile medii Tn determinarea
parametrilor seismici ai hipocentrului in zona ddegt. Pentru Vrancea aceste erori
medii sunt: pentru longituding latitudine aproximativ £3 km, iar pentru adancime
aproximativ £10 km.
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Elementul de volum mobil utilizat Tn cazul zoneiisseice Vrancea este un
paralelipiped delimitat de o supréfgatrati cu latura de 12 km x 12 kgn o Tnaltime
de 20 km. Acest volum este deplasat de la vestegisede la sud spre nord cu un pas
de 4 km, valoare superigaerorii medii Tn determinarea epicentrelor. Rualeierea
complet a primului strat opeti se repet pentru stratul urdtor coborand 10 km.

Metoda de stacking HiCum, testele statistceralidarea rezultatelor prin serii
aleatoare sintetice sunt aplicate atunci cand voluanalizat cotine minimum 20 de
evenimente seismice pentru a puteangbun rezultant consistent din punct de vedere
statistic.

3.6. Validarea rezultatelor cu ajutorul seriilor sintetice temporale
de evenimente seismice aleatoare

Validarea rezultatelor oimute cu ajutorul testelor statistice s-acut prin
construirea unor serii sintetice de evenimentetadga care au fost apoi analizate n
aceleai condiii si cu aceegi metodologie cai seria original de evenimente. Acest
lucru s-a aplicat fiewei ferestre mobile temporale sau 3D Tn care gande corelge
(tradus prin renumarea la ipoteza de zero caracterisacevenimentelor aleatoare) a
fost satisicuti, adia valoarea coeficientulyp<5%.

In acest caz, seiptreaz valoarea momentului de timp i@l si a celui final ce
delimiteaz fereastra, iar celelalte momente de timp coresjiaare evenimentelor
seismice sunt supuse unei proceduri matematicardkmizare.

Dupi aceasta, sunt parcurse toate etapelgnatie de analiz. in final se okine
coeficientulp. Aceast procedud se repet de peste o siide ori sau cel mai bine de o
mie de ori, & cum teoria statistico recomanal [BENDAT and PIERSOL, 1986].
Retinem toate cazurile in cape5% si exprimam raportul dintre nugrul situgiilor in
care p<5% si numarul total al seriilor sintetice utilizate (in caznbstru acesta este
1000). Daé procentul obnut depiseste valoarea de 5%, vom conside#anc exisi o
corelaie reafi intre componenta maréi@lead si cutremurele de ymant in fereastra
initiala analizai. Pragul de 5%, geales dup criteriile folosite uzual in asemenea
cazuri de al autori, Amane in disctie.
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Observatii

Metoda de stacking HiCumeste utilizat in prezentul studiu pentru a observa
tendirtele de modulare, cu anumite periodigitspecifice mareelor terestre, ale
activitatii seismice intermediare corespdtzare unei zone seimice particulare. Cea
mai importani ipotez pentru metoda HiCum este perioada bine precaaiori.

Cu testul lui Schuster calcuim coeficientul statistiqp dintre componenta de
maree terestre propusi seria cutremurelor deapant apainand unei zone seismice
particulare. Aituri de acest test am introdus pentru prima @latacest gen de analiz
privind corelaia maree-cutremureestul permutarilor comparand in final rezultatele
celor dod teste statistice.

Metoda Bootstrap, introdus de asemenea pentru prima D&@a metod de
analizi a corel@ei maree-cutremure deimant, ne va permite calculul intervalului de
incredere pentru parametrul in digepin cazul nostru este vorba de amplitudinea co-
sinusoidei cu care se interpoléalistribuia okyinuta prin metoda HiCum prezenidea
inceputul acestui capitol.

Pentru a valida existen corelgiei gasita in seriile de evenimente corespatoze
ferestrelor de timp sau 3D analizate, &pella construirea unor serii sintetice
temporale pentru evenimentele seismice.

Considefim coeficientul p ca pe un potetial factor precursor in analiza
activitatii seismice intermediare a unei zone seismice datposibilitatii urmaririi
varigiilor lui in timp cu ajutorul ferestrelor mobile alizate.

Alaturi de analiza corefeei dintre mareele terestgg cutremurele de Fmant in
ferestre mobile temporale, metodeja cunoscéat[TANAKA et al., 2006], introducem
pentru prima datin acest tip de analizcorelaia in ferestre mobile 3D, ializand
conceptul detomografie statistici a unei zone seismice cu ajutorul mareelor
terestre.



4. ANALIZA DATELOR SI VALIDAREA
REZULTATELOR IN CAZUL
ACTIVIT ATIl SEISMICE
INTERMEDIARE DIN ZONA VRANCEA

HiCum + teste

A (1)







4 ANALIZA DATELOR S| VALIDAREA REZULTATELORIN
CAZUL ACTIVIT ATII SEISMICE INTERMEDIARE DIN
ZONA VRANCEA

4.1. Tendinte periodice in activitatea seismicintermediara din
zona Vrancea

Problema coreléei dintre mareele terestge cutremurele de méant pentru zona
Vrancea a fost abordat de cerceitorii romani incepand cu anul 1979
[ZUGRAVESCU et al., 1979, 1986, 1989]. Analiza saaut considerand potéalul
teoretic al mareelor terestre (componenta vetcalutilizand o procedur de calcul
bazai pe faza fiedrui eveniment seismic pe curba patetului amintit. Aceast curla
a fost aproximdit cu o sinusoid, intre dod puncte succesive de inflexiune de agiela
semn (Fig. 4.1), pern@nd evaluarea fazei corespatmare momentului de timp la
care s-a produs cutremurul damant.

Time

Fig. 4.1. Definirea fazei pe curba de maree. Intervalul dietcele dod
puncte de inflexiune { si |, se imparte n diviziuni echidistante.

Histograma final, corespunioare distribtiei tuturor evenimentelor seismice in
raport cu cele 360pe curba de potéal mareic, indié faza sau fazele prefergale in
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cazul in care acest lucru este prezent, dar ta@sten doar obsewenal, fira vreo
validare matematica rezultatului.

Au fost analizate toate cutremurele dendnt fira a setine seama de adancimea
lor, de tipul de cutremurs@c principal, prgoc sau pos§oc), de componenta mareic
(sola# sau lunat semidiurra, diurm sau de lung perioad) care ar putea avea un rol
distinct faa de celelalte. Trebuie precizat ezultatele au fost einute lucrand direct
pe curba teoreticde poterial al mareelor terestre. Cu toate lignike menionate,
aceste rezultate au demonstrat exisi@orelaiei intre mareele terestge cutremurele
vrancene [ZUGRVESCU et al., 1979, 1986, 1989].

Transferand in intregime acest algoritm pe un ¢alcu personagi considerand
parte dintr-o sinusoiddoar potiunea cupring intre un punct de extregn punctul de
inflexiune anterior sau posterior acestui punctedérem, dup caz, s-a ajuns la
obtinerea unor rezultate controversate [CADICHEANU94P Analiza aceluig set
de date a condus la difetendestul de mari in calculul fazei pe curba de mare
Autorul a observat Trasexistema unor intervale de timp in care prevala tetain
cutremurelor de a se produce doar pentru anungte dée potentialului mareic, dgir
intervale in care o astfel de tendimu putea fi observat

In studiul de fa am hofirat abordarea problemei corgé& maree-cutremure
pentru activitatea seisnaicintermediai din Vrancea cu ajutorul metodologiei
prezentate la capitolul 3 pentru a atinge scopapps pentru tezin introducerea
acestei luciri.

4.1.1 Baza de date utilizat

Baza de date seismice la care am apelat in acediuséste catalogul de
cutremure RomPlus, pus la dispezinoasti prin amabilitatea Institutului Nenal
pentru Fizica Bmantului din Bucurgi. Am ales pentru analiza noaserioada 1970
— 2007. Dei datele prezirit 0 mai bud omogenitatesi completitudine incepand cu
anul 1978, ni s-a jgout interesarit posibilitatea compdrii diferitelor intervale de
activitate seismit calitativ diferite.

Au fost luate Tn calcul doar evenimentele seisntigemagnitudineaw>2.5 si
adancimea egalsau mai mare de 60 km. In acord cti alutori care consider
secvema posgocurilor o sur§ posibik de contaminare Tn sensul gexii biasului
rezultatelor [MAIN, 2006], aceasta a fost elimidblosind criteriul Kossobokov-
Romashkova pentru zona Vrancea [KOSSOBOKOV and RSMIKOVA, 2006]. in
final, 2649 de evenimente seismice principale aesquns criteriilor stabilite de noi
pentru analiza corefi@i maree- cutremure.
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O atenie speciad a fost acordat in analiza noastr valorilor coeficientului

statisticp calculat Tnaintei dupa producerea cutremurelor cu magnitudihda > 5.0.

Aceste evenimente sunt prezentate in Tabelul 4.1.

Tabelul 4.1 —Cutremurele de gméant intermediare din Vrancea cu
magnitudinea Mw> 5.0si adancimea h> 60 km (1970-2007)

An Luna Zi Ora Min Sec Lat. | Long. | Adancime | Mag.
(grd.) | (grd.) (km) (Mw)

1973 8 20 15 18| 28.3| 45.74| 26.48 -73 6
1975 12 27 18 32 21.2| 45.75| 26.74 -129 5.3
1976 10 1 17 50 43.2| 45.68| 26.49 -146 6
1977 3 4 19 21 54.1| 45.77| 26.76 -94 7.4
1978 1 1 7 40| 14.6| 45.72| 26.46 -136.4 5.1
1978 10 2 20 28| 52.6| 45.72| 26.48 -164.3 5.2
1979 5 31 7 20 6.3| 45.55| 26.33 -120 5.3
1979 9 11 15 36| 54.2| 45.56| 26.3 -154.3 5.3
1980 1 14 15 I 54.5| 45.78| 26.6 -141 51
1981 7 18 0 2| 58.6| 45.69| 26.42 -166.1 5.5
1983 1 25 7 34 50| 45.75| 26.64 -149.8 5.6
1985 8 1 11 17| 35.9| 45.79| 26.77 -118.6 5.2
1985 8 1 14 35 4.3| 45.73| 26.62 -93.5 5.8
1986 8 30 21 28 37| 45.52| 26.49 -131.4 7.1
1987 9 4 1 40| 29.9| 45.68| 26.43 -160.2 5
1990 5 30 10 40 6.4| 45.83| 26.89 -90.9 6.9
1990 5 31 0 17| 47.9| 45.85| 26.91 -86.9 6.4
1999 4 28 8 47 56| 45.49| 26.27 -151.1 5.3
2000 4 6 0 10| 38.8| 45.75| 26.64 -143.4 5
2004 10 27 20 34| 36.4| 45.78| 26.73 -98.6 6
2005 5 14 1 53| 21.5| 45.68| 26.54 -148.3 5.1

In cazul exemplului de extindere a metodologiei tperalte zone similare
Vrancei, este vorba de zonele seismice Bucaram@ingaolumbiagi Hindu Kush din

Afganistan, am utilizat datele Centrului Intefipaal de Seismologie pentru perioada
1973-2005.

Programele profesionale la care am apelat au f0SRAPH v1.9, ETERNA
v.3.4, TSOFT v.2.1.4, MATLAB v6.5.1, MICROSOFT@Word 2002,
MICROSOFT@PowerPoint 2002. La acestea s-augat proceduri proprii construite
sub mediul MatLab pe parcursul activiior de cercetare desfurate in cadrul
Observatorului Regal al Belgiei. Aceste mici pragea rulate ulterior in MatLab, ne-
au ajutat la eliminarea pa@sturilor, aplicarea metodei HiCum, a testelor state, a
metodei Bootstrap, la construirea seriilor sintsticalculul coeficientului statistip
pentru ferestrele mobile temporaie3D, reprezentarea rezultatelor prin grafice 2D
3D.
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4.2. Calculul coeficientului statisticp

4.2.1. Calculul coeficientului statisticp cu ajutorul testelor statistice

Rezultatele pozitive amute, in principal, de Tana@ANAKA et al., 2002a,
2002b, 2006], ne-au determinat extindem acea&tdireaie de cercetargi pentru
zona Vrancea. Investigéde noastre s-au concentrat, in acest sens, asuoftuanelor
gravimetrice induse de anumite componente (peritadic ale mareelor terestre n
activitatea seismic intermediafi din zona Vrancea. Aceste influensunt puse in
evidena prin intermediul metodei de stacking HiCugn evaluate cu ajutorul
coeficientului statistig, calculat prin metode statistice care au laabpateza de zero
adic ipoteza evenimentelor distribuite aleator.

In cea mai mare parte a unor astfel de abok utilizeaz testul lui Schuster
prezentat in capitolul 3.3.1. Tnainte de a aplicesa test, ofinem distribtia
evenimentelor seismice, dupalgoritmul prezentat la capitolul 3.2.1, cu ajufor
metodei HiCum. Se iau n calcul periodigie undelor principale din fiecare grap
caracteristid a mareelor terestre (Tabelul 4.2)

Tabelul 4.2 —Periodicitatile si numerele lui Doodson pentru principalele
componente ale mareelor terestre (Melchior, 1978)

Componente ale mareelor terestre Nurul lui Perioada in
Doodson cicluri/zi
S2 — Und sola# (S) principai semidiuria 273.555 0.50000
M2 — Undi luna#i(L) principak semidiuria 255.555 0.51753
N2 - Undi L eliptica majof semidiura pentru M2 245.655 0.52743
K1 — Unde Lsi S declinaionale diurne 165.555 0.99727
P1 — Und S principad diurna 163.555 1.00275
O1 — Undi L principah diurra 145.555 1.07581
MF — Undi L declinationai 075.555 13.66079
MM — Unda L eliptica 065.455 27.55454
SSA — Und S declinational 057.555 182.6217p
SA — Undi S eliptia 056.554 365.25678

in fiecare histograen oltinuta pentru diferitele periodiciti mareice, valorile
distribuiilor evenimentelor seismice sunt utilizate in vesde olinerii coeficientului
statisticp, utilizand in acest scop atat testul statistic clasilui Schuster caf testul
permutarilor, introdus pentru prima oafn analiza coreléei dintre mareele terestre

si cutremurele de fmant.

4.2.2. Compararea rezultatelor oleinute

in prima etap se calculeaz coeficientul statistiqp prin intermediul celor dau
teste statistice, testul lui Schustertestul permutrilor, aplicate distribtiei oktinute
prin metoda HiCum considerand o singuereasti de analiz ce include toate
evenimentele seismice intermediare din perioad® 12D07.



Studiu asupra influenelor gravimetrice induse de mareeler terestre imaseismid Vrancea 49

Nivelul de semnificée ales este 5%. Acest lucru inseamenuarea la ipoteza
de zero, a distrilyiei aleatoare a evenimentelor seismice doar inléaztare valoarea
coeficientului statistic este mai niidecat 0.05 (sau 5%).

Pentru fiecare perioédanalizai, se oline o singuk valoarep care exprira
existena coreladei sau inexistefa acesteia (Tabelul 4.3).

Tabelul 4.3 —Valorile coeficientului statistic p in cazul celafoua teste statistice
pentru principalele componente ale mareelor terest

Componenta Coeficientul obtinut | Coeficientul obtinut
mareica prin testul lui prin testul
Schuster permutarilor
Ps (%) Poed%)
S2 8.20 9.14
M2 42.40 39.70
N2 36.95 34.90
K1 67.00 49.33
P1 79.56 88.54
01 50.41 60.45
MF 70.33 82.34
MM 53.82 64.82
SSA 64.81 68.26
SA 4.43 5.53

Rezultatele arato foarte bua compatibilitate intre cele daueste, coeficientul
de corelde a rezultatelor dintre aceste teste fiind maiande 90%. De asemenea,
valorile celor dod teste ardt ca nu exisi o corelaie evideni intre niciuna dintre
componentele mareelor teresgreutremurele de gmant vrancene atit timp céat nu se
introduce niciun criteriu de discriminare tempargprivind existefa unei faze
premergtoare evenimentului seismic considérata fiind faza criti@ dinaintea
declanarii cutremurului de pmant.

4.3. Variatii temporale si spatiale ale coeficientului statisticp

4.3.1. Varidii temporale ale coeficientului statisticp obtinute cu ajutorul
ferestrelor de timp mobile

Rezultatele prezentate in subcapitolul 4.2.2 imptilizarea mai departe n
studiul nostru a ferestrelor mobile. Aceasta esternai sim@ modalitate de a urini
variaiile temporale ale coeficientului statisficsi de a gspunde la primul obiectiv al
tezei, acela de a gbe caracteristicile deaspuns ale zonei seismice Vrancea in cazul
aqiunii diferitelor componente ale mareelor terestre.

Pentru cea mai mare parte a componentelor mareigaerate in tabelul 4.2, mai
precis pentru undele S2, M2, N2, K1, P1, O1, MAMM, s-a utilizat o fereasir
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mobilda de 365.24 zile (anul tropic) iar pentru componkEn&SA et SA, o fereadtde

5 ani tropici deoarece perioada dgisa acestor unde este mult mai mare decéat a
celorlalte componente mareice. Pentru a aplica deetde stacking HiCum avem
nevoie de un inteval mai mare decat cel egal ciopda Tn&si a componentei de
maree teresir Pasul de deplasare a ferestrei a fost de 30ldedar au existagi
analize in care s-a folosit un pas de doar o ZAgut@ndu-se coeficientup prin
intermediul ambelor teste statistice, testul luih@ter si testul permuirilor.
Dimensiunile ferestrelogi a pasului de deplasare au fost alese fie pe dereite
statistice, pentru a avea un numsuficient de evenimente seismicél & 20
evenimente), fie avand Tn vedere considerente gieeficum ar fi condia de cuasi-
ciclicitate sezoniera Fimantului.

Pentru fiecare fereadtrse oline amplitudinea cosinusoidei de interpolare a
distribuiei (histogramei) constrdit prin metoda de stacking HiCum. Cu ajutorul
valorilor nundrului de cutremure deamant corespuritor fiecarei faze definii pentru
aceagt distribuie se calculeazvaloarea coeficientulyy aplicand mai intéi testul lui
Schuster. Subliniemacpentru testul lui Schuster faza fiegi cutremur este un
parametru definitoriu. Tn acegdereasts, luand in calcul amplitudinea cosinusoidei
de interpolare, se calculgazoeficientul statisticp utilizand testul permiditilor,
amplitudinea fiind, de data aceasta, parametrunidefiu pentru acest test.

Pentru stabilirea intervalului de incredere pemaloarea amplitudinii in cazul
fiecarei ferestre mobile, se aplicmetoda Bootstrapsa cum a fost desc#sin
subcapitolul 3.4.

Rezultatele repetii acestor proceduri pentru toate ferestrele neoblié timpsi
pentru toate componentele (periodigie) analizate ale mareelor terestre seisegc
in setul de reprezemt grafice, de la Fig. 4.2 la Fig. 4.21, precymin figura de
sinteza 4.22a. Cutremurele deipént cu magnitudineMw > 5.0 sunt, de asemenea,
repere importante pe aceste figuri pentru intefiptetulterioare ale rezultatelor.

Se obse¥ ci intervalul de timp 1970-1978 este caracterizatideunar mic de
evenimente seismice. Metoda HiCuiintestele statistice aplicate in ferestre mobile
pentru aceste intervale de timp sunt folosite raith condiiei impuse de teoria
statisti@: minimum 10 evenimente seismice. Reprezdet 3D si 2D marcheaz
foarte bine acest aspect. Interpretarea rezultambonute pentru aceste intervale
trebuie ficuta cu prudem corespurioare. Nu este exclus thsa ele & evidenieze
puterea de aplice a metodologiei de lucru pentru cazuri linit
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Rezultate oltinute pe baza componentei S2 a mareelor terestre
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Fig. 4.2 -Distribusia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati in numar de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta estaegpntarea 2D a acelugalucru.
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Fig. 4.3. -a) Variafia temporali a numarului de evenimente seismice in fiecare feredstnobild; b) Valorile
limita ale intervalului de incredere atmut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, in negru,
valoarea amplitudinii de referipi corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rosu), marcate cu cercurisi
bare de eroare pentru p < 5%. Cutremurele d&r@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Rezultate oltinute pe baza componentei M2 a mareelor terestre
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Fig. 4.4- Distribusia 3D (in sténga figurii) a amplitudinilor curbelorde interpolare obinute prin metoda de

stacking Hicumsi exprimati in numdr de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi

un pas de alunecare de 30 zile. In dreapta estaeepntarea 2D a acelujalucru.
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Fig. 4.5 -a) Variafia temporali a numarului de evenimente seismice in fiecare feredsinobila; b) Valorile
limita ale intervalului de Tncredere atmut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, in negru,
valoarea amplitudinii de referini corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rosu), marcate cu cercurisi

bare de eroare pentru p < 5%. Cutremurele dé&r@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri

patrate negre.
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Rezultate oltinute pe baza componentei N2 a mareelor terestre
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Fig. 4.6. -Distribusia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati in numdar de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta esteeepntarea 2D a acelujlucru.
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Fig. 4.7. -a) Variafia temporali a numirului de evenimente seismice 1n fiecare fere@stnobilg; b) Valorile
limita ale intervalului de incredere atmut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, Tn negru,
valoarea amplitudinii de referipi corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rogu), marcate cu cercurisi
bare de eroare pentru p < 5%. Cutremurele dé&r@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Rezultate oltinute pe baza componentei K1 a mareelor terestre
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Fig. 4.8. --Distribusia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare ohinute prin metoda de
stacking Hicumsi exprimati Tn numar de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta esteeepntarea 2D a acelugalucru..
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Fig. 4.9. -a) Variafia temporali a numarului de evenimente seismice in fiecare fereastnobilg; b) Valorile
limita ale intervalului de incredere aimut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarkereasté mobila si, in negru,
valoarea amplitudinii de referini corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rogu), marcate cu cercurisi
bare de eroare pentru p < 5%. Cutremurele dé&@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Rezultate oltinute pe baza componentei P1 a mareelor terestre
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Fig. 4.10.- Distribugia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati in numar de evenimente seismice, in cazul unei ferestrebileode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta esteeepntarea 2D a acelujlucru.
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Fig. 4.11.- a) Variafia temporali a numarului de evenimente seismice in fiecare fere@stnobild; b) Valorile
limita ale intervalului de Tncredere atmut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, Tn negru,
valoarea amplitudinii de referini corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rosu), marcate cu cercurisi
bare de eroare pentru p < 5%. Cutremurele dé&@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Rezultate oltinute pe baza componentei O1 a mareelor terestre
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Fig. 4.12.- Distribugia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati in numar de evenimente seismice, Tn cazul unei ferestrebihale 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta esteegpntarea 2D a acelugalucru.
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Fig. 4.13. -a) Variafia temporali a numarului de evenimente seismice in fiecare fere@stnobild; b) Valorile
limita ale intervalului de incredere atmut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, in negru,
valoarea amplitudinii de referimi corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rogu), marcate cu cercurisi

bare de eroare pentru p < 5%. Cutremurele dé&@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
pdtrate negre.
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Rezultate oltinute pe baza componentei MF a mareelor terestre
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ig. 4.14. -Distribugia 3D (in sténga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati Tn numar de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta estaegpntarea 2D a acelugalucru.
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Fig. 4.15. -a) Variafia temporali a numarului de evenimente seismice in fiecare fere@sitnobilz; b) Valorile
limita ale intervalului de incredere aimut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, in negru,
valoarea amplitudinii de referini corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rosu), marcate cu cercurisi
bare de eroare pentru p < 5%. Cutremurele d&r@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Rezultate oltinute pe baza componentei MM a mareelor terestre
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Fig. 4.16 - Distribugia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati in numdar de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta esteeepntarea 2D a acelujlucru.
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Fig. 4.17. -a) Variafia temporali a numarului de evenimente seismice in fiecare fere@stnobild; b) Valorile
limita ale intervalului de Tncredere atmut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, Tn negru,
valoarea amplitudinii de referipi corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rogu), marcate cu cercurisi

bare de eroare pentru p < 5%. Cutremurele dé&@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Rezultate oltinute pe baza componentei SSA a mareelor terestre
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Fig. 4.18.- Distribugia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati in numdar de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta esteeepntarea 2D a acelujlucru.
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Fig. 4.19. -a) Variafia temporali a numarului de evenimente seismice in fiecare fere@sitnobilz; b) Valorile
limita ale intervalului de incredere atmut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, in negru,
valoarea amplitudinii de referini corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rosu), marcate cu cercurisi
bare de eroare pentru p < 5%. Cutremurele dé&@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Rezultate oltinute pe baza componentei SA a mareelor terestre
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Fig. 4.20.- Distribugia 3D (in stanga figurii) a amplitudinilor curbelorde interpolare obnute prin metoda de
stacking Hicumsi exprimati in numar de evenimente seismice, in cazul unei ferestrebiteode 365.24 zilgi
un pas de alunecare de 30 zile. In dreapta esteeepntarea 2D a acelujlucru.
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Fig. 4.21. -a) Variafia temporali a numarului de evenimente seismice in fiecare fere@sitnobilz; b) Valorile
limita ale intervalului de incredere aimut prin metoda Bootstrap (magenta pentru limitaferioard si verde
pentru cea superioaf) pentru amplitudinea cosinusoidei HiCum in fiecarfereasté mobila si, in negru,
valoarea amplitudinii de referini corespunatoare, de asemenea, fi@ei ferestre; c) Valorile coeficientului
statistic p pentru testul Schuster (in albastrsi) pentru testul permuirilor (in rosu), marcate cu cercurisi

bare de eroare pentru p < 5%. Cutremurele dé&m@nt cu magnitudinea Mw > 5.0 sunt reprezentate rpri
patrate negre.
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Fig. 4.22.— a) Valorile coeficientului de corelaie p pentru testul lui Schuster (in albastru)si pentru testul permutarilor (in ro su), marcate cu cercurisi bare
de erori pentru p < 5%. Cutremurele de giméant cu magnitudinea Mw > 5.0 sunt reprezentate pri pitrate negre. b) Rezultatele validirii cu ajutorul seriilor

sintetice de evenimente aleatoare pentru zona Vraaa (pentru p obtinut cu testul lui Schuster).OBS. : se utilizeak ferestre mobile de 365.24 e zile dedate
cu 30 de zile pentru undele M2, S2, N2, K1, P1, OMF, MM si ferestre mobile de 5 ani deplasate cu 30 de zpentru undele SSAsi SA.
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Se poate demonstra relatiyon ca metoda ferestrelor mobile aplidainei seri
sintetice de evenimente aleatoare, folosind agigbesiodicitti mareice, poate avea ca
rezultat cazuri de corglaadica ferestre de timp in care coeficienpuk 5%. Ne putem
intreba dai exist posibilitatea validrii corelaiei. Daa distribuia evenimentelor din
fereastra mohil este una particuléy cu o anumit caracteristig diferita de aleatoriu,
aceasta inseariga prin randomizarea datelor din acédstreasti nu vom mai obne
o situaie similaf decéat foarte rar.

Prin urmare, am construit o mie de serii temposaiéetice corespuimare unor
evenimente seismice aleatoare pornind de la moteenie nceputsi sfarit ale
ferestrelor in care conti de corelge a fost indeplinit. Conform teoriei statistice ar
fi fost suficiente o sdtde cazuri, dar in sittia de faa numarul ales, o mie, ne permite
si tragem o concluzie relevantPentru fiecare serie sinteti@m repetat intregul
protocol de calcul al coeficientului statispc Am aplicatsi aici un prag aseamator
celui de incredere coresputar testelor statistice, daérfi conotaia matematig a
acestuia. Astfel, dacohtinem doar in 5% din cazuri sau maitipuun coeficient
statistic sintetic egal sau mai mic decat coefitienp al ferestrei iniale, vom
considera & distribuia noasti initiala de evenimente seismice nu este aleatoare. Dar
limita de 5% &mane in disctie, ga cum am mai precizat anterior.

Figura 4.22b preziat rezultatele validrii cu ajutorul seriilor sintetice de
evenimente aleatoare pentru zona seisiiancea.

4.3.2. Varidii temporale ale coeficientului statisticp obtinute cu ajutorul
ferestrelor mobile cu numir fix de evenimente seismice

Intregul raionament descris in paragraful anterior poate ficap utilizand, in
locul ferestrelor mobile cu intervale de timp buiefinite, deplasate cu un interval de
timp precizat, ferestre cu un nanfix de evenimente seismice, deplasate cu unanum
fix de evenimente. Evident, acest din @roaz, implié o variaie contind a lungimii
temporale atat a ferestrelor gat pasului de deplasare a acestora.

Pentru exemplificare, am ales ferestre de 100, &spactiv 30 de evenimente
seismice, deplasate cu un evenimegntapoi cu 10 evenimente, in fiecare caz.
Rezultatele au fost comparate cu cel@mlie cu ajutorul ferestrelor mobile definite
prin intervale de timp fixe. In toate cazurile Sstpeaz aceesi amprend specifici a
varigiei coeficientului statistip pentru componenta mareialead (M2) casi in cazul
ferestrelor mobile definite prin intervale de tiringe (Fig. 4.23).
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(a) Ferestre mobile de 365.24 zile

Deplasare cu o zi Deplasare cu 30 de zile
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(b) Ferestre mobile de 100 evenimente

Deplasare cu un eveniment Deplasare cu 10 evenimente
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Fig. 4.23 - Valorile coeficientului statistic p pentru testulul Schuster (in albastru)si pentru testul
permutirilor (in rosu), marcate cu cercurisi bare de erori pentru p < 5%. Cutremurele ddrpant cu
magnitudinea Mw > 5.0 sunt reprezentate pridgtpate negre. Comparnge intre rezultatele otinute in (a)
cazul ferestrelor mobile definite prin interval fide timp (365.24 zilgi deplasare de 1 zi, respectiv 30 de
zile) si (b) cazul ferestrelor mobile cu nudr fix de evenimente (100 de evenimente seismiceplasate
cu un numir fix de evenimente (un eveniment, respectiv 10revesnte).
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4.3.2. Activitatea seismig intermediara a zonei Vrancea analizat in ferestre mobile
3D

Ideea evalirii distributiei spaiale a coeficientului statistip a fost inspirat de
tomografia seismic In aceasi tezi parametrul cu ajutorulicuia se construige harta
3D este reprezentat, prin urmare, de coeficignttdre ne ofer posibilitatea deteatii
reagiilor locale la diferite periodiciiti ale componentelor mareelor terestre in
domeniul spaal.

Pentru acest demers se calcuie@peficientul statisticp pentru activitatea
seismi@ inclusa intr-un element de volum mobil, de forma unui peigiped cu
inaltimea de 20 kmgi delimitat la suprafa de un @trat cu latura de 12 km (Fig. 4.24).
Algoritmul de calcul cunoscut deja, se aplaoar in elementele de volum ce tion
minim 20 de elemente seismice din acgleaatiuni statistice despre care am mai
vorbit. Calculele se efectueazin timp ce este parcursintreaga suprafa a
epicentrelor cutremurelor deupant pentru zona Vrancea, de la vest la est iitgi2
27° longitudine estit si de la sud spre nord intre 4b646° latitudine nordig. Apoi
procedura aceasta se répettrat dup strat, coborand de fiecare #lah adancime cu
10 km.

(1]
46

.

o 1]

26 27
3) b)

10 km 45

Fig. 4.24 -a) Un element de volum cu o suprafapatrata de 12 km pe 12 ki o inglsime de 20
km este deplasat cu cate 4 km in longitudisieapoi in latitudine. b) Suprafga baleiati este
delimitati de paralelele de 45§i 46° latitudine nordiei, respectiv de meridianele de 2§°27°
longitudine esti@. Procedura se rep&tin adancime, intre 6Gi 220 km de fiecare dé&tcéand,
dupa parcurgerea unui strat, elementul de volum cobdgaiu 10 km.

Procedeul de validaraméane valabiki se apli@ intocmaisi aici, tot cu ajutorul a
1000 de serii sintetice de evenimente aleatoammcatand elementele de volum se
caracterizeazprintr-un coeficient statistip<5%.
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Tabelul 4.4 prezirtrezultatele care marcheagtratele cu cel mai mare nande
elemente de volum unde congdaa fost pus in evidema prin valori ale coeficientului
statisticp < 5%, pentru toate componentele mareelor teretthalise anterior.

Tabelul 4.4.Numadrul elementelor de volum caracterizate printr-un eficient p < 5%

Limitele Componentele mareelor terestre

stratului Tn

adancime
(km)

60 — 80

70 -90
80 — 100
90 -110
100 - 120
110 -130
120 — 140
130 - 150
140 - 160
150-170
160 — 180
170 - 190
180 — 200
190 - 210
200 - 220

(9]
N

M2 | N2 | K1 P1| O1| MF| MM| SSA| SA

©o|o
ININY

w oY s
I
wR|No
0

w

~|~| o
Olo|o|o|o|u|o|ns ol N[N o

O|lo|lo|o|o|~N|O
O|lo|o|o|o|N~IN
O|lo|o|o|o|o|u|d
OlO|0|0|O(R,r NN
O|lo|lo|o|o|oN|~
O|lOo|0|O|O|Oo|W|kF-
[sll=ll=l[=][=]l=%]l)
Olo|o0|o|oN

olololololk

Figurile 4.25a+ 4.25h prezirit in stanga imaginea distritiei evenimentelor
seismice in fiecare element de volum mobil peste sant suprapuse, marcate cu
patrate albe, volumele caracterizate gin 5% ; dedesubtul acestei imagini ssate
distribuia valorilor p pentru toate elementele de volum mobile Tn careanul
evenimenteloN>20 ; Tn ultima imagine din randul de jos este repneai distribuia
fazelor ce corespund amplitudinii maxime a cosimesoHICum de interpolare din
fiecare element de volum mobil. In dreapta fre grafic, in proiege pe direda
nord-sud, este reprezeritadistribuia tuturor hipocentrelor seismice ayecurilor
principale din zona Vrancea pentru intervalul 12007, cu stratul analizat marcat
prin culoarea verde.

in figura 4.26 este realizato sintez a tomografiei mareice statistice pentru
activitatea seismicintermediaf din zona Vrancea, in cazul tuturor componentelor
mareelor terestre analizate in acg&strare. Disctile pe marginea acestor rezultaze
se gisesc n capitolul 5 al tezei.
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Fig.4.25a — Componenta mareic S2 (90 km — 110 km)
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Fig.4.25b - Componenta marei& M2 (70 km — 90 km)
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Fig.4.25¢c - Componenta mareic K1 (100 km — 120 km)
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Fig.4.25d- Componenta marei@ O1 (70km — 90km)

60

Distributia nurrirului de 3
evenimente seismice n g
fiecare element de volupm >~ 0
mobil. IS

o . -120
Distributia valorilor —~
coeficientului statistip 5
in fiecare element de =
volum mobil. B 150
Distributia fazelor > 300 : )
amplitudinii maxime a ) : :
cosinusoidei de & 20
interpolare n fiecare - . bbb, S ]
element de volum mobi : O? 5 5

i i i
452 454 456 458 16

Long. (deg,) Lat. (deg.)

67

(wf) swiouepy

(W) swiouepy



Studiu asupra influerelor gravimetrice induse de mareeler terestre imaceismid Vrancea

Fig.4.25e - Componenta mareicMF (70 km — 90 km)

Distributia nurérului de
evenimente seismice n
fiecare element de volu
mobil.

Lat. (deg.)

Distributia valorilor
coeficientului statistip
n fiecare element de
volum mobil.

Lat. (deg.)

Distributia fazelor §
amplitudinii maxime a )
cosinusoidei de =
interpolare n fiecare |
element de volum mobi 5 o T -
.2 2(5.:1 26I.B 2EI.8 27 45|.2 45|.11 45|.B ASI.B 46
Long. (deg,) Lat. (deg.)

Fig.4.25f - Componenta mareigd MM (120 km — 140 km)
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Fig.4.25g - Componenta marei SSA (70 km — 90 km)
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Fig.4.25h - Componenta mareit SA (120 km — 140 km)
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Fig. 4.25a)+ 4.25h) Secveni de reprezerddri ale corelgiei dintre mareele terestrgi cutremurele de gmant
prin tomografie marei@ statistiai . In stanga, micile gtrate albe reprezint pozfile elementelor de volum
mobile cu p < 5%. In dreapta, zona verde indistratul pentru care se efectueazanaliza. Am ales pentru
fiecare component a mareelor terestre stratul cu cel mai mare ndnde elemente de volum pentru care p <

5%.
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Observatii

Am aplicat metoda de stacking HiCum asupra bazeidd® seismice afa
postocuri din zona Vrancea (1970-200¢)am descoperit tendi@ de modulare ale
catorva componente principale ale mareelor terestn@cteristice foelor de atrage
ale Luniisi Soarelui, n activitatea seismimtermediai.

Rezultatele testului lui Schustgral testului permuirilor, validate sistematic prin
serii sintetice de evenimente aleatoare, corifiron corelaie semnificatid Tntre
activitatea seismicintermediai si componentele mareice S2, M2, K1, O1, MF, MM,
SSAsi SA, de regul in apropierea evenimentelor megdiputernice Mw > 5.0).

Coeficientul statistigp prezint caracteristici de varige particulare in vecitatea
cutremurelor de mant mai puternice. Rezultate similare au fogtmite de Sachiko
Tanaka [2006] pentru regiunea Tokai din Japoniai Blansideim coeficientul
statisticp un potemal factor precursor seismic.

Metoda Bootstrap, utilizat de asemenea, pentru prima dan problema
corelgiei dintre mareele terestrg cutremurele de néant in zona Vrancea, aiat
varigii ale limitelor superioare ale intervalului de iedere pentru amplitudinea co-
sinusoidei HiCum 1n fiecare fereastmobila, manifestand anumite particulatitin
proximitatea evenimentelor seismice relativ putniDin acest punct de vedere
rezultatele referitoare la vatia amplitudinilor bootstragi variatia coeficientuluip
pot fi comparate.

Am introdus ndiunea de tomografie statisticu ajutorul mareelor terestre, cu
rezultate probanteafd indoiak acestea fiind legate de structufiareologia zonei
seismice analizate.
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5.1. Punerea in evideti a unor tendinte temporale in declagarea
cutremurelor de pamant intermediare din zona Vrancea de
catre mareele terestre

Mareele terestre sunt candidate importante latiame declagatori seismici ga
cum o demonstreazo serie de studii privind corela dintre mareele terestrg
cutremurele de gmant. Viteza de varige a stresului produs de unele componente
mareice este comparabitau chiar supericaruneori vitezei de varige a stresului
tectonic, concurand la deckamea cutremurelor deamant [TANAKA et al., 2002;
STAVINSCHI et SOUCHAI, 2003].

Eterogeneittile localesi regionale producaspunsuri diferite cand sunt supuse
unor frecvere mecanice diferite, in concordarmu proprieitile geologicssi tectonice,
asemenea tuturor sistemelor caracterizate prirvdreele lor proprii [SANDI, 2001].
Raspunsul ar putea fi influgat de interfea manta-crugt printr-un mecanism de
cuplare vascoadENESCU, 1985]in acest context gianea mareelor terestre ar putea
juca un rol important n funie de caracteristicile fiéicei regiuni.

Rezultatele ofinute Tn capitolul 4 conduc atre interpreiri cu consecite
importante pentru zona seisii¥rancea. Prezefn in continuare aspecte legate de
obiectivele majore stabilite la Thceputul acesterari.

5.1.1. Coeficientul statistigp, un posibil factor precursor

Am subliniat in analiza noastrtendina de sadere a valorii coeficientului
statistic p pentru acele ferestre mobile caracterizate pregzema cutremurelor de
pamant cu magnitudinelslw > 5. De asemenea, intr-un studiu recent [CADICHEANU
et al., 2008] in cazul zonei Vrancea s-a pus ey un pattern aseinator si in
cazul cutremurelor deamant cu magnitudine®dw > 4.5 (Fig. 5.1), fapt meionat
pentru regiunea Tokai din Japonia dee Tanaka et al. [2006].

Pentru acele ferestre in care se coastatamprent specifié a coeficientului
statisticp, curba de varige a limitei superioare a intervalului de configewohinut
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prin metoda Bootstrap, se apropie de valoarea &mdpiii co-sinusoidei de refer
adica valoarea amplitudinii cosinusoidei de «fitare» @stributiei initiale de
evenimente seismice din fereastra respg¢tigurile 4.2 + 4.21).

Aceste amprente seéigirea chiar da& lungimea ferestrei mobile sau a pasului de
deplasare a ferestrei se schimentru exemplificare am ales uitwarele cazuri:
ferestre mobile de 300 de zile deplasate cu 50ilde(kig. 5.1), ferestre mobile de
365.24 zile deplasate cu o zi (Fig. SsPferestre mobile de 365.24 zile deplasate cu 30

zile (Fig. 5.3).

P x100%

1982 1985 1990 1995 2000 2005
Timpul (ani)

Fig. 5.1. —Componenta M2: variga temporali a coeficientului statistic p pentru testul
Schuster (albastru)i pentru testul permuirilor (rosu); valorile p < 5% sunt marcate cu
cercuri si bare de eroare (1982 — 2005, ferestre mobile @@ 2ile deplasate cu 50 zile).
Cutremurele cu Mw > 5.0 sunt reprezentate pridgtgate negre iar cele cu 4.SMw <5.0
sunt reprezentate prin firate mov. Zona valorilor p corespudipare corelgiei este

marcaii prin culoarea gri.

| i
-1

L o -

n = iy,

P x100%

1982 1983 1990 1995 2000 2005
Timpul (ani)

Fig. 5.2 —Componenta M2 : variga temporali a coeficientului statistic p pentru testul
Schuster (albastru)i pentru testul permuirilor (rosu); valorile p < 5% sunt marcate cu
cercuri si bare de eroare (1982 — 2005, ferestre mobile @&.34 zile deplasate cu o zi).
Cutremurele cu Mw > 5.0 sunt reprezentate pridtgate negre.
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p x 100 (%)
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Fig. 5.3 —Componenta M2 : varigaa temporali a coeficientului statistic p pentru
testul Schuster (albastruyi pentru testul permuirilor (rosu); valorile p < 5% sunt
marcate cu cercurisi bare de eroare (1982 — 2005, ferestre mobile @&5.24 zile
deplasate cu 30 de zile). Cutremurele cu Mw > Bu@itgeprezentate prin fitrate negre.

Figura 5.4 s-a amut calculand valoarea Ipiin ferestre mobile de 365.24 zile
pas de deplasare de o zi, alegandu-se pentru igaestunda semidiuthM2 ca und
cu cea mai mare amplitudine la latitudinea zoneirdea. Momentul de timpiuwia i
se atribuie valoarea din fereastraadaste intotdeauna limita din dreapta ferestrei
respective pentru a putea evalua mai bine daminuarea valorii lup are loc inainte
de cutremur, in momentul dectani cutremurului sau dupproducerea acestuia.

in secvera de figuri 5.4 se reprezihwvariaia coeficientului statistip pentru
componenta semidiuirM2 a mareelor terestre, observandu-se in detaliltadeie n
vecimtatea evenimentelor seismice mai puternib®v(> 5.0) sau moderate (45
Mw<5.0) pentru fiecare an din 1971 pain 2007. ,Zgomotul” prezent in curbele de
variatie ale coeficientului statistip este datorat efectelor de margine ale metodei
aplicat in ferestre mobile.
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107 ! ! !
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Analiza variaiei coeficientului statistiqp cu rezoltie de un an, in congiie in
care deplasarea ferestrei mobile se face cu u@aszi, pune in evidghamprente
particulare a acestui coeficient Thaintea producgriii eveniment ciMw>4.5. Acest
lucru ar putea indica o stare de cuplaj sau dengzda componentei mareic®2 in
exemplul ales de noi, cu zona in care urriesz se produg sau s-a produs
cutremurul.

Aceleai amprente specifice sunt confirmate prin utilizaferestrelor mobile ce
contin un nunar constant de evenimente seismigesunt deplasate cu un nam
precizat de evenimente. Acest lucru Tnseamonvarigie contind a dimensiunii
temporale atat pentru fereastra mabgi cat si pentru pasul ei de deplasare.
Conservarea caracteristicilor de vé@igaale coeficientului statistip si Tn acest caz,
reprezini o confirmare a tendiai de modulare a activtii seismice sub ainea
componentei mareice considerate pentru anumitestferéemporale ale seriei de
evenimente date.

Pentru a putea interpreta aceste rezultate avemende date geofizice complexe
pentru ntreaga perioadanalizai si un model adecvat pentru o asemenea ahaliz
[AKI, 1981].

Deoarece in clipa detfaacest lucru nu s-a dovedit a fi fgilomal, am incercatas
obtinem informaii suplimentare prin introducerea unui nou concgptlargirea

posibilitatilor de valorificare a propriétilor coeficientului statisti@.

5.1.2. Sensibilitatea testului permutrilor la tipul de distribu tie statisticai a
evenimentelor seismice

In timpul validarii rezultatelor olinute cu ajutorul celor dauteste statistice,
testul lui Schustesi testul permutrilor, s-a observat sensibilitatea caracteristic
acestuia din urtnla tipul de distribtie asupra @reia este aplicat testul.

Astfel, am construit dau tipuri de serii sintetice de evenimente aleatoare,
presupunand, intr-o priretag, distribitia evenimentelor seismice uniforrgie intr-o
alta etap@, luand n calcul intervalele de timp dintre eveeirtele seismice
consecutive.

Utilizind pentru fiecare situge analizai perioada componentei mareibt2, am
comparat nurrul ferestrelor mobile Tn care coeficientul statist estemai mic decat
5%, pentru cazul distribiei reale de evenimente seismice, cu awh ferestrelor
mobile cu aceaacaracteristi&, dar in cazul a 100 de serii sintetice aleatoare.

Aceste serii aleatoare au fost construite Tnadowduri diferite: considerand
cazul unor distribtii aleatoare uniformai cazul unor distribtii aseninatoare celei
reale, adi& s-a reconstruit seria temparale evenimente prin pernaut aleatoare ale
intervalelor de timp dintre dawevenimente seismice consecutive.



Studiu asupra influemelor gravimetrice induse de mareeler terestre imaseismid Vrancea 88

Pentru fiecare serie tempatae evenimente, reakau sintetig aleatoare, au fost
utilizate ferestre mobile de dimensiuni diferit®@l1 150, 200, 250, 300, 350, 400, 450,
500si 1000 de zile), deplasate, de fiecareidati 30 de zile.

Subliniem & spre deosebire de testul lui Schuster, testul p#@ritor este
sensibil la tipul de distriie asupra @reia se aplig (Fig. 5.5si Fig. 5.6).

(a) Distribu tii sintetice aleatoare uniforme
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Fig. 5.5- Sensibilitatea testelor statistice (testul lutgistersi testul permudrilor)
la tipul de distribuie al evenimentelor in cazul seriilor sintetice ak®are uniforme
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(b) Distributii sintetice aleatoare olfinute prin permutarea intervalelor
consecutive dintre evenimentele seismice ale serile date intiale
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Fig. 5.6- Sensibilitatea testelor statistice (testul luttgistersi testul permutrilor)
la tipul de distribuie al evenimentelor in cazul seriilor sintetice ak®are construite prin

permutarea aleatoare a intervalelor de timp dintleua evenimente seismice consecutive.
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5.2. Conceptul de tomografie statistie cu ajutorul mareelor
terestre

Tomografia seismic se construige, Tn principal, prin inversiunea undelor
seismice care travers@aPamantul [FAN et al., 1998]. Este modalitatea cea mai
eficient de a olgne informaii geofizice despre interiorul d@néantului. Doar
cutremurele de gmant sunt capabile in prezerit genereze o cantitate suficigrde
energie careaspoat ajunge la suprafafara a fi complet atenuat chiar dag provine
de la o surs adané sau foarte adaac[POPA et al., 2005; IVAN, 2006]. Printre
celelalte surse aamr energie se inregistreada suprafg, desigur nu complet
atenual, mai exisi magnetismul, energia terniic(conductid sau convectiy),
curenii electrici. Dar intensitile la suprafga a acestor surse au valori diferiie Tn
general, mult mai mici comparativ cu intensitatesic. Si scirile de timp la care
se manifest sunt diferite. Spre exemplu, disiparea energianiee este extrem de
lenti Tn comparge cu cea a energiei seismice sau electromagnetice.

Tomografia statistic cu ajutorul mareelor terestre, avand a aemnificaie
decat tomografia defordmlor mareice introdusde Wang in 1991 [WANG, 1991], se
bazeai pe distribtia 3D a coeficientului statistip Tn zona in care se presupune
interagiunea dintre o componentperiodiad a mareelor terestrg cutremurele de
pamant. Ea permite studiul efectelor gpagemporale ale mareelor terestre aducand
informaii asupra structurii zonelor seismigieasupra distribtiei stresului in zof

Rezultatele prezentate in capitolul 4 armhportana studiului corelgei dintre
diferitele componente ale mareelor teresfrectivitatea seismic intermediai din
zona Vrancea privind cuplajul prefeted dintre anumite unde mareigeactivitatea
seismia la diferite adancimi ale hipocentrelor.

5.2.1. Tomografia marei@ statistica: comparatie intre rezultatele oltinute
prin tomografie seismic, tomografie magnetoteluric si analiza
patternului de seismicitate

Rezultatele ofinute Tn urma tomografiei statistice cu ajutorulre®dor terestre,
procedui pe care 0 vom numi Tn continuare tomografie marestatistia
[CADICHEANU et al., 2007, 2008], sunt confirmatesl puin patial, de companza
cu rezultatele aimute prin analiza patternului de seismicitate (F3g7, Fig. 5.8d)
[ROGOZEA et al., 2007, RADULIAN et al., 2007], tografie seismig (Fig. 5.8a),
[FAN et al., 1998 ; ENESCU, 2003 ; MARTIN et alQ@ , 2005, 2006], tomografie
magnetotelurig [STANICA et al.,, 2004] (Fig. 5.8b), distriia stresului bazatpe
tomografie seismic(Fig. 5.8c) [ISMAIL-ZADEH, 2003], etc.

Sunt puse in evideh dow zone distincte ale activiii seismice intermediare
intre 70-100 kngi 130-180 km (Fig. 5.7).
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Fig. 5.7.— Comparagie Intre rezultatele otinute prin analiza patternului de seismicitate Troma
Vrancea, in stdnga imaginii (dup Radulian et al., 2007)i rezultatele olinute prin tomografie
statistigt cu ajutorul componentei mareice semidiurne lunareM2 (pdtrate albastre), si
componentei mareice semidiurne solare Szttate galbene), in dreapta imaginii.d#atele colorate
corespuntor componentei mareice utilizate reprezéhelementele de volum Tn care este prezent
corelaia (p< 5%). Cele do@ zone cu activitate seismiamai intensi apatinand slab-ului seismic

sunt regisite prin tomografie statisti€ cu ajutorul celor dod componente mareice.

Tomografia mareit statistié@ pune in disctie chiar patru intervale sensibile la

unele perioade particulare ale mareelor teresige §9si Fig. 5.10) : 70-90 km (SSA,
01, M2, MF, K1), 90-120 km (S2, SSA, K1, SA, MFRQE140 km (SA, M2, MM,
S2)si 140-170 km (SSA, S2, K1, MM).
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Fig. 5.9. —Zone prefereniale de corelgie (stratele cu cel mai mare nuin de elmente de volum
cu p<5%) intre principalele componente ale mareeteresresi activitatea seismié

intermediaw din zona Vrancea. Rezultatele suntoiute prin tomografie mareid
statistiai.

Partea superioara slab-ului seismic este domiaate undele lunare semididrn
(M2), diurm (O1) si declingionak (MF), precumsi de unda solar declinaionak
(SSA); partea inferiodra slab-ului seismic este domiaade undele solare eliptic
(SA) si semidiurri (S2), precunsi de unda lunareliptica (MM).

Aceste obserya sunt foarte importante pentru integrarea rezelta ohinute
pari acum in modelele geodinamice privind zona seirancea.

5.2.2. Aspecte ale fenomenului de atenuare a undekeismice in zona
seismic Vrancea confirmate prin tomografie mareici statistica

Un alt aspect important al tomografiei mareiceistiae este legat de fenomenul
de atenuare a undelor seismice [MOLNAR and OLIVEBRG9] privind prin
compardgie acest fenomen in forelandylin arcul interior al mumlor Carpai [POPA
et al., 2005; SUDHAUS and RITTER, 2005; RADULIAN at, 2006; IVAN, 2003a,
2003b, 2006; WEIDLE et al., 2007]. Fenomenul deaéee a undelor seismice a fost
pus in evideta prin analize sistematice ale seismogramelor mdtanautremure de
pamant Tnregistrate la nivelul mai multor gitale pe teritoriul Romaniei dagi staii
dinafara acestuia. Fenomenul se manif@sintr-o s@dere accentuata amplitudinii
undelor seismiceatre bazinul Transilvaniei fa de platforma forelandului carpatic.

Rezultatele experimentului tomografic CALIXTO’99 dast extrem de relevante
pentru un asemenea studiu.

Explicaia fenomenului de atenuare este ofede structura laterala mantalei
superioare la nord-vest de zona seidrMcancea. Aceasta reprezinin aspect foarte
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important atunci cand este vorba desciii periodice datorate mareelor terestre
produse intr-un cadmp cu o struétuputernic eterogen Eterogeneiitile amplifica
efectul mareelor terestre prin gierea valorii gradientului foelor de deformare.
Prezeipa unui volum cu propriéti distincte in veciatatea slab-ului seismic ar putea
juca un rol esaral in distribdia stresului tectonigi declasarea cutremurelor de
pamant.

S-a obsevat deja o clasificare prefel@a cu adancimea pentru anumite
componente ale mareelor terestre care modiuleeizvitatea seismicintermediai din
zona Vrancea (Fig. 5.9). Se considex raspunsul la atunea mecanica diferitelor
unde de maree depinde de structura slab-ului seigrin egafi masura de mediul in
care acesta se aflLegile fizicii arafi ca structurile rigide #4spund cu o constantle
timp mai mic la frecverre mai inalte, in timp ce structurile maitipurigide se las
antrenate maigor la frecvere joase.

Daa slab-ul seismic ar fi in contact doar cu structigide, influena undelor
mareice de lungperioad asupra activittii seismice intermediare Tn partea supeoar
a acestuia ar fi aproape excluslaé s-artine seamai de amplitudinea extrem de
mica a acestora. Dar obs@m ci tomografia mareit statistiéd arati 0 prezera
remarcabd a undelor declinjonale lunare (MF), cu perioada de 13.66 zie,
declinaionale solare (SSA), cu perioada de o jtate de an, in stratul cu activitate
seismi@ cuprins intre 7Gi 90 km (Fig. 5.9). Aceasta implico agiune indireci a
unui volum cu densitate mai nliclecat cea a zonei seismice, antrenat de @scila
mareice de lungperioad, cum sunt, spre exemplu, undele mareice dedinale, ce
pot contribui, Tmpreun cu alte fenomene geofizice, la deglarea cutremurelor de
pamant,si, de ce nu, prin acelamecanism, la acumularea de stres tectonic laulive
slab-ului seismic.

Tomografia seismic confirma prezema unui volum cu asemenea propfiein
partea dinspre nord-vest a zonei Vrancea, coredpanzsud-estului bazinului
Transilvaniei. Tn aceka timp, tomografia statistic cu ajutorul mareelor terestre
confirma influenta perioadelor lungi (exemplu: undele dedlioaale ale Lunii)si de
foarte lung perioad (exemplu : undele declifianalesi eliptice solare) in declaarea
cutremurelor intermediare din zona Vrancea. (Fi§0p
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5.3. Integrareasi valorificarea rezultatelor

5.3.1. Caracterizarea unei zone seismice prin tendele de modulare
mareica

Metodologia utilizai in lucrarea noasir permite observarea tengitor de
modulare in activitatea seisriimtermediai din zona Vrancea deitte componentele
care caracterizeazprincipalele grupe ale mareelor terestre. Acestalitte sunt,
probabil, specifice unor etape diferite in ev@wzonei seismice amintite.

Am remarcat amprente specifice ale vggiacoeficientului statistip in intervale
de timp variabile ca lungime, Tnaintea desfain unui cutremur de mant moderat
(4.5< Mw < 5.0 sau mai puternid(w > 5.0).

Presupunem ac preferirta pentru anumite periodigit ale mareelor terestre in
declagarea cutremurelor deamant impliG caracteristici geologiceai tectonice
specifice zonei seismice Vrancea.

Dimensiunii temporale pentru analiza cotiela maree-cutremure n ferestre
mobile, i-am adugat pe cea a analizei in ferestre mobile 3D, aseae-a permis
introducerea conceptului de tomografie statistiou ajutorul mareelor terestre,
deschizand o etamoua in istoria corelgéei dintre mareele terestge cutremurele de
pamant.

Cu ajutorul tomografiei mareice statistice se padtee o hari comparabi cu
cea a unei tomografii seismice dar interpretar@angecatiei reprezeririi se giseste,
deocamdat, la inceput. Rezultatele trebui@ e completate cu alte inforrtia
geofizice pentru a avea o interpretare cat maiag@ale realitate.

5.3.2. Rispunsul caracteristic integrat intr-un model specit pentru zona
seismié analizati

in capitolul 1 al tezei au fost prezentate cateval@e geodinamice acceptate,
mai mult sau mai pin, sau aflate incin discuie, pentru zona seisnicVrancea.
Rezultatele ofinute de noi pahin momentul de f& conduc spre cateva ipoteze care
lau n considerare modelele amintite dar inceatdntegrezesi informatiile noi.

In figura 5.11. se incearcschiarea unui model carei $ina seama de cuplajele
puse in evidei prin metoda descisin capitolul 3, dintre undele declinanale si
cele eliptice ale mareelor terestre, pe de o pgréetivitatea seismicintermediai, pe
de alt parte, prin prisma torsiunii slab-ului din zonaaxicea.
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Unde mareice
declinationale

Unde mareice eliptice

Fig. 5.11 —Poztia slab-ului aflat Tn torsiune [S&nica et al., 2004, Martin et al., 2006] cel
mai probabil urmare a triplei jonguni a celor trei pkici continentale [Bguriu,
2002] cu grosimi litosferice diferite in jurul lui,gi Tn contact cu volume
caracterizate prin reologii diferite. Toate aceswlemente ar putea explica
dominanta undelor mareice declin@mnale in partea superioar a slab-ului
seismicgi influenfa undelor mareice eliptice in partea inferio&ra acestuia, la
adancimi mai mari.

Se presupuneadireaia initiala nord-sud a subduei fragmentului litosferic s-a
pastrat in adancime, rezultat stabilit prin tomogradeismié [MARTIN, 2001, 2006]
si tomografie magnetoteluic]STANICA et al., 2004]. Micirile tectonice ulterioare
au antrenat partea superidar slab-ului intr-o mgcare de torsiune, remarcabiprin
mecanismele specifice de acumulgireliberare a stresului pe care le implic

in condiiile unei orientri nord-sud a slab-ului in adancime, la aproximas0
km, poztionat astfel in mantgi inconjurat de cur@nde convege, agiunea undelor
eliptice ale mareelor terestre, caractetizatntr-un gradient eficient al f@lor intr-un
plan perpendicular pe dirgg nord-sud a slab-ului, datarimiscarii Pamantului pe
orbitd sau a micarii Lunii Tn jurul Pamantului (este vorba de undele eliptice solare SA
si undele eliptice lunare, MM), poate far acceptdi

in plus, partea superigam slab-ului, cu un comportament rigid fie din cauz
legaturii pe care o maigstrea cu litosfera, fie din cauza coliziunii celor tygici cu
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rol important in tripla jongune instabi, este sensikilla componentele declitianale
ale mareelor terestre (unda salaleclinaionah SSA si unda lunak declinaionak
MF). Actiunea acestor unde este amplificde difererele reologice la nivelul gutii
superioare a mantalgi puse in evided prin tomografie seismicsi de analizele
privind atenuarea undelor seismice in zona Vrarideaasemenea, nu trebuie neglijate
posibilele influeme ale undelor declin@nalesi ale principalelor unde solage lunare
diurnesi semidiurne asupra vitezei cutdor de convege aflai in gradientul de fae

al acestor componente mareice. Aceasta ar constitaii explicaie a prezetei
influentei lor la adancimi mari.

Desigur acest model de intetane este perfectibii trebuie 4 fie completat cu
multe alte aspecte privind trarite de fazi [SECLAMAN, 1978; BERNARD, 1999;
BERNARD, 2001], variga rezistivifiti [VAROTSOS et al., 1981 ; BERNARD,
1997], cutremure declaatoare [LOCKNER and BEELER, 1999 ; DEBORAH et al.,
2007] circulaia fluidelor [MARINE, 1975 ; LI and XU, 1999 ; BRCEKY et al.,
2003; BOUROUIS and BERNARD, 2007], aspectele natmisi complexe ale
fenomenelor geofizice, etc. Nu trebuie dngitat aportul mareelor terestre, aport
constantsi la scad mare cand ne rapérh la dimensiunile #mantului, scat la care
numai &spunsul ingfal al unor fenomene generate de mareele terestrguiea
concura cu amplitudinea altor fenomene geofiziaeosuaute.

Studiile privind activitatea vulcanic pot aduce, de asemenea, infotima
complementare asupra con@a dintre mareele terestig cutremurele de mantsi
reprezini o diregie de cercetare promitoaresi in acest sens [LINDE and SACKS,
1998; HILL et al., 2002].

5.3.3. Tomografia mareié statistica cu ajutorul undelor M2 si S2 in zone cu
activitate  seismié intermediara intracontinentala: Vrancea,
Bucaramangasi Hindu-Kush

Am Tncercat & largim domeniul aplicgilor metodei noastre asupra altor zone cu
seismicitate intermediaraseninatoare zonei Vrancea pentru a compara rezultatele
obtinutesi a delimita specificitatea zonei seismice Vraniteacest context (Fig. 5.12).
in lume mai sunt cunoscute dorone similare Vrancei prin dimensiungiegeometria
de cuib (nest) a distriltiei hipocentrelor [ZARIFI and HAVSKOV, 2003] : Hind
Kush (Afghanistanyi Bucaramanga (Columbia) (Fig. 5.13). Dar contex#gkonic al
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acestor dolu zone seismice este complet diferit de cel al zdfrancea [BEUTIU
and CADICHEANU, 2003].

Arctic Ocean Arctic Ovean

North Pacific ¢ : oy s Ji - North
Ogean North Atlantic R = AR e

oL Chdean '- - o
it Hindu Kush Ocean

Indian

Bucaramanga Ocean

South Pacific Sonth Attantic
(oo ] Oceaw

Fig. 5.12 —Zonele seismice Vrancea, BucaramangeHindu Kush
(http://gmt.soest.hawaii.edu)

Componentele mareice utilizate sunt unda lairssamidiura M2 si unda solat
semidiur S2 deoarece aceste dowomponente sunt cele mai reprezentative in
spectrul mareelor terestre .

Tendine de modulare a actiuiti seismice intermediare sunt, de asemenea,
prezente in zonele BucaramangaHindu Kush (Fig.5.14). Distriia zonelor de
cuplaj dintre componentele semidiurhk si S2si activitatea seismicintermediai
pentru fiecare caz in parte, este difefit aceste regiuni seismice de cea din Vrancea,
posibil datorit particularititiior impuse de structurgi mai ales tectonica specific
fiecarei regiuni in parte. [CADICHEANU et al., 2008].
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(©).

Aceste rezultate confirininci o da# posibilitaitile de caracterizare a unei zone
seismice prin tendiele de modulare induse n activitatea seigraizonei respective
de atre diferitele componente ale mareelor terestmeditige ce pot fi observate cu o
metodologie proprie acestui gen de invesigya
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CONCLUZII SI PERSPECTIVE

Scopul tezeia fost de a pune in evidéninteragiunile dintre mareele terestrg
cutremurele de gmant pentru o zanparticulaé cu activitate seismicintermediai,
zona seismit Vrancea — Romania.

Pentru aceasta ne-am propueealizat dod obiective :

» Obtinerea caracteristicilor daspuns ale zonei Vrancea, Zocu activitate
seismi@ intermedia%, supud agiunii mai multor componente ale
mareelor terestre. Luand in calcul doar implicameamitor periodicitti Tn
declanarea evenimentelor seismice, am analizat cuplg@estbile dintre
mareele terestrg cutremurele de mant.

> Integrarea rezultatelor ghute in modelele geodinamice acceptate in
prezent pentru zona seisti¢rancea.

Realizarea acestor obiectivea fost posibi, Tn principal, datorit unei metodologii
proprii scopului propus, caracterizgdrin urnitoarele etape principale:

» metoda de analizspectral prin stacking numit HiCum (Histogram
Cumulating);

> testul statistic Schuster, testul peramiibr si metoda Bootstrap pentru
evaluarea coeficientului statist; respectiv a intervalului de incredere pentru
amplitudinea cosinusoidei de interpolare calculat ajutorul distribtiei
HiCum;

> validarea rezultatelor prin serii sintetice de ememte seismice
aleatoare;

>  utilizarea ferestrelor mobile de tin3p3D;

» introduceregi valorificarea pentru prima dain problematica corefi@i
dintre mareesi cutremurele de gmant, a conceptului de tomografie maifeic
statistia ;

Cateva rezultate importante

v

S-au olinut distribuii ale evenimentelor seismice intermediare perziona
Vrancea, aplicand pentru prima datpentru aceastzori, metoda de stacking
HiCum. Interpolarea de fiecare daa distribuiei astfel calculat, cu ajutorul
unei cosinusoide prin metoda celor mai migrate, a condus la gherea a doi
parametri importah pentru analiza noagtramplitudinegi faza intiala;
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v

Rezultatele corespund la zece perioade caracterigfiupelor principale de
unde mareice : undele semidiur8@, M2, N2 undele diurnekl, P1, Olsi
undele de lungperioad MF, MM, SSA, SA;

S-au analizat tendiele de modulare a actigiti seismice intermediare détee
undele metionate cu ajutorul coeficientului statistj, calculat inferestre
mobile temporale (largime de un ari pas de deplasare de 30 de zile sau 0 zi
pentru analize de detalig) in ferestre mobile 3D Au fost utilizate Tn paralel,
pentru calculul coeficientulup, testul lui Schustesi testul permutarilor ,
folosit pentru prima dat in acestip de analize. S-a confirmat sensibilitatea
acestui din urrntest la tipul de distribiite a evenimentelor;

Analizele in ferestre mobile temporale &rptezema influentelor gravimetrice
induse de mareele terestre in activitatea seisimiermediaZ prin caracteristici
specifice ale vartgei coeficientului statistiqp Tn apropierea unui cutremur de
pamant mediu, intermediar sau puternic. Aceste caristici particulare au fost
confirmate atat in ferestre mobile definite priteimvale de timp bine precizate,
deplasate cu intervale de timp constantescftin utilizarea unor ferestre cu
numar fix de evenimente seismice, ferestre deplasatencounir constant de
evenimente. Ultimul caz implico varigie contind a dimensiunii temporale a
ferestreisi a pasului cu care este deplasédreastra in care se calculgaz
coeficientul statistic p. Rezultatele ofinute ne permit & consideim
coeficientul p un posibil factor precursor pentru cutremureleputernice
vrancene sau un factor ce ar putea semnala urustatc al zonei seismice
analizate;

Metoda Bootstrap, utilizati de asemenea pentru prima adah problema
corelaiei maree-cutremure in zona Vrancea, ifdicarigii ale limitei

superioaresi inferioare aleintervalului de incredere pentru amplitudinea
cosinusoidei HiCum in fiecare feredasinobila, cu particulariiti in veciritatea
evenimentelor puternice;

Analiza in ferestre mobile 3D ne-a permis introducerea conceptului de
“tomografie statistici a unei zone seismice cu ajutorul mareelor terestie
Rezultatele ofinute prin tomografie mareicstatistié prezint, asemenea altor
tipuri de tomografii, o haditcu informaii complementare acestora din urm

Pentru validarea tuturor rezultatelortiolite Tn ferestre mobile pentru care
coeficientul statisticp < 5%, am utilizatseriile sintetice de evenimente
seismice aleatoare;

Pentru zona seisniicVrancea, modelul geodinamic al slab-ului aflat n
torsiune, oltinut prin tomografie seismi¢c tomografie magnetotelucsi
analiza patternului de seismicitate, pe de o patecumsi existena unei
regiuni cu un coeficient de atenuare seignm@i mare in partea de NV a slab-
ului seismic, pe de altparte, sunt confirmate prin tomografia madiestatisticé
efectual cu ajutorul undelor declim@nalesi eliptice ale mareelor terestre.
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Concluzii bazate pe rezultatele obnute

Au fost puse n evideh intervale de timpsi spaiu (localiziri geometrice n
interiorul slab-ului seismic cu ajutortdmografiei mareice statisticg in care
activitatea seismid intermediara din zona Vranceaeste modulas de citre
principalele componente ale mareelor terestreRezultatele validate prin trei
teste statistice relativ diferite din punct de vedal algoritmului matematigi
prin serii sintetice de evenimente aleatoatenfirma ipoteza prezenei
influentelor gravimetrice induse de mareele terestre in acitatea seismié
intermediara din zona Vrancea,

Aceste influere gravimetrice, traduse prin modularea actiiritseismice de
catre mareele terestre, nu sunt continui in tgnprezin& caracteristici diferite,
descrise cu ajutorul vatidor coeficientului statistic p;

Coeficientul statistiqp, principalul cuantificator al tendielor de cuplaji al
cuplajului propriu-zis dintre activitatea seisthigi mareele terestre, are
caracteristicile unuiposibil factor precursor sau indicator al schimfarii
propriettilor zonei seismice Th anumite coridcare se cer aprofundate. Avem
in vedere aicgi raspunsul structurilor diferite din punct de vedeésao-elastic;

Componentele mareice semidiuiR si S2 prezint un interes aparte tfade
celelalte componente mareice ca urmare a vitezei deavariaie a stresului
produs de acestea in comper&u celelalte componente analizate (tde 10
pari la 100 de ori mai mare in punctul de inflexiune).

Contribu tii originale ale autorului tezei

*

*

Implementarea soffi de principiu a metodei HiCum in analiza coteladintre
mareele terestrg activitatea seismicintermediad pentru zona Vrancea,

Introducerea cu bune rezultate a testului peiriat pentru calculul
coeficientului statistiqp, akturi de testul lui Schuster, un test deja consacrat
pentru analiza corefidor maree-cutremure;

Introducerea metodei Bootstrap in analiza coeslaintre mareele terestre
activitatea seismicintermedia in zona Vrancea prin calculul intervalului de
incredere al amplitudinii cosinusoidei de interpelBliCum;

Graficele 3Dsi 2D ale amplitudinilor cosinusoidelor de interp@dn ferestre
mobile pentru principalele unde mareice: S2, M2, K2, P1, O1, MF, MM,
SSA et SA;

Analiza in grafice de detaliu a evoli temporale a coeficientului statisfic
pentru unda semidiuinM2 a Luniisi considerarea coeficientului statispcca
un possibil factor precursor;

Introducerea conceptului de tomografie mategtatistid. Tomografia cu
ajutorul componentelor mareelor terestre ti@rate mai sus, traseap hart
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comparabd cu o had oktinuta prin tehnica tomografiei dar cu un ¢omut
propriu instrumentului utilizat. Acest gen de tomafge prezini cuplajele
diferitelor componente mareice cu mediul pentrerit¢ adancimgi necesii o
interpretare in furtee de structurai reologia acestui mediu;

* Elaborarea unui model integrator al rezultatelondgrafiei mareice statistice.
S-a propus o scheirde cuplaj dintre undele decli@nale, pe de o partsi
cele eliptice, pe de daltparte, cu slab-ul seismic, modeltithdnd cont de
prezema triplei jongiuni intre cele trei pici continentale (corespunzand
tectonicii actuale din zona Vrancea), de difgeén reologice la nivelul gotii
superioare a mantalei (puse in evideprin tomografia seismicsi atenuarea
undelor seismice la nord-vest de slab-ul seisiiigde agiunea curetilor de
convegie din astenosfér

Perspective legate de extinderea metodgimonitorizare a activitatii seismice

Demersul nostru in aceadticrare deschide posibilitatea unor noi aplidenportante
in domeniul gegiintelor. Intenia noasti este de a dezvolta in continuare
metodologia descrisin aceasttez si a o exinde in uritorele diredi de cercetare:

O Aplicatii ale metodologiei prezentate in acest studiutBhzone caracterizate prin
activitate seismic intermediai intracontinental si volum confinat al
seismicititii (s-a Thceput acest lucru pentru zonele Bucareyagi Hindu Kush);

U Analiza posibilei legturi dintre varigia coeficientului statistiqp si parametri
seismici (latitudine, longitudine, adancigienagnitudine);

O Analiza posibilei legturi dintre amprentele specifice ale vaiea coeficientului
statisticp si mecanismul in focar al fiéoui eveniment seismic;

Aprofundarea problemei legate de coeficiemtoh factor precursor;

Aprofundarea problemei legate de mecanismul de agugintre diferitele
componente mareice activitatea seismi

Aplicatii pentru activitatea seisnmii@ crustei;
Aplicatii in zone cu subduie actia;

Studiul zonelor cu seismicitate indude activitatea vulcanic

O 00U

Extinderea subiectului Tn domeniul monitariz seismice a unei zone active.

Tema corel@ei dintre mareele terestgecutremurele de gmant este departe de a
fi epuizati, dovad fiind numeroasele perspective cargeapt a fi prospectatai
dezvoltate atat din punct de vedere metodologicsca@l aplicgiilor propriu-zise.
Seismicitatea intermedi@@a zonei Vrancea reprezintioar unul dintre multele studii
de caz ce ar putea fi intreprinse luand in discinfluenta gravimetrid indusi de
mareele terestre.
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Abstract

The possibility that Earth-tides could be triggeyiseismic events has been investigated by manyprautim
this paper we have analysed seismic events oceguirinVrancea (Romania) subcrustal region between
December T, 1982 and November 802004 in order to further investigate this possiphenomenon. The
stacking method of analysis (HiCum) has been appfieorder to determine whether there is a peridgin
seismic activity related tidal and non-tidal events

In some cases significant tendencies were foundliféerent tidal periods related to Solar and Lurtane
references. The periodic effects could be the tesfulthe modulation of various geophysical paranst
which arise from any point on the Earth’s surfaceving in front of the Sun (climatic, magnetic, ¢liec
inductions etc.) and through the gravitational diglof the Moon and Sun (tidal gravitational indoacts).
These variations will be time and space dependent.

Keywords seismic activity, earth-tides, tectonic movemegHi€um,

LES TENDANCES PERIODIQUES DANS L’ACTIVITE SISMIQUBE VRANCEA,
MISES EN EVIDENCE AVEC LA METHODE HI-CUM

Résumé

De nombreux auteurs ont investigué la questioriédehtualité du déclenchement des tremblementerde, t
d'une action d'origine solaire ou lunaire. Ce décleement serai du aux modulations gravitationnelles
induites par les marées terrestres. Dans ce traeais avons plus spécialement analysé les événgment
sismiques produits dans la région de Vrancea (Raigh&ntre le 1er Décembre 1982 et le 30 novembre
2004. Disposant des valeurs des périodes de cemsal’origine astronomique avec une trés grande
précision, nous avons utilisé une méthode de stgckilaptée aux modulations luni-solaire dévelomuées

le nom de HiCum. Son application a la base de dms&mique nous a permis de confirmer la présdace
périodicités liées aux marées terrestres ou a déseénents ayant les mémes périodes dans l'occerrenc
sismique.

Dans certains cas nous avons pu constater destsrslsignificatives. Les effets périodiques poerraétre

le résultat de la modulation de divers paraméetéeplysiques caractéristiques pour chaque poird derre,

en fonction des positions respectives du Soledyations d’'origine climatique, magnétique, éleatagetc.)

et par les champs gravitationnelles du Soleil éflae (les marées terrestres). Ces variations d&pendants

du temps et de I'espace, nous avons tenté la mmiseclation des résultats de cette analyse, avec les
caractéristiques de la structure géologique dédan de Vrancea.

Mots clé: activité sismique, marées terrestres,vaments tectoniques, Vrancea, HiCum
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1. Introduction

Romania is, along with Italy and Turkey, one of thest active earthquake regions in Europe.
The extremely peculiar seismotectonic and geodyogmocess in the area of the Eastern
Carpathian arch beltas been the subject of numerous investigatiorseimologists. Enescu
and Enescu (1998) used a histogram method to igaéstthe possibility that Earth tides could
be triggering subcrustal earthquakes in this region

Processes such as Earth tides and climatic induatie very small amplitudes. It will therefore
be difficult to detect their effects. StavinscmdaSouchay (2003) have used statistical analysis
to detect correlations between earthquakes and-edes. The Royal Observatory of Belgium
has developed HiCum (thidistogramsCumulation method) which is a statistical method
suitable for the detection of weak tendencies mdokea random series of time occurrence
events [van Ruymbeke, M. et al., 2001, 2003]. lis flaper HiCum was used to look for a
statistical tendency in the database of Vranceth@aakes which occurred between 1982 and
2004. Since there are a large number of eventsaaifor analysis in ROMPLUS catalogue
[Oncescu, M.C., Marza, V.l, Rizescu, M., Popa, M99] and the periods from Earth tides are
clearly defined, HiCum is a suitable tool to extrasformation about any very small
modulations in the distribution of the seismic paeters (occurrence, longitude, latitude, depth
or magnitude) which may be present.

For our research, a physical time reference isirequSince, in addition to the gravitational
and centrifugal forces (which create a static éouim of the Earth) the Sun and the Moon'’s
gravitational fields are the two major influenceioh exert a force on a given point on Earth,
their periodicities are obvious candidates. We dftee selected the period between two
passages of either the Sun or the Moon in the Meaidian plane (S1 of 24h period and M1 of
24.833248h period) as our main references. It shbalnoted that if any significant influences
from the harmonics of these periods is detectezl ttould be as a result of tidal, climatic or
gravitational effects.

However, because the lunar and solar effects diseifdependent, any long period amplitude
modulation corresponding to the beat of M1 andW&iich is related to the small difference
between the respective S1 and M1 periods, couldlomlas a result of gravitational influences.
If a signature of this beat could be found in oatacthen this could support our hypothesis that
gravitational influences of earth-tides are possdarthquake triggers.

On applying HiCum to our database of earthquakeas discovered that the seismic activity
was modulated by low frequency waves (Sa, Ssa, Mdparticular we studied the diurnal

solar period S1 and its harmonic S2 as well aglilnmal lunar wave M1 and its harmonic M2.

If any correlation is found, these time periods &&nfurther investigated to determine more
precisely their significance.

2. Selection of Seismic Data for Further Analysis

At present, the Romanian Earthquake catalogue RQMP[Oncescu, M.C., Marza, V.,
Rizescu, M., Popa, M., 1999] is being collatectdntains information related to locations and
other source parameters, as well as links to waweff strong earthquakes, for the period
between the year 984 to present day.
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If the entire databank were to be analysed, iikisly that, using data which covers entire
Romanian territory with a high number of faults wrious geographical orientations, any
effects which may be caused by earth-tides wouldwamped by other factors. In order to
analyse gravitational correlation to the occurrewmfequakes, we confined our studies to

seismic data from Vrancea, where the number otdasllimited yet there is sufficient data to
perform a statistical analysis.

The seismic Vrancea region is situated in the afdche Eastern Carpathian belt (Fig 1). Many
authors suggest that there is a process in progedated to a final stage of subduction
[Gutenberg and Richter, 1954; Constantinescu ares&n 1984; Oncescu et al., 1998]. The
recent models are based on a slab break-off sceftdiowed by lithospheric delamination of
the lower portion of the slab (Csontos, 1995; Gidza and Frisch, 1998) or invoke a
subcontinental lithosphere delamination [Diaconestcal., 2001, Ismail-Zadeh et al., 2003].
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Figure 1. The seismic Vrancea region - epicenter aa of the subcrustal earthquakes (dashed area)
(after Bazacliu,O. et al., 1999)

The Vrancea seismic region is characterized byetldiistinct zones : uppermost is a shallow
seismicity zone (0< Mw < 5), below this, locatedvieen about 40 and 55 - 60 km depth, there
is a weak seismic zone, which separates the shalkismic zone from a deeper zone of
intermediate seismic activity where larger earth@sa(5 < M, < 7.4) occur. The latter is a
narrow vertical elongated region (40 x 80 km widtbpth between 60 — 180 km).
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The heterogeneity of geological conditions andstismic activity in the deeper zone (depth >
100km) makes this an interesting candidate fordawa analysis. This section of the data bank
was analyzed to see if any significant relationgidpld be found between the solid earth-tides
and seismic activity.

Before analysis some refinements were made to dkee @ll seismic activity with a value of
less than 3.0 on the Mw scale (to avoid the inolusif any data that might not be of seismic
origin), the major events (Mw>5.6) and the seiseuents with the depth of less than 100 km
were excludedSecondly the data was filtered to remove data &ssoc with aftershocks
applying the same technique as described in TritbRadulian (1991a,b).

Romania is not located on the reference meridigntt®milongitude correction of the time for
every earthquake is very small and moreover thatewake place into a very small area so this
correction was not applied.

Our analyze was made on a 1402 events occurredein/tancea zone (25.5 27.0 east
longitude, 45.6— 46.0 north latitude) with the focal depths between kfDand 200 km, and
magnitudes between 3.0 Mw and 5.6 Mw (Fig.2a,b).

depth (km)
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Figure 2. The 3D distribution of the seismic event&) and the temporal distribution of the spatial ad
energetic seismic parameters (b) of Vrancea earthgkes between 1982 - 2004

3. Description of the HiCum Stacking Method.

The analysis of any data bank representing a sefievents fixed by time may prove the
results to be random, non-random or a mixture dh.bli the data is completely random no
patterns will be found, but if any part of the detanon-random, then patterns can be detected
either as a Gaussian distribution or, accordingdarier analysis, in a series of fundamental
and harmonics of cosine waves. A common method etéating these waves is to use
Spectrum Analysis, which will detect the frequeacy strength of all waves present, but it can
be difficult to implement. However, in the situatiovhere the detection of the presence or
absence of a particular frequency is the primajgaitve, HiCum is a powerful tool.

HiCum is dependant on a large amount of data aueiland on the frequency of the wave to be
detected. As each earth-tide component can beeatkfivith a very high degree of accuracy,
HiCum is a useful tool for determining whether baitles are influencing any of the

parameters recorded in a series of timed event8IR@S provides us a long series of timed
events and is therefore suitable for analysis usli@um. Using this method we are able to
compare, for selected earth-tides component, tlilieimce they may have on various
parameters. In our case the parameters under evasah were occurrence, latitude,

longitude, depth and magnitude.



Studiu asupra influenelor gravimetrice induse de mareeler terestre imaseismid Vrancea 110

The inspiration for HiCum came from the field of teerology where stacking was first used in
the late 18 century by Darwin. In general terms a signal hssiine base divided into a series
of selected constant length time periddsFor the detection of earth-tides signals thisetim
period would be the time period of the earth-tideguestion e.g. the Solar time clock, S1, or
the lunar time clock, M1. This time period is thepresented by 360The time base for each
of these periods is then normalised as shown inJighe occurrence of an event, & time
can then be represented by the phasehich is the difference between the eventiree and
the time of the original event in the serigs,niodulo T (except an integer number of periods
T).

ectors —sp—— N zectors —»

I 1T T ti aT 4T 't

Fig.3 The time series partition into selected timperiod T. An event §
occurring at time t; will be a; out of phase of the original event,gt

Each of these time periods are further divided iNtsectors each of length 360°/N. The
selection of an optimal number of sectors is damdirtd enough precision in phase and a
significant number of events in each sector (ewersmall N).

For a parameter recorded at regular intervalsdtta for each sector N (for example, in our
case, the latitude, the longitude, the depth orniagnitude) is averaged and synchronised.
These averages are then stacked producing a lastolgar representing the activity for this
sector. This process is carried out for each secttka complete histogram is produced for the
time period under consideration (Fig.4). The hisdog is then fitted, by nonlinear least square
method, with the cosine function for that time pdriThe parameters of amplitude and phase
are calculated. A graph can then be produced shipwhe link, in terms of phase and
modulation, between the parameter under consideratid the chosen time period (Fig.5).
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In the case of data recordings of discrete evenutsh earthquakes, the total number of all
events recorded in each sector N is the valuesohistogram bar for that sector. The remainder
of the computation is then carried out in exadtly same fashion as for continuous recordings

(See figure 5).
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Fig. 5 A typical HiCum curve. The points representhe results of the stacking of data, sector by semt(in
this case N=48 sectors). The cosine signal repretethe phase of the detected signal in relation the earth-
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HiCum is embedded in a computer program which eke the data from ASCII files and
display simultaneously the parameters of the abayenometric function in a series of graphs.
Thus the tendencies for various parameters canxpeegsed in terms of period, phase,
amplitude and amplitude modulation. The input farfiea the HiCum software is based on the
Doodson argument [Melchior, 1978)]. Fig.5 shows tiaracteristic features of a typical
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HiCum graph. The HiCum curve is a combination & tbtal output signal and the modulation
of that signal by the selected earth-tides compprendetected by HiCum.

Using this method we are able to compare, for sateperiodicities, influences on various

parameters, in our case the parameters under esasah were occurrence, latitude, longitude,
depth and magnitude. The selected time period lvéllthat which is suspected to have an
influence on the parameters in question e.g. ther §me clock S1. A time period is equivalent

to an interval of width 360°. It is also necess@argelect the optimal number of sectors for the
HiCum computation. For this study the data has lolded into 48 sectors.

4. HiCum Applied to the Vrancea Earthquake Data Base

Vrancea zone seismicity was tested for variousopéities related to Sun and Moon’s
motions. Firstly the solar semi-annual Ssa wave soldr annual Sa wave, which take into
account the declination of the Earth with respedhe Sun. It is this declination that causes the
seasons in Romania and in gravitational terms satyge maxima one at the spring equinox
(~March 2%%) and the other at the autumn equinox (~Septemb®r Rlext the lunar diurnal
M1 wave and its first harmonic M2 and the lunarlgetional long period Md (lunar months
in solar time) which are associated with gravitadiochanges are studied. Finally the solar
diurnal S1 wave and its first harmonic S2, whicle aormally associated with climatic
variations, are used in our analysis. A summarthefperiodicities of these waves is given in
Table 1. HiICum was applied for these Earth tideshenearthquake occurrences in the depth
zone 100 — 200 km. Effects of these periodicitiegtee latitude, longitude, depth, magnitude
and number of events were investigated.

Table 1. Earth tide waves and their periodicities

Earth tide Doodson Periodicity Ratio of Periodicity

argument (°/h) periodicity (h)

with S1

S1 164.555 15.000000 1.000000 24.000000
S2 273.555 30.000000 2.000000 12.000000
M1 155.555 14.496694 0.966446 24.833248
M2 255.555 28.984104 1.9322736 12.421000
Md 065.555 0.549016 0.0366011 655.717968
Ssa 057.555 0.082137 0.0054758 4382.921200
Sa 056.554 0.041067 0.0027378 8766.162610

4.1 Analysis for any influence arising from the s@r annual wave Sa and semi-annual
time clock, Ssa.

In the first instance we analysed the distributmrer time of the number of earthquakes
(seismic activity) to see how it is correlated witle solar annual wave Sa. In order to locate
the summer and winter solstices on the Sa wavgtaetic data file was created which had the
same time base as the seismic data.
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We therefore carried out an analysis on the semirantime clock, Ssa, a wave whose main

effect on Earth is gravitational.

HiCum analysis was then carried out on Ssa and fan6 we can see also the modulation
tendency of this component upon the Vrancea seisetiwity. This tendency could be as a

direct influence of the earth-tides gravitationitets.
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Fig.6 HiCum analysis on seismic activity (Researobn semi-annual Time Clock Ssa wave 057.555)
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The upper graph in the figure 7 (Fig.7a) represtredata of the lower graph modified with a
superficially imposed large positive value (thredess of magnitude greater than the initial

data) on Dec 21st and a large negative value @&#me order) on June®2ih order to mark

the two annual astronomical moments. The lowerlgdipplays the distribution over time of
the seismic activity with reference to the annuald Clock Sa wave 056.554.

Comparing the occurrence of seismic activity whie synthetic data reveals a modulation of
Sa in the seismic activity with maximum activitycoiering at each equinox. It is not clear,
however, whether these effects are due to seaspgavitational influences, or a combination

of the two.
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4.2 Analysis for any influence arising from Sa andSsa with respect to the occurrence,
longitude, latitude and depth of the seismic actity.

Detailed analysis of the seismic activity of theaNtea zone indicates that the most active zone
is at a depth of 100-200 km [Bazacliu, Raduliang]9% was then decided to further sort the
data. For this part of our studies, data on theetlspatial dimensions of the location of a quake,
namely the longitude, latitude and depth, were dsetliCum analysis along with the HiCum
analysis of the frequency of earthquake occurreircespective of its location within the
Vrancea region.

The HiCum for Sa was then performed with the averegjue of latitude and longitude for
each time sector and the results (Fig.7c,d) condpangh the previous graphs (Fig.7b), to
determine whether the location of the earthquaketdde linked to Sa. From Figure 6 we can
see that there is a tendency for the site of thia@aake to vary with Sa, the solar annual wave.
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Fig.7 HiCum analysis on seismic activity (b), latude (c) and longitude (d) relative to
solstices moments (a) (Research on annual Time CloSa wave 056.554)

As the movement on the fault is likely to be aféettby the change in direction of the
gravitational field in relation to the fault [Enescl999], this change in direction is defined by
the derivative of Sa, Ssa. A series of graphs Wwas produced to determine the influence of
Ssa on the distribution of the seismic activity fbe main seismic parameters: occurrence,
latitude, longitude, and depth. Figure 8 showsHi@um analysis for these parameters.
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Fig.8 HiCum analysis on latitude, longitude, depthand activity
(Research on semi-annual Time Clock Ssa wave 0575%5

The pattern found here was for the systematic ternydef the variations in the latitude,
longitude and depth to be in phase, whilst theatim of the magnitude of the quakes was in
opposite phase. This suggests that the spatialmeaeas of the seismic activity and its
magnitude are influenced by Ssa wave, which sugh@stthe tendencies we have observed
may be linked to the gravitational changes expeadrby each particular point on Earth. These
results indicate that any gravitational effectstba Earth, not only depend on the relative
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location of the Sun, the Moon and the Earth, bso @n the precise location of each place on
Earth.

4.3 Analysis for any influence arising from the luar declinational wave, Md with respect
to the occurrence, location and magnitude of the gmic activity.

As with the Solar declination wave, the lunar deafion wave, Md, will also have a

gravitational effect on Earth with two maxima. Andiar analysis was therefore carried out
using Md. Results represented in Fig.9 indicatenaléncy for the seismic activity to vary with
Md, the lunar declination.
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Figure 9 HiCum analysis on seismic activity on Lunadeclinational
Time Clock (Md Wave 065.555)

Figure 10 shows the HiCum analysis for latitude Ebmgjitude using Md and its first harmonic.
Here we see only weak inductions in the case ofakfttlits first harmonic 2Md.
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Figure 10 HiCum analysis on latitude and longitudewith respect to Lunar
declinational Time Clock (Md Wave 065.555 and itsifst harmonic, 2Md)

As before, a series of analysis was produced omlitabution of the seismic activity for the
main seismic parameters: latitude, longitude, depith magnitude, to determine if there was a
signature visible for Md.
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Figure 11 HiCum analysis on depth and magnitude
on Lunar declinational Time Clock (Md Wave 065.555nd its first harmonic, 2Md)

A similar pattern for Md (Fig. 11) was found as wiescribed above for Ssa, that is that the
systematic tendency of the variations in the ldgtulongitude and depth were found to be in
phase, whilst the variation of the magnitude ofdbaekes was in opposite phase. The influence
of Md on seismic activity can only be explainedgravitational terms, which supports our
hypothesis that gravitational changes brought abgwarth-tides are responsible for some of
the seismic activity on Earth.
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4.4 Analysis for any influence arising from S1 withrespect to the occurrence of the
earthquakes.

Having found a link between seismic activity and #mnual solar wave, Sa, the semi-annual
time clock, Ssa, and the lunar declinational tinoelc, Md, the data bank was analysed to see if
there were any diurnal or semi-diurnal effects daethe Sun. Figure 12 refers to the
fundamental and main harmonic periodicities of &1t total seismic activity. A modulation
tendency of the seismic activity can be found fbra®d its harmonic S2. Again any change in
direction of gravitational effects is defined by,SBe harmonic of S1. S2 will have two
maxima in a 24h period representing the momentswehpoint on the Earth cuts through the
Sun’s gravitational field at 90° (midday and midnty
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Figure 12 HiCum analysis on S1 (Solar Time Clockdnd its main harmonic,
S2, for the seismic activity

It is possible that the influences found here maydbe climate changes and not gravitational
influences. However, experiments carried out fatteides monitoring [Delcourt-Honorez et
al 1993], have shown that at a depth of greatem 8Gkm negligible (1-2%) climatic effects
can be found and are out of the question at théhdeyer of 100 km. So with the focus of
guakes in the most active zone being deeper thandimatic effects cannot fully explain the
observed phenomena.
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4.5 Analysis for any influence arising from M1 withrespect to the occurrence and

magnitude of the seismic activity.

120

A similar analysis was then carried out for the miainar wave M1. Figure 13 refers to the
fundamental and main harmonic periodicities of Miltloe total seismic activity.
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Fig. 13 HiCum analysis on M1 (Lunar Time Clock Wavel55.555)
and its main harmonic, M2, for the seismic activity
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A modulation tendency of the seismic activity andgmitude can be found for M1 and its first
harmonic M2 (fig. 13). These results suggest thad the gravitational effects of the Moon
which are influencing the occurrence of earthquakekis region.
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Fig. 14 Comparison of the HiCum on S1 (up) and M1dpwn)
applied to the magnitude (upper) and the seismic &wity (lower).

The total seismic activity and magnitude distribatfor both S1 and M1 were then compared.
As can be seen from Figure 14, for both S1 and Mtes, when there is a decrease in activity,
when there is an increase in magnitude. The sityiler the patterns of S1 and M1 can only be
explained by considering the gravitational influerd the Sun and the Moon.
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4.6 Analysis for any influence arising from S2 withrespect to the location and magnitude
of the seismic activity.

HiCum analysis using S2 was then applied to studylacation effects on the occurrence of
the earthquakes and the influence on the magndigiebution also. The results are presented

in Fig. 15.
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Figure 15 HiCum analysis on latitude, longitude, dpth and magnitude for S2
(First harmonic of Solar Time Clock S1 Wave 1645b)

HiCum analysis on the main S2 wave also revealsgstematic tendency of the variations in
the latitude, longitude and depth to be in phadalsivthe variation of the magnitude of the
guake was inversed. It means that magnitude dexrehgn the other seismic parameters

increase.

A summary of these results with the amplitude ahdsp values is displayed in Table 2
showing fundamental and main harmonic periodicitiésS1 and its harmonic S2 for the
latitude, longitude, depth and magnitude.
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Table 2. S1 and S2 HiCum analysis onVrancea DeepiSmicity

S1 S2
Parameter Phase Amplitude Phase Amplitude
(deg) (see the ¥ (deg) (see the ¥
col) col)
Lat_N (deg) +116.73  |0.00445121 |+076.82 |0.0122741
LongE (deg) +127.68 0.00354129 | +066.07 0.0134480
Depth (km) +127.01 0.67367400 |+092.38 0.8834250
Mag (Mw) +134.05 0.03635250 -110.07 0.0315460
HiCum_Count -008.99 3.43652000 -087.78 1.5382100
(Number of events)

4.7 Analysis for any influence arising from M2 withrespect to the location and magnitude
of the seismic activity.

HiCum on the main M2 wave revealed a systematidegray of the variations in the latitude
and longitude to be in phase, with weak inductiordepth and magnitude (Fig. 16).

A summary of these results with the amplitude ahdsp values is displayed in Table 3,
showing fundamental and main harmonic periodicibédM1 and its harmonic M2 for the
latitude, longitude, depth and magnitude.

Table 3. M1 and M2 HiCum analysis on Vrancea Deefeismicity

M1 M2
Parameter Phase Amplitude Phase Amplitude
(deg) (see the ¥ (deg) (see the
col) col)
Lat N (deg) -125.51 0.01073540 -037.53 0.00338199
LongE (deg) -123.63 0.00903976 -063.82 0.00546098
Depth (km) +106.88 0.61835800 -068.75 0.18423500
Mag (Mw) -001.84 0.02538740 | +008.33 0.01164170
HiCum_Count -153.24 1.72107000 -124.74 0.66594000
(Number of events)
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The influence of Md, M1 and M2 on seismic activitgn only be explained in gravitational
terms, which further adds to the evidence whichpsus our hypothesis that gravitational
changes brought about by earth-tides are resperfsibsome of the seismic activity on Earth.
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5 Discussion of Results

Our results show that there is a tendency for deiswttivity to be linked with several of the
earth-tides components, namely Sa, Ssa, S1, S2,Mddand M2. An S1 cycle is often
attributed to climatic conditions, however, experits carried out for earth-tides monitoring
[Delcourt-Honorez et al 1993], have shown that depth of greater than 50km negligible (1-
2%) climatic effects can be found and are out efdbestion at the depth over of 100 km. So
with the focus of quakes in the most active zonadydeeper than this, climatic effects cannot
fully explain the observed phenomena and climatioditions will certainly not explain the
M1, M2, Md and Ssa tendencies. The signatures faimthe Ssa, M1, M2 and Md suggest a
possible link between gravitational changes andatwurrence of earthquakes. If this is the
case then it is also possible that a percentagieofdiurnal and semidiurnal variations in
seismic activity could be due to changes in theitaional field.

To understand how earth-tides and earthquakes @atilds triggers for an earthquake we need
to consider the energy transfer mechanism whiclddo@& causing the earthquakes. In the case
of both earth-tides and earthquakes, energy entéhi@ system would be stored in the Earth;
this storage can be considered as equivalent timtdgral of the input signal. At a certain point
the energy will be released in the form of an eprétke, this can be likened to the derivative of
the signal. Energy entering a system from smabethgquakes is random and low frequency
and is unlikely to result in a continuous build-ofpstored energy. In contrast, earth-tides are
cyclical, caused by a changing gravitational fiaftd, though low in energy, are regular and
high frequency and as such can cause a build-igiooéd energy, the nature of this energy
storage will be dependent on the rheology of thgiore In liquid regions there will be
movement of fluid, which could cause a temperatam/ement which could provide micro
energy shocks causing high frequency dynamics whbathd result in seismic activity. In a
region of solid rock any faults or discontinuitiesuld serve to amplify the movements due to
the build up of stress in the rock [Tshibangu et 2004]. The stored energy in these regions
could, over a period of time, result in a sudddease of energy in the form of an earthquake.

Our analysis suggests that as the location of #rthGuakes moves in a Northeastern direction
and increases in depth, the magnitude of the seisittivity decreases, suggesting that the
heterogeneity of geological conditions of the faate having an effect on the nature and
occurrence of the earthquakes.

It is possible therefore that the patterns we Hauad are a result of the heterogeneities locally
amplifying the magnitude of the tidal stresses {B&ieh, 1986]. Such amplification might
occur near the ends of creeping fault segmenteitteep or after-slip rates vary in response to
tides [ZUGRAVESCU et al., 1998; Cochran, E.S., Vidale, J.E&le004].

6 Conclusion

An analysis of a databank of over 2000 earthquakesh occurred in Romania between 1982
and 2004 shows a tendency for the seismic actiwitye linked to gravitational effects of the
Sa, S1, M1 and theirs first harmonics as the Eeothtes through the Sun’s and Moon’s
gravitational fields.
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In this paper we did not try to explain the causkethe observed correlations between different
components of the earth-tides and seismic actoritys parameters. We just pointed this aspect
and suggest taking it into account in the physicatlulation problem of a seismic zone.

The variety of the gradients which characterizehsaczone (rigidity, heterogeneity, fluid
circulations,) could play a very important functiomder the modulation influences of the
earth-tides.

In addition, the correlation of earthquakes withrtledides can be explained if local
heterogeneities are amplifying the magnitude oftithe stresses.

The results indicate that more detailed work shdwddcarried out with particular attention
being paid to the geodynamical implications.
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Abstract. A stacking method to detect very weak signals is in time domain and to connect them with past events such
introduced in this paper. This method is to stack observedas earthquakes and volcanic events. For example, small vari-
data in different well known periodicities according to the ations of amplitude distribution before a strong earthquake
astronomical clock since majority geophysical observationshave been found when it is used to investigate the relation
are time based. We validated this method by applying it inbetween tidal stress and Vrancea seimic zone (Cadicheanu et
four different cases. Interactions behind the observed paramal., 2007%).

eters become obviously after it is stacked in two diurnal and Multi-parameters approach is required for the monitor-
semidiurnal tidal periodical waves. Amplitude and phaseing of complex interactions induced by tectonic activities in
variations will be also measurable when a sliding windowsseismic, volcanic, geochemical areas, hydrology, land-slide
stacking is used. This could be an important reference to findzones. To illustrate local inter-activity between parameters,
precursors before some earthquakes and volcanic events, cose analyzed four situations with HiCum, The barometric
responding to attenuations of medium patterns. pressure induced on tidal gravity field variations in Membach
(Belgium), sensor recording sea level in a lava tube in Lan-
zarote (Spain), monitoring of strain, pressure and tempera-
ture in underground cave at Rochefort (Belgium), and ground
water level inside boreholes plunging in three aquifers at Uc-
cle (Belgium). All of the examples show how the method
works on each geophysical experiment.

1 Introduction

The new development of HiCum stacking method (His-
togram Cumulating) is introduced in this paper (van Ruym-
beke et al., 2003). Detect different periodical signals is an
important issue in nature science, especially in the geophysi, Description of “HiCum” stacking method

cal domain. Periodicities of signals have been widely studied

since Fourier transform algorithm was published. HOWGVGF,Stacking data has been used for many decades in the meteo-
in our study, we are more focused on the properties of differ-rological fields (Bartels, 1938). In fact, as early as 19th cen-
ent signals inside the pre-defined periodicities. Earth is contury Darwin firstly used similar method to observe the sea
tinuously moving inside the gravitational gradientinduced by tides cycle. Following that idea, Doodson further promoted
the Moon and Sun. The orbital parameters of the motion arehe work and built the precisely sea tides forecast “Doodson-
strictly defined by the celestial mechanics so that the reaction egg” machine, which was in daily use since 1948 until it

of the Earth to each outside body produces many periodicalvas superseded by the electronic computer during 1960s.
signals and most of them could be separated using stackinghe stacking method introduced here is based on similar
method if long enough time series are available. For instanceprinciple; it separates observed signals according to prede-
the lunar and solar semidiurnal wave could be separated witlfined periodicities. Time based observation is a combination
one month data. But, the ultimate purpose of the method isf periodical signals with nonlinear factors, so that main fre-

not only to separate the period signal of observed parameterguencies of the contained signal could be localized by the
but also to detect the signal’s amplitude and phase variations

1cadicheanu, N., van Ruymbeke, M., and Zhu, P.: Tidal Trig-
Correspondence td?. Zhu gering evidence of intermediate depth earthquakes in the Vrancea
(zhooping@gmail.be) zone (Romania), Nat. Hazards Earth Syst. Sci., in review, 2007.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. (a)365 days SG data Membach (Belgium), Synthetic tides,

Gravity residuals, Barometric Pressure gbjitheir corresponding  Fig, 2. HiCum Staking results of K1, 01, M2, S2 periods applied to
Fourier spectrum. the four channels which are observed tides, synthetic tides, gravity
residuals and barometric pressure.

Fourier Transform, an important hypothesis for the HiCum
method being that the period is precisely priori defined. A The goodness of the fit could be valued by root mean square

periodical signal could be expressed as: error RMS
1 I
L N7 RMS= | — Zl(fu,-)—s(r,-nz (6)
f(t)=m22y(tj)+8 j=
i=1j=1 For instance, if one year gravity records with minute
i=1T7T,2T,..Ns j=123,..T (1) sampling is stacked in the lunar period M2 (central fre-

quency 1.9504 cycle per day, corresponding to 745min
the period), the M2 wave could be separated by 705

T — 2_77 ?) (365.15 day*1440 min/745 min) times stacking and the mean
1) square error will be reduced aboutVs times (this example

_ _ is +/705=26 times). Sometimes, for a high quality data bank
~where f (1) represents averaging stacking resultshe \ith high sampling rate compare to the signal’s period, the
time, y(r) the observed datays the stacking times the  gjgna| could be easily separated by several stacks. It provides
period,w: the angular speed andthe uncertainties and er- 5 ossibility to check the amplitude and phase variation for
rors. The precision of the stacking results is closely relateqpg signal in an approximated time interval. Itis an important
with the data lengtin, the stacking period’, and the sam-  5,5r6ach for the stacking method because, in the tidal trig-
pling intervaldz. Then stacking results can be fitted by @ gering evidence of earthquakes and volcanic events studies,

sinusoidal function. the amplitude and phase distribution changes in the tidal pe-
. riod could be a possible precursor for the forecasting of these
s(1) = Asin(wtj + ) (3)  events (Tanaka et al., 2006; Nicoleta et al., 2007). So that,
i ) the static stacking function is developed into a dynamic one
where A is the amplitude andthe phase by a sliding windowed stacking function:
T N
A= Z ((f (1) sin(wt)))2 + (f(z;) coswt;))?) (4)  fu@® = Z f@) (7)
j=1 k=1
T N[ q Ns T
Y f(;) sin(wt)) fu®)= X; [Ns X; X;y(t_,) + s} k=1, w,2w,3w,..N (8)
= k= i=1 j=
o =tant ]Tl (5) _ ! _ _
S f(t) coslot)) where f,,(t) is a windowed stacking resully the num-

ber of the windowsw the sliding window length and>T'.
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Table 1. Selected astronomical periodicities and corresponding gravitational tides amplitudes for Belgium.

Symbol Period Amplitude Origin
T(Min)  (nm/<)

K1 1436 431.2255  Lunar & Solar declinational wave

01 1549 306.6215 Lunar principal wave

M2 745 314.8163 Lunar principal wave

S2 720 146.4691 Solar principal wave
Through Egs. (1), (3), (6), we can build up a matEwith i o
the stacking time#Vs and its corresponding stacking results "™
errors RMS 600

Ns
E= <RMS) ®)

The minimum stacking time&'s could be determined by 300
optimizing the RMS value. So a long series record could be
divided intoN continuous sliding windowed stacking, once
the stacking timeVs fixed. Sliding stacking results give the 100
amplitude and phase variation at approximated time interval

w. 2 4 6 8 10 12 2 4 6 8 10 12
Window(n) Window(n)

T(minute)
S
[=]
=]

200

Fig. 3. Sliding windows stacking on K1 and M2 period, the beat
effect from gravitational force appeared in K1, and lunar node effect
§ould be observed in M2.

3 Membach superconducting gravimeter record (SGs)

We firstly selected a one year record of the Superconductin
Gravimeter installed in the Membach station (Belgium). This
station (50.6092N, 6.0067 E, altitude 250 m) is among the
best Belgian seismic stations and is usual as the referencdiCum stacking results on four periods, confirms the qual-
point for the Belgian gravity network. It consists of a 130m ity of the synthetic mode adjustment with differences to the
long gallery excavated in low-porosity argillaceous sand-ideal unity (1 nm/8) factor smaller than 0.1% except for S2
stone with quartzite beds. which could be more perturbed by the main tidal compo-
We compared separately results of Fourier spectrum andient existing in the barometric spectrum. We compare the
HiCum stacking on 365 days data of theoretical tides, gra\,_atmospheric pressure record and HiCum stacking residuals.
ity residuals and barometric pressure (Fig. 1a). The syntheti€orrelation appears clearly for the K1 and S2 component.
tides was calculated by Tsoft with a local mode adjusted byThere is very small barometric effect on M2 but it is well
long term SGs observations (Van Camp and Vauterin, 2005)90rrelated with the residuals, the slope of best fit S2 wave
The gravity residuals are directly computed by subtraction ofiS 2.829950 nmAhPa which is very near the global mode
the theoretical value from the observed tide. Diurnal, semi-(3-0nm/$/hPa) for correction barometric pressure on SGs
diurnal and ter-diurnal energies appear obviously in the spectécord (Table 2).
trum of observed and synthetic tides. There are very small The sliding approach is applied on the K1 and M2 pe-
peaks in the semi-diurnal and ter-diurnal frequency band ofriod. One year SGs records are stacked in a 30 days window
the residuals and barometric Fourier spectrum (Fig. 1b.) byand the window slided with 30 days step. For each window,
which it's difficult to figure out the barometric pressure ef- we applied sliding stacking for the K1 and M2 periodicities
fect on the SGs record. However, the pressure effect befFig. 3). The sequenced outputs show the change of the two
comes very clear in the S2 period (Table 1) stacking resultperiodicity waves in time domain. For M2 which is the main
when the same data set is stacked in by HiCum. We selecteldinar principle wave, its amplitude should be nearly constant
the four waves which share 70% total energy of gravity tides(Melchior, 1978). The 30 days windows allow separating the
coming from lunar and solar attraction (Table 1). K1 is the M2 component of the solar S2 one. The lunar orbit node
strongest wave and the barometric and ocean loadings have about 27.32 days which appears in the sliding stacking as
the minimum effect on O1 wave nearby Membach stationa phase shift. The K1 period is totally different because it
(Melchior, 1978). Two main semidiurnal waves M2 and S2 contains the action of solar and lunar declinations, so that
are analyzed too (Fig. 2). The linear regression between thappears the beat effect inside the K1 periodicity (Fig. 3).

www.nat-hazards-earth-syst-sci.net/7/651/2007/ Nat. Hazards Earth Syst. Sci.,G562D07
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Table 2. Linear regressions between observed and synthetic tides, between residuals and barometric pressure.

Linear regression between observed Linear regression between residuals
tides and synthetic tides£ax+b) and barometic pressurg=ax+b)
a b R? rms a b R? rms

K1 1.0003 -0.000628 0.999998 0.467 —2.756 —0.000866 0.895025 0.155
01 0.9991 0.009490 1.000000 0.019-3.215 0.006789 0.116549 0.224
M2 0.9992 0.003947 1.000000 0.131-6.633 —0.004588 0.930038 0.063
S2  1.0017 0.000701 0.999971 0.668-2.830 0.000100 0.987746 0.077

A sea gauge sensor records the sea level in the first open
lake of the lava tunnel. Very smooth motion appears due to
the filtering of short period sea waves through the few open-
ings existing between the open-sea and the tunnel. Fourier
spectrum confirms the nonlinearity of the water motion in-

‘ ‘ ‘ side the lava tunnel (Fig. 4b).

Obs(cm)

200 00 600 800 000 200 00 600 800 . . . . .
“ oy OO0 00 e The HiCum is applied to five years records. M2 amplitude

oo is 40.528 cm of sinusoidal fit with RMS error 0.8261 and S2

amplitude 4.972 cm of sinusoidal fit with RMS error 0.2132.
It shows the efficiency of stacking to separate harmonic com-
ponents on long registrations (Fig. 5).

Obs(cm)
=
o,
L

0 L L L L L L L L

0L ey, P8 5 Rochefort strain meter

Fig. 4. (a) Jameos del Agua Sea-level sensor record on 5 years inThis example concerns the detection of very weak signals
terval andb) its Fourier Spectrum which confirms the non-linearity (VWS) in a nosing signal of a strain meter. The instrument is
pattern with existing peaks between the fundamental diurnal periodgocated in the Rochefort karstic cave built-up by the erosion
until the fifth harmonic. of the Lomme River (Belgium). The monitoring is assumed
with several EDAS sensors. We apply the HiCum analysis

on a file covering 800 day’s records with four channels. The

We can conclude from this example: the goodness of th(—‘f : ; .
o ; . irst channel is a glass stain meter RA1 located on a vertical
synthetic tides mode and the barometric effect on gravimeter

L . crack. The second and the third channels are two thermome-
could be found after staking in four periods and the lunar o .
orbit node effect are obviously in the sliding stack results. ters momtormg temperature of the-surface rock and environ-
ment in the gallery nearby the strain-meter. The fourth chan-
nel is a barometer (Fig. 6a) (van Ruymbeke et al., 2004).
4 Lanzarote sea gauge The spectral analysis of the four channels shows differ-
ent peaks in diurnal, semi-diurnal and ter-diurnal frequency
The next example is an EDAS sea-level monitoring stationPands (Fig. 6b).
,set-up at Lanzarote Island (Spain) which is the most north- For the strainmeter, diurnal and semi-diurnal activities ap-
eastern island of the Canarian Archipelago (van Ruymbekepear clearly without harmonics. Contrarily for rock temper-
2001) . The landscape of Lanzarote is dominated by numerature and barometric pressure, semi-diurnal and ter-diurnal
ous volcanoes. The site of observation named “Jameos dégleaks exist and seem to be correlated. We subtract the raw
Agua” is located in a lava tunnel of the quaternary volcanodada with a third degree polynomial function to eliminate
La Corona (609 m). The geometry of this tunnel consists inlong term instrument drift before stacking the data (Fig. 7).
a series of small lakes interconnected by passages for water. The length of strain meter is only 15cm. We observe that
This tunnel is plunging into the sea for more than one andthe HiCum for the strainmeter on M2 and S2 are very well
half kilometers. Oceanic tidal there could reach few metersdetermined. The amplitudes reach about 20 nanometers with
The level depends continuously of the water flow in the tun-a noise level of only a few nanometers! On the 4th channel,
nel which is function of the passage section. This is a typicalHiCum confirms a significant S2 barometric component with
situation of non linearity with transfer function influenced by a negligible M2 one. The air thermometer HiCum on S2 is
the signal itself. like the derivative of the barometric modulation, confirming

Nat. Hazards Earth Syst. Sci., 7, 6556 2007 www.nhat-hazards-earth-syst-sci.net/7/651/2007/
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Fig. 8. (a) The four channels show the signals of the three boreholes
Fig. 6. (a) Four channels recording signals from strain-meter, air water levels and, barometric pressutg).the corresponding Fourier
thermometer, rock thermometer and baromefey.Corresponding ~ Spectrum.
Fourier spectrum.

6 Uccl boreholes water levels

We illustrate a medium interaction of actions by analyzing
the induction process found with spectral analysis (Rassor, porehole ground water level station located at the Royal
and van Ruymbeke, 1977). Observatory of Belgium. It records the change of the water
levels in three tubes plunging separately in three independent
~aquifers located at different depths (B335 m, B2: —64 m,

B3: —95m). The upper aquifer is an opened one, the sec-
ond a semi-confined, and the third a confined one (Fig. 8a)
(van Ruymbeke and Delcourt, 1985). The original records
These graphs illustrate the interests of the HiCum stackwere pre-treated with the same procedure as the previously
ing method for problems with complex interactions. The studied Rochefort one. Main conclusions from the spectral
records of strain-meter are very noisy with a lot of irregu- analysis concern interaction of water levels with simultane-
larities. However, HiCum on long time interval permits to ous atmospheric pressure and tidal gravity changes. However
extract clear information with sufficiently large dynamics to the signal to noise ratio for spectrums is too low for under-
validate physics models. standing the relations between these two effects (Fig. 8b).

No significant effect appears for M2. For rock thermome-
ter, only residual effects exist which could be related to evap
oration of water flowing through cracks which could influ-
ence the strain-meter record.

www.nat-hazards-earth-syst-sci.net/7/651/2007/ Nat. Hazards Earth Syst. Sci.,G562D07
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Abstract. Tidal triggering evidence of intermediate earth- 1 Introduction
quakes in the Vrancea region (Romania) is investigated. The
Vrancea seismic zone is located in the bend region of theAlthough the amplitude of the tidal stress change is two or
South-Eastern Carpathians {486° N, 25.5-27.8 E) and  three orders smaller than the stress drop of earthquakes, the
is known as one of the most active seismic zones in Eu-idal stress rate could be comparable to the tectonic stress rate
rope. We selected earthquakes occurred between 1981 arathd generally larger than this. It is reasonable to expect tidal
2005 from the RomPlus catalog provided by the Institute oftriggering of an earthquake when the stress in the focal area
Earth Physics of Bucharest wittfw>2.5 and focal depths is near the critical level (Tanaka et al., 2006).
between 60 and 300 Km. At the intermediate seismic focal depth levels
We assigned a tidal component phase angle for each evengo km<focal depth300km), the gravitational force
which is computed from the earthquake occurrence timejs the main outside force which could affect the dynamic
Then the phase angle distribution was obtained by stackingrocess of the inner Earth. Its systematic variations are
every angle value in a 360 degree coordinate. Main lunar andontrolled by the lunar-solar attraction forces on each
solar semidiurnal tidal componeni$2 andS2 are consid-  terrestrial point. It can be calculated through the precisely
ered. The phase angle distributions are tested by Permutatiofiefined periods of the earth tides that vary from few hours
test which are introduced for the first time to a tidal trigger- (e.g. diurnal and semi-diurnal waves) to years (Melchior,
ing study. We compared results with classical Schuster's test1978). Earth tides are deeply modulated signals which
Both tests produce one valug, for Permutation test and depend on the Sun and Moon’s orbital parameters. For
ps for Schuster’s test, which represent the significance levethe main position on orbits, declination, ellipticity, and
for rejecting the null hypothesis that earthquakes occur ranpositions of the nodes, each is related to the absolute sidereal
domly irrespective of tidal activitied/2 andS2 phase distri-  reference. Local and regional heterogeneities lead to a
bution are random for the complete data set. However, whenjifferent response from one zone to another in accordance
we set up a one year window and slide it by 30 d step, signifi-with the geological and tectonic background and it could
cant correlations were found in some windows. As aresultofalso be influenced by the regional characteristics of the
the sliding window, data set systematic temporal patterns remantle-crust interface with a viscous coupling mechanism.
lated to the decrease of tm andps values seem to precede In summary, the response of a seismic zone to tidal pe-
the occurrence of larger earthquakes. riodicities depends on its specific geology, tectonic history
and stress accumulation mechanisms in this region. The tidal
modulation tendencies in seismic activity could help explain
some aspects of the physical mechanism of rupture forming.
A remarkable number of studies have been devoted to the
possibility of triggering of earthquakes by earth tides. Most
have reported negative conclusions about the correlation be-
tween the earth tide and earthquake occurrence (Schuster,
1897; Knopoff, 1964; Simpson, 1967; Shudde and Barr,
Correspondence td\. Cadicheanu 1977; Heaton, 1982; Curchin and Pennington, 1987; Ry-
(cadichiannicoleta@yahoo.fr) delek et al.,, 1992; Vidale et al., 1998). However, many
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Histogram bar and the fitting curve

Fig. 1. Time series partition into selected time peribd An event
E; occurring at time; will defined by an angle; .

1 3 4 B 3 7 3
Number of sectors, N
120 180 240

Phase (deg)

a 10 i 12

Mumber of events or average values of the parameter for each sector

1} 60
L 0 deg

300

360

Table 1. Earth tide components and their periodicities. 360 dog

Fig. 2. A histogram bar model with 12 sectors, representing the dis-

Earthtide — Doodson Angular Periodicity .Amp“tUde tribution of the seismic activity or the average value of the parameter
component argument frequencyh) (h) (microgal) . . . -
for each sector and the corresponding sinusoidal fitting curve.
S2 273.555 30.000000 12.000000 42.286
M2 255.555 28.984104 12.421000 90.812

each component, the original phase is fixed from astronomi-
cal data. The event; occurred at time; was characterized
recent papers have indicated positive correlations (Enescby the phase;. For the selected tidal peridd a histogram
and Enescu, 1999; Stavinschi and Souchay, 2003; Stroumf events is established as a function of the We divide
2007; Tsuruoka et al., 1995; Tolstoy et al., 2002; Tanaka etistogram intoS sectors with length equal to 36@. The
al., 2002, 2006; Zugravescu et al., 1985, Zugravescu et alvalue ofS is selected when a significant number of events in
1989; Wilcock, 2001). Based on the recent positive studiessach sector could be obtained.
by Tanaka et al. (2002, 2006) we reinvestigated the role of We modelled the interactions of tidal components and
the earth tides on triggering earthquakes in Vrancea areaearthquake with a cosine function adjusted to the histogram.
one of the most active seismic zones in Europe (Knapp efThe amplitude and phase of the cosine show the links, in
al., 2005). In this paper, we statistically test the significanceterms of modulation, between the stacked events and the cho-
level of the effect of the two semidiurnal components on in- sen tidal components (Fig. 2). Two main tidal components
termediate depth earthquakes in Vrancea (Table 1). were selected for this research: the solar semidiurnal wave
We applied the same Schuster’s statistical test which hag2 and the lunar semidiurnal wavwé?2.
been widely used in tidal triggering studies (Tanaka et al.,
2002, 2006). A different approach based on the Permutation
test was also introduced. It could extend statistical studies3 Statistical tests
where Schuster’s test is not adequate. Validation of the con-
clusions becomes more robust if both tests show similarities3.1  Schuster’s test

To begin, we statistically investigate the correlation be-
tween the tidal components and earthquake occurrences us-
ing Schuster’s test. This test is a classical approach, which
has been applied in past (Heaton, 1975, 1982; Tsuruoka et
A stacking analysis method named HiCum (Histogram Cu-al., 1995; Tanaka et al, 2002, 2006).

mulating) (van Ruymbeke et al., 2003, 2007, Cadicheanu et In Schuster’s test, each earthquake is represented by a unit
al., 2006), is applied to compute the tidal potential phaselength vector in the direction defined by its tidal phase angle
angles of earthquakes. First, time based events are divided; which was introduced in the Fig. 1.

into a series of intervals with a priori selected constant pe- The vectorial sunD is defined as:

riods T which could be any tidal component. This time pe- v N
riod T is represent_ed l_:Jy an |nte_rva1—1360’. Ther_1 th(_e time Dzz(z COSa;)2+(Z sina;)2,
base for each period is normalized as shown in Fig. 1. For = =

2 Method of analysis

@
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Vrancea, HICum M2, Mw>=2.5, with aftershocks: 1981-2005 Vrancea, HiCum M2, Mw>=2.5, without aftershocks: 1981-2005
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Fig. 3. The Vrancea earthquakes epicentres distribution (1981—

2005) from RomPlus Catalog provided by Institute of the Earth Fig- 5. Gravity theoretical valuega) and(b), and the number of
Physics of Bucharest. earthquakes distribution$c) and (d), as a function ofM/2 phase

angle (black curves). The presence of aftershocks is tacked in ac-
count only in (a) and (c) cases. The fitting curves corresponding to
each distribution are in red colour.

Vrancea, HiCum S2, Mw>=2.5, with aftershocks: 1981-2005 Vrancea, HiCum $2, Mw>=2.5, without aftershocks: 1981-2005
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Fig. 6. Gravity theoretical valuega) and(b), and the number of
whereN is the number of earthquakes. When thes dis- earthquakes distribution§&;) and(d), as a function o2 phase an-

tributed randomly, the probability that the length of a vecto- gle (plack curves). The presence pf aftershocks is tackeq in account
rial sum is equal to or larger tha is given by Eq. 2): only in (a) and (c) cases. The fitting curves corresponding to each
e distribution are in red colour.

De=exp (_%2> @) 3.2 Permutation tests
We choose the permutation test which is well-known among
o ) biologists and geneticists because it is always free to choose
Thus, p;<5% represents the significance level at which the e statistic which best discriminates between hypothesis and
null hypothesis that the earthquakes occurred randomly withyjternative. Permutation tests also allow for calculating the
respect to the tidal phase is rejected. probability (p,) of the significance level to reject the null
To avoid the risk of spurious conclusions, which Schus-hypothesis in which the distribution is random.
ter’s test could induce, we must confirm the conclusions’ ro- It is also called a randomization test, re-randomization
bustness by a different approach. Thus, we introduce anothdest, or an exact test; it is one type of statistical signifi-

statistical test. cance test in which a reference distribution is obtained by

www.nat-hazards-earth-syst-sci.net/7/733/2007/ Nat. Hazards Earth Syst. Sci., 7402807
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Vrancea - HiCmn M2 in moving time windows of 365.25 days shifted by 30 days, Mw=2.5, without aftershocks: 1981-2005
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Fig. 7. The 3-D distribution of the HiCum fitting curves amplitudes expressed as the number of seismic events, and their corresponding 2-D
view. For the HiCum analysis thif2 wave period in sliding windows of one year, shifted by 30 days.

Vrancea - HiCun S2 in meoving time windows of 365.25 days shifted by 30 days, Mw=2.5, without aftershecks: 1981-2005
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Fig. 8. The 3-D distribution of the HiCum fitting curves amplitudes expressed as the number of seismic events, and their corresponding 2-D
view. For the HiCum analysis thif 2 wave period was used in sliding windows of one year, shifted by 30 days.

calculating all possible values by rearranging the labels on If p,<5%, it represents the significance level at which re-

the observed data points. ject the null hypothesis, i.e. that the earthquakes occur ran-
In other words, the method is allocated to subjects in andomly with respect to the tidal phase angle.

experimental design that is mirrored in the analysis of that Both tests are applied on the entire earthquake catalogue

design. If the labels are exchangeable under the null hypothand on the one year windowed data (sliding by one month)

esis, then the resulting tests yield the exact significance levfrom 1981 to 2005. The, and p,—values are evaluated and

els. Then confidence intervals can be derived from the testscompared.

The theory has evolved from the work of R. A. Fisher and

E. J. G. Pitman (R. A. Fisher, 1935; E. J. G. Pitman, 1938).

Permutation distribution is given by EgB)( 4 Vrancea seismic zone

" Earthquakes used in this study were selected from the
sz(z Ap/r 3) RomPlus catalogue provided by the National Institute
1=0 of Earth Physics, Bucharest. It contains nearly 3000
Amplitude Ap was obtained by a co-sinusoidal function intermediate-depth earthquake&®f/#>2.5) since 1981 to
which was fit to the distribution of HiCum stacking results 2005 (Oncescu et al., 1999) (Fig. 3).
after we produce random permutations distributions. We  All epicentres are mainly located in a very narrow zone in
apply the HiCum on each permutation distribution and se-the South-Eastern Carpathians (486" N, 25.5-27.5 E)
lect only those that are significant according to amplitudesat the intra-continental collision between the East European
A;>Apg (i=0, 1, 2...m wherem<r). plate, Intra-alpine, and Moesian micro-plates (Ardeleanu,

Nat. Hazards Earth Syst. Sci., 7, 7336, 2007 www.nhat-hazards-earth-syst-sci.net/7/733/2007/
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HiCum M2 period, sliding windows, Mw = 2.5
Seismic activity without aftershocks (1981-2005)
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Fig. 9. (a) Temporal variation of thep;—value (blue) andpp,—  Fig. 10. (a)Temporal variation of the,—value (blue) ang ,—value
value (red) in every sliding window for HiCum with a2 pe-  (red) in every sliding window for HiCum with S2 period. The ver-
riod. The vertical bar represents the standard deviation opthe tjcal bar represents the standard deviation ofthand p —values.
andp, —values.(b) Magnitude—time plot of the earthquake occur- (1) Magnitude —time plot of the earthquake occurrendési&3.0).
rences {/w=>3.0). The aftershocks sequence was eliminated usingrne aftershocks sequence was eliminated using the Kossobokov-

the Kossobokov-Romashkova method. Romashkova method.

1999). Itis characterized by a prevailing intermediate depthiy Taple 2. The aftershocks sequence was eliminated by the
seismicity which is in distinct confined volume (Bazacliu et Kossobokov-Romashkova metHotihis method proposed a
al., 1999) (Fig. 4). new way to characterize aftershocks according to a system-
Important historical earthquakes happened on 10 Novematic analysis of the earthquakes. It defined all quakes, which
ber 1940 g=150km, Mw=7.7), 4 March 1977 =94 km, occurred in the following 2d as aftershocks after an earth-
Mw=7.4), 30 August 19864131 km, Mw=7.1), and 30 quake withMw from 2.5 to 5.0, 4d fow from 5.0 to 5.5,
May 1990 (=91 Km, Mw=6.9). These earthquakes reflect
a predominantly compressive stress regime at this subcrustal lkossobokov, V. and Romashkova, L. Re-establishing
range. The compressive tendency is becoming stronger W'trihtermediate-term real-time prediction of strong earthquakes in the
depth (Bala et al., 2003). Vrancea region, CE-Project, Extreme Events: Causes and Conse-
Earthquakes wittw >5.0 from 1981 to 2005 are given quences, Perugia 2—6 September, 2006.

www.nat-hazards-earth-syst-sci.net/7/733/2007/ Nat. Hazards Earth Syst. Sci., 7402807
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Table 2. Intermediate—depth earthquakes in the Vrancea zoneMitt»5.0 (1981-2005).

Year Month Day Hour Min Sec Lat.(deg) Long.(deg) Depth(km) Magu)
1981 7 18 0 2 59 45.69 26.42 166.1 5.5
1983 1 25 7 34 50 45.75 26.64 149.8 5.6
1985 8 1 11 17 36 45.79 26.77 118.6 5.2
1985 8 1 14 35 4 45.73 26.62 93.5 5.8
1986 8 30 21 28 37 45.52 26.49 1314 7.1
1987 9 4 1 40 30 45.68 26.43 160.2 5.0
1990 5 30 10 40 6 45.83 26.89 90.9 6.9
1990 5 31 0 17 48 45.85 26.91 86.9 6.4
1999 4 28 8 47 56 45.49 26.27 151.1 5.3
2000 4 6 0 10 39 45.75 26.64 143.4 5.0
2004 10 27 20 34 36 45.78 26.73 98.6 6.0
2005 5 14 1 53 22 45.68 26.54 148.3 5.1
LEGEND LEGEND

HiCum M2 period, sliding windows, Mw = 2.5
Seismic activity without aftershocks (1981-2005)

# Schusters's test Dy~ values

® Permutation test 2, values

O Earthquake with Miv > 5.0
zone with p - values< 5%
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Fig. 11. HiCum M2 period: sliding windows in whiclp; and p,—
values are 5% (18 values for, coefficient and 20 values fqp

coefficient).

8 days forMw from 5.5 10 6.0, 16 d foMdw from 6.0 to 6.5,

32d forMw from 6.5 to 7.0 and 64

2000 2005

d from 7.0 to 9.0.

HiCum S2 period, sliding windows, Mw > 2.5 # Schusters's test P - values

Seismic activity without aftershocks (1981-2005) ® Permutation test p,; values
O Earthquake with Miv > 5.0

zone With p - values< 5%
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Fig. 12. HiCum S2 period: sliding windows in whiclp; and p,—

values are<5% (11 values fop, coefficient and 12 values fqr
coefficient).

5 Application and results

After we analyzed the semidiurnal tidal effect on both
cases with aﬁershockg\]FZQQZ) and without aftershocks We studied mainly the semidiurnal tidal Components because
(2242)’ we found some |arger aftershocks series could in.the graVitational tidal forCing is a force, which could affect
duce bias peaks in the distribution. To avoid this, we decideche dynamic processing at such depths. In the tidal potential,
to consider the cases without aftershocks.

Nat. Hazards Earth Syst. Sci., 7, 7346, 2007

M2 is the lunar principal wave with 12.42 h period and its
amplitude is two times larger than ti$2 which is the solar
principal wave having a 12 h period.

We computed the/2 and S2 tidal phase angle of each
earthquake Mw>2.5, focal depth>60km) and attribute
gravity values at the moment of earthquake occurrence which

www.nat-hazards-earth-syst-sci.net/7/733/2007/
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Table 3. Results of Schuster’s and permutation tests applied on there_garding rob'ustnes-s of the tidal triggering effect qbtained
all sets of earthquakes. with Schuster’s test is strengthened by the Permutation com-

plementary test.
Wave With aftershocks Without aftershocks When we test the distribution determined from all phase
angles of earthquakes, no correlation has been found by ei-
ther tests. However, when we selected a series of one year
length sliding window with a 30 days moving step, there is
significant correlation between the tidal potential and earth-
quake occurrence for some windows.

was calculated from a local model by Tsoft (Van Camp and A systematic temporal pattern related to the decrease of

Vauterin, 2005). We obtained the distribution of gravity val- the p-values precedes the occurrence of larger earthquakes

ues and earthquake numbers as a function of tidal phase a#l the Vrancea seismic region. This pattern could be con-

gle. The dynamic patterns of tidal components were com-Sidered as a klnq of precursor. The po§S|bIe physical conse-

pared with the tendency of earthquake occurrence. guences of the tidal effect could constrain the research on the
The same tendencies in the two cases are observed ev&§ismic source characteristics and their dynamical patterns.

if the aftershocks change the phase and the amplitude of the We could imagine that for seismic zones, tidal modulation

fitting curves (Figs. 5 and 6). This also changes the result®f fluid pressure is acting before the rupture process.

of the two significance tests for a threshold at 5% (Table 3).

There is one exceptior§2 wave with aftershocks not elim- AcknowledgementsiVe thank M. Radulian and M. Popa, the
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distribution of all events in tha/2 andS2 cycles for a series  mous reviewers for helpful comments, and English improvement
of sliding windows with one year length where the sliding by T. van Dam. Thanks M. Everaerts for his contributions.
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The correlations between seismic activities and tidal periodicities are investigated
at three seismic zones: Vrancea (Romania), Bucaramanga (Colombia) and Hindu
Kush (Afganistan). The epicenter of earthquake nests distribution is characterized
by intermediate-depth. In this paper, we study the influences of the principal lunar
and solar semidiurnal tidal components M2 and S2 on seismic activities. The tidal
phase is determined by HiCum stacking method according to the earthquake occur-
rence time and location. The stacking function could be shifted in time and space
domain which provides the possibility to evaluate the seismic activities and tidal
periodicities at both. The tidal phase distribution was tested by two independent
methods Schuster and Permutation. The null hypothesis between seismic activities
and selected tidal periodicities is rejected when the statistical p-values obtained by
the two tests reach less than 5% level. As a result of the shift stacking function in
time axis, a systematic temporal pattern related to the decrease of the p-values seems
to be preceding occurrence of the larger earthquakes. A “tidal tomography” map is
obtained when stacking function is shifted in 3D geometry following the epicenters
distribution.
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ARTEC EXFAN

AMTARCTICA

Fig. 1. Geographical position of the three seismic zones: Bucaramanga (Colombia), Vrancea
(Romania) and Hindu Kush (Afganistan) (GMT site)

1. Introduction

The three well known intermediate depth nests in the world (Fig. 1) are the
Bucaramanga nest (5.0°N-9.5°N, 72.5°W-74.5°W) in Colombia (Pulido 2003),
Vrancea nest (45.0°N-46.0°N, 26.0°E-27.0°E) in Romania (Radu and Polonic 1982),
and the Hindu Kush nest (30.0°N-42.0°N, 68.0°E-78.0°E) in Afghanistan (Pegler
and Das 1998). The seismicities of these zones presents a real interest among
scientists because of their common feature related to the nest distribution of the
hypocenters (Besutiu and Cadicheanu 2003, 2006, Ismail-Zadeh et al. 2005, Zarifi
and Havskov 2003, etc.). Our goal in this paper is to introduce new results of the
correlation between earth tides and earthquakes at three regions.

Although the amplitude of the tidal stress change is two or three orders smaller
than the stress drop of earthquakes, the tidal stress rate could be comparable to the
tectonic stress rate and generally larger than this (Stavinschi and Souchay 2003)
with its important variability in short time. It is reasonable to expect tidal triggering
of an earthquake when the stress in the focal area is near the critical level (Tanaka
et al. 2006).

At the depth of intermediate (60 km < focal depth < 300 km) and deep ( focal
depth > 300 km) earthquakes, the gravitational force is the main outside force which
could affect the dynamic process of the inner Earth. Its systematic variations are
controlled by the lunar-solar gravitational forces on each terrestrial point which
could be calculated through the precisely defined periods of the earth tides that
vary from few hours (e.g. diurnal and semi-diurnal waves) to years (Melchior 1978).
Earth tides are deeply modulated signals and depended on the solar and lunar
orbital parameters.

Corresponding to Earth’s position at orbits, declination, ellipticity, and nodes
phenomenon are clarified by absolute sidereal reference.
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Local and regional heterogeneities lead to different responses from one zone to
another in accordance with the geological and tectonic background and it could
also be influenced by the regional characteristics of the mantle-crust interface with
a viscous coupling mechanism (Cadicheanu et al. 2007).

In summary, the response of a seismic zone to tidal periodicities depends on its
specific geological structure, tectonic history and stress accumulation mechanisms.
The tidal modulation tendencies on seismic activities could help explaining some
aspects of the physical mechanism of rupture forming. A remarkable number of
studies have been devoted to the possibility of tidal triggering earthquakes. Most
have reported negative conclusions about the correlation between the earth tide
and earthquake occurrence (Schuster 1897, Knopoff 1964, Simpson 1967, Shudde
and Barr 1977, Heaton 1982, Curchin and Pennington 1987, Rydelek et al. 1992,
Varga 2008, etc.). However, many recent papers have indicated correlations (Enescu
and Enescu 1999, Stavinschi and Souchay 2003, Stroup 2007, Tsuruoka et al. 1995,
Tolstoy et al. 2002, Tanaka et al. 2002, 2006, Zugravescu et al. 1985, Wilcock 2001).
Based on the recent positive studies by Tanaka et al. (2002, 2006), the role of the
earth tides on triggering earthquakes was reinvestigated at Vrancea area, one of
the most active seismic zone in Europe. We also found tidal triggering evidence
(Cadicheanu et al. 2006, 2007),

In this paper, we statistically test the significance level of the two semidiur-
nal components on intermediate depth earthquakes in Vrancea, Bucaramanga and
Hindu Kush nests. We applied the same Schusters statistical test which has been
widely used in tidal triggering studies. An alternative approach based on the Per-
mutation test was also introduced. Validation of the conclusions becomes more
robust if both tests show similarities.

2. Data banks

We selected 2242 events from 1981 to 2005 at Vrancea seismic zone from
ROMPLUS catalog provided by National Institute of Earth Physics Bucharest,
1082 events at Bucaramanga and 3377 events at Hindu Kush from International
Seismological Center (ISC) catalog.

Larger aftershocks series could induce bias peaks in the tidal phase distribution.
To avoid this fact, the aftershocks sequence was eliminated using the Kossobokov-
Romashkova method!. This method proposed a way to characterize aftershocks
according to a systematic analysis of the earthquakes. It defined all quakes, which
occurred in the following 2 days as aftershocks after an earthquake with M, from
2.5 to 5.0, 4 days for M,, from 5.0 to 5.5, 8 days for M,, from 5.5 to 6.0, 16 days
for M, from 6.0 to 6.5, 32 days for M,, from 6.5 to 7.0 and 64 days M,, from 7.0
to 9.0.

1Kossobokov V and Romashkova L: Re-establishing intermediate-term real-time prediction of
strong earthquakes in the Vrancea region, CE-Project, Extreme Events: Causes and Consequences,
Perugia, 2-6 September, 2006.
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3. Description of “HiCum” stacking method

Stacking data has been used for many decades in the meteorological fields
(Bartels 1938). In fact, as early as 19th century Darwin firstly used similar method
to observe the sea tide cycles. The stacking method introduced here is based on sim-
ilar principle (van Ruymbeke et al. 2003, Cadicheanu et al. 2006, 2007); it extracts
observed signals in different components according to predefined periodicities. Time
based observation is a combination of periodical signals with eventuality nonlinear
factors. Main frequencies of the contained signal could be localized by the Fourier
Transform. An important hypothesis for the HiCum method consists of the period
is precisely priori defined. A periodical signal could be expressed as (van Ruymbeke
et al. 2007):

Ns T
1
f(t)zmzz:y(tj)—l-e i=1,T,2T,...Ns j=1,2,3,...T (1)

i=1 j=1

27
==, (2)
where f(t) represents averaging stacking results, ¢ the time, y(t) the observed data,
N's the stacking times, T the period, w: the angular speed and the uncertainties
and errors. The precision of the stacking results is closely related with the data
length n, the stacking period T, and the sampling interval d¢t. Then stacking results
can be fitted by a co-sinusoidal function.

s(t) = Acos(wt; + @), (3)

where A is the amplitude and ¢ the initial phase.

4. Statistical tests
4.1 Schuster’s test

Firstly, we statistically investigate the correlation between tidal components and
earthquake occurrences by Schuster’s test applied to the histogram resulting from
the stacking.

In the Schuster’s test (Heaton 1975, 1982, Tsuruoka et al. 1995, Tanaka et al.
2002, 2006), each earthquake is represented by a unit length vector in the direction
defined by its tidal phase angle «; introduced in the Eq. (3).

N is number of earthquakes and the vectorial sum D can be obtained from

Eq. (4):
2

N 2 N
D2 = <Z cos ai> + <Z sinozi) . (4)
i=1 i=1

Here «; is tidal phase angle of each event. When «; distribute randomly,
the probability that length of a vectorial sum is equal to or larger than D is
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Ds = €xp (—%2) . (5)

Thus, ps < 5% represents the significance level to reject the null hypothesis
that the earthquakes occurred randomly respecting to the tidal phase. But it is
suitable to strength the robustness of the conclusion by an alternative approach
with another statistical test.

given by Eq. (5):

4.2 Permutation test

We choose the Permutation test which is well-known among biologists and ge-
neticists, to calculate the probability p, of the significance level to reject the null
hypothesis in which the earthquakes distribution is random.

It is also called a randomization test, re-randomization test, or an exact test; it is
one type of statistical significance test in which a reference distribution is obtained
by calculating all possible values by rearranging the labels on the observed data
points.

In other words, the method is allocated to subjects in an experimental design
that is mirrored in the analysis of that design. If the labels are exchangeable under
the null hypothesis, then the resulting tests yield exact significance levels. Then
confidence intervals can be derived from the tests. The theory has evolved from
the works of R A Fisher and E J G Pitman (Fisher 1935, Pitman 1938). The
Permutation distribution is given by Eq. (6):

o = (fjA) /r. 6)

Amplitude Ay was obtained by a co-sinusoidal function fitting the distribution
of HiCum stacking results. We produce r random permutations distribution, apply
the HiCum on each permutation distribution, and select only the corresponding
amplitudes A; > Ag (1 =0,1,2,...m, where m <r).

If p, < 5%, it represents the significance level to reject the null hypothesis that
the earthquakes occurred randomly respecting to the tidal phase angle.

Both tests coefficients ps and p,-values are compared.

5. Time sliding windows

We study the main components of earth tides which could affect the dynamic
process at intermediate-seismic depths (Table I). These components are induced
by the displacement of the analysed area in the attraction of the lunar and solar
gradients.

The seismic catalog is stacked with selected tidal period in twelve sectors and
then the distributions are fitted by a co-sinusoidal function. For each fitted his-
togram, we calculate the p, and p, values to evaluate the probability of correlation
between the earth tide component and seismic activity.
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Table I. Semidiurnal principle components

Earth tide Doodson  Angular frequency  Periodicity

component  argument °/h h
S2 273.555 30.000000 12.000000
M2 255.555 28.984104 12.4210601

When we stack the global file includes all the earthquakes, the ps and p, values
are much larger than 5% at each seismic zone. This indicates that no correla-
tions exist between the earth tide and earthquake occurrence. The correlations are
detected only when the tidal phases are tested in the time sliding windows. The
process is that an initial window is fixed from the first events with a constant length
the window itself is moving by an equal step. In our case, we set the window length
as 300 days and then it is slide by 50 days step.

The statistical validation of the windows with p, and p, values less than 5% was
realized using random data. For each correlated window, we generate 1000 time
series of random events with the amount of earthquakes as original window. The
same procedure is applied for every random series, retaining the number of cases
(nsyn) in which p, and p, is less than 5%. The ngy, /1000 ratio will be large if
the correlation between earth tide and earthquake occurrence is not valid in this
window.

5.1  Vrancea seismic zone

At the Vrancea seismic zone, the selected catalog includes earthquakes (M, >
2.5) occurred from 1981 to 2005. The tidal phase distribution is calculated at a
300 days window since first event and then it is shifted by 50 days step. The Fig. 2
shows the Vrancea seismic zone results for the 174 analysed windows on M2 and S2
periodicities.

Among the 174 ps; and p, values, 15 cases indicate a high correlation with M2
tidal wave and 9 cases a high correlation with S2 tidal wave.

The test with synthesized random earthquake data confirm the correlation of all
sliding windows in which ps and p, values < 5% for M2 and S2 wave cases. The
worst case indicates a sliding window in which the ratio ns,,/1000 is equal with
only 6.2% for S2 wave period.

5.2 Bucaramanga seismic zone

A similar algorithm was applied for Bucaramanga seismic zone. A time window
of 300 days is shifted by 50 days from 1973 to 2005. For each time window, HiCum
analysis was applied. 230 windows were analysed. The Fig. 3 shows the results for
the two characteristic periods of M2 and S2 waves for Bucaramanga seismic zone.

Among the 230 p-values, 12 cases indicate a good correlation (ps and p, values
< 5%) with M2 tidal wave and 11 cases a good correlation with S2 tidal wave.
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Fig. 2. Temporal variation of ps and p, values (Schuster’s test in black color, permutation test in

gray color) for the cases of M2 (above) and S2 (bottom) components for Vrancea seismic zone. A

time window of 300 days is shifted by 50 days. The earthquakes with M,, > 5.0 are represented

by black squares and the earthquakes with magnitude 4.5 < M,, < 5.0 are represented by gray
squares. Zones with ps and p, values < 5% are colored in gray

The test with synthesized random earthquake data confirm also the correlation
of all sliding windows in which ps and p, values < 5% for M2 and S2 wave cases.
The worst case indicates a sliding window in which the ratio nsy, /1000 is equal
with only 6.3% for S2 wave period.

5.8  Hindu Kush seismic zone

Figure 4 shows the time evolution of p-values for the two characteristic periods
of M2 and S2 in Hindu Kush seismic zone. A time window of 300 days is shifted
by 50 days from 1973 to 2005. For each time window, HiCum analysis was applied.
230 windows were analysed also.

Among the 230 p-values, 9 cases indicate a good correlation (ps and p, values
< 5%) with M2 tidal wave and 7 cases a good correlation with S2 tidal wave.

Also the test with synthesized random earthquake data confirm the correlation
of all sliding windows in which p, and p, values < 5% for M2 and S2 wave cases.
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Fig. 3. Temporal variation of ps and pp values (Schuster’s test in black color, permutation test in

gray color) for the cases of M2 (above) and S2 (bottom) waves for Bucaramanga seismic zone. A

time window of 300 days is shifted by 50 days. The earthquakes with M,, > 5.3 are represented
in black squares. Zones with ps and pp values < 5% are colored in gray

5.4  Common results for the three seismic zones

The p; and p, values show that there are no correlations between earth tides
and earthquake occurrences when we test the global data set at three seismic zones.

However, when the earthquake occurrences are tested in sliding windows, cor-
relations is founded at three zones and a p, and p, values decrease pattern before
large earthquakes could been observed in the sliding windows which confirm similar
results reported by Tanaka’s study at Tokai region (Tanaka 2006).

For S2 wave we observe a relatively large interval in which only a few windows
of correlation or even no correlations (e.g., Vrancea between 1987 and 1997; Bu-
caramanga between 1974 and 1993 (excepting for 1986); Hindu Kush between 1975
and 1991 (excepting for 1988).

The comparison of M2 and S2 statistical test value p, and p, distributions
(Figs 2, 3 and 4) show some common and different patterns. We compare the p;
and p, evolution in space to investigate possible relation between earth tide and
geometrical characteristics.
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Fig. 4. Temporal variation of ps and p, values (Schuster’s test in black color, permutation test in

gray color) for the cases of M2 (above) and S2 (bottom) waves for Hindu Kush seismic zone. A

time window of 300 days is shifted by 50 days. The earthquakes with M,, > 6.0 are represented
in black squares. Zones with ps and pp values < 5% are colored in gray

6. Spatial 3D-sliding windows

The idea of evaluating spatial distribution of ps and p, is origin from the seismic
tomography; here the differences are that the ps and p, is set up as the factor to
construct the 3D map which reveals the possible to detect local geometric reactions
to tidal effects at spatial domain.

For this purpose, we calculate the correlation coefficient for a series of events
included in a space sliding volumes defined by its surface and height. Each layer is
equal in volume with same thick and height. For every cells in which the p, and p,
values are less than 5% we valid like before by the help of 1000 random synthetic
time series of events.

6.1 Vrancea seismic zone

The spatial moving window is a volume element with a square surface of 11 km
x 11 km and height of 20 km. The HiCum is applied in every cell if the number of
seismic events is greater or equal than 20. The cells are shifted by 4 km both in the
north-south and east-west directions between 45°N-46°N latitude and 26°E-27°E
longitude and also downwards with 10 km between 60 km and 220 km depth.

Acta Geod. Geoph. Hung. 43, 2008



140 N CADICHEANTU et al.
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Fig. 5. Vrancea seismic zone (left). Distribution of intermediate-depth seismicity (gray circles).
Distribution of the correlation cells (ps and pp values < 5%) for M2 lunar wave (black cells) and
S2 solar wave (white cells) (right)

It appears clearly a surprising result that the reaction of different layer to earth
tide effect is varying. Significant number of cells with p, and p, values < 5% are
mainly situated from 60 km and 90 km in the case of M2 lunar wave and from
140-180 km for S2 solar wave (Fig. 5).

The cell correlated with M2 lunar wave characterizes the upper part of the
Vrancea slab between 70 km and 90 km depth. The lower part of the seismic zone
is correlated with S2 solar wave from 140 km to 160 km depth which gives the
similar pattern with classical seismic tomography (Radulian et al. 2008) (Fig. 5).

6.2 Sliding space windows for Bucaramanga seismic zone

The spatial moving window was defined like a volume element with a square
surface of 11 km x 11 km and the height of 20 km. The HiCum is applied in every
cell if the number of seismic events is greater or equal 20.

The cells are shifted by 4 km both in the east-west and north-south directions,
between 72°W-74.5°W longitude and 5.0°N-9.5°N latitude and also downwards
with 10 km between 60 km and 265 km depth (Fig. 6).

All cells with p, and p, values < 5between 160 km and 180 km for case of M2
wave and between 170 and 190 km for S2 solar wave (Fig. 6).
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Fig. 6. Bucaramanga seismic zone. Distribution of intermediate-depth seismicity (gray circles) —
left part of the figure. Distribution of the correlation cells (ps and pp values < 5%) for M2 lunar
wave (black cells) and S2 lunar wave (white cells) — right part of the figure

6.3 Hindu Kush seismic zone

With the same procedure we investigate the spatial distribution of p, and p,
values smaller than 5% characterizing the correlation between M2 lunar wave, re-
spectively S2 solar wave and earthquake occurrence for Hindu Kush seismic zone.
The spatial moving window is a volume element with a square surface of
30 km x 30 km. Its height is of 30 km. The HiCum is applied in every cell if
the number of seismic events is greater or equal like 20.

The cells are shifted by 10 km both in the north-south and east-west directions
between 30°N-42°N latitude and 68°E-78°E longitude and also downwards with
10 km between 60 km and 370 km depth (Fig. 7).

The correlation between the both M2 and S2 tidal waves is confirmed with the
help of 1000 random synthetic time series events for the space sliding windows from
100 to 130 km and 210-240 km in depth.

7. “Tidal tomography” — a new concept

Seismic tomography is mainly built up with the inversion of seismic rays travel
in the earth. It is the most efficient way to obtain geophysical information about
the interior of the Earth. Earthquakes only can provide a sufficient quantity of
energy to the generated waves to arrive from a deep and very deep source to the
surface without be completely attenuated (Popa et al. 2005, Ivan 2006).

Tidal tomography is constructed by the correlation parameter of earth tide and
earthquake occurrence which allows studying the tidal effect in a locked zone both
in time and space, inversely; it also could help understanding the structure of the
hypocenters.
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Fig. 7. Hindu Kush seismic zone. Distribution of intermediate-depth seismicity (gray circles) —
left part of the figure. Distribution of the correlation cells (ps and pp values < 5%) for M2 wave

(black cells) and S2 wave (white cells) — right part of the figure

Our results presented in Section 6 shows that the correlations between two com-

ponents of earth tides and earthquake occurrences could obtain additional infor-
mation about the seismic zones. For the analysed zone, a 3D-view integrates the
evolution of the p, and p, values at each scanned layer in time and space. The
tidal tomography will be further more compared and analyzed with the seismic
tomography results.

8. Conclusions

1. We applied the HiCum stacking method on the earthquake catalog of the

Vrancea, Bucaramanga and Hindu Kush. The modulation tendencies of the
seismic activity produced by the two principal earth tide periodicities, S2 and
M2, are founded at each zone.

The results of the Schuster’s test (ps) and Permutation test (p,), validated
systematically by with synthesized random earthquake data. It confirms a
significant correlation between M2, respectively S2 semidiurnal waves, and
intermediate-depth seismic activity for some temporal windows, as a rule in
the vicinity of strong events.

The ps and p,, values decrease in the vicinity of a large earthquake, after it goes
up then decreases before another large event happens. Similar phenomena
were also reported in the study of the Tokai region earthquakes (Tanaka et al.
2006). This pattern could be considered as possible precursor. The physical
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consequences are the tidal effect, which could constrain the research on the
seismic source characteristics and their dynamical patterns.

4. We introduce tidal tomography maps of three intermediate-depth seismic
zones. The patterns of the tidal tomography partly represent reaction of
regional tectonic structure to the earth tide. Especially at Vrancea, the tidal
tomography of M2 and S2 waves gives the similar pattern with classical seis-
mic tomography (Radulian at al. 2008). This fact confirms the potentiality
of our method to complete other geophysical techniques in the rheological
pattern determination.
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