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1. INTRODUCCIO

El coneixement del subsol sempre ha estat objecte d’interes per part de ’home. Per
una banda és en els primers metres de la superficie terrestre on es desenvolupa la ma-
jor part de 'activitat humana pero també d’on s’extreuen bona part dels recursos que
proporciona la natura (minerals, aigua, hidrocarburs ...). L’obra civil, el disseny d’in-
fraestructures o la gestié de residus perillosos sén exemples d’activitats per a les quals
és fonamental un coneixement previ i acurat del medi, tant per dur a terme possibles
actuacions com per a preveure’n les conseqiiencies. Per altra banda també cal coneixer
I’escorca terrestre en fondaria, no només per el seu interes cientific i academic sind perque
molts aspectes que s’observen en superficie com ara el relleu, la distribucié de jaciments
minerals, el vulcanisme o la sismicitat troben la seva explicacié en l'estructura a gran
escala de l'escorca terrestre.

La forma més eficient per obtenir informacié del subsol de forma indirecta és mit-
jancant tecniques de prospeccid geofisica. Aquestes tecniques sén metodes no destructius,
cosa que fa molt 1til la seva utilitzacié en estudis superficials on és prioritari no alterar
la zona d’estudi. Per als estudis profunds no només soén utils, siné que es pot dir que
aquestes tecniques son gairebé les tiniques disponibles, ja que els sondejos mecanics, tot
i que proporcionen informacié molt detallada, només la proporcionen en el punt concret
on s’ha emplacat el sondeig, fent dificil la extrapolacié lateral de la informacio, i a més
impliquen un cost economic molt elevat. Els metodes de prospeccié geofisica es basen en
els mateixos principis fisics independentment de les peculiaritats de la zona d’estudi i de
la fondaria que vulguem assolir, aixo si, depenent del nostre objectiu hi hauran factors que
variaran enormement d’un cas a un altre com ara els parametres d’adquisicié, el dispositiu
experimental i fins i tot la instrumentacié a utilitzar.

En aquest treball es tracten diverses aplicacions d'un d’aquests metodes, a saber, la
tomografia sismica. Aixi doncs, en aquest treball es presenten diferents estudis duts a
terme a diferents escales i en diferents condicions geologiques. A priori, es podria pensar
que els cinc estudis que conformen el cos d’aquest treball no tenen cap interconnexié degut
a que no tracten la mateixa zona, ni el mateix context geologic i ni tan sols 'escala dels
treballs és la mateixa, de totes maneres, en tots ells s’ha utilitzat com a eina fonamental

la tomografia sismica, esdevenint aixi el fil conductor d’aquesta tesis. Mitjancant aquesta
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tecnica obtindrem un model de velocitats del subsol, cosa que per ella mateixa ja pro-
porciona informacio valuosa. També es pot utilitzar la tomografia sismica com a punt de
partida per a la implementacié d’altres tecniques més sofisticades que requereixen d’un
control exhaustiu de les velocitats en el medi, com poden ser correccions estatiques o mi-
gracions en fondaria. Per aplicar tecniques tomografiques es poden dissenyar experiments
especifics, pero un dels grans avantatges d’aquesta metodologia és que la podem utilitzar
en qualsevol conjunt de dades sismiques, en particular en dades sismiques d’incidencia
vertical i en dades de gran angle. En aquest treball s’han fet servir també en alguns casos
dades de sismica de reflexié que han proporcionat informacié complementaria de gran
utilitat per determinar 'estructura de la zona d’estudi.

Els capitols que integren aquesta tesis representen cinc estudis diferents que, malgrat
la seva rellevancia a nivell teoric, en la majoria dels casos responen a qiiestions practiques
plantejades en I'ambit de la prospeccié sismica. Per tant els resultats obtinguts i les
conclusions que se n’extreuen es poden considerar d’interes tant des d’un punt de vista

acadeémic com industrial.

1.1 Simulacions sintetiques

En quatre dels cinc estudis desenvolupats, s’han utilitzat en més o menys grau simulacions

sintetiques. El fet de treballar amb dades sintetiques presenta un seguit d’avantatges:

- Rapidesa: en poques hores i des del despatx es poden simular conjunts de dades

que en la realitat trigarien dies a ser adquirits.

- Flexibilitat en 'implementacio: es té una gran flexibilitat per a dissenyar el disposi-

tiu experimental, geofons i fonts es poden situar en qualsevol punt del model.

- Control de les dades: en tot moment es pot determinar la qualitat de les dades i
es poden modificar facilment parametres propis del senyal com ara la freqiiencia, el

tipus de font, I'interval de mostreig i el soroll.

- Costos reduits: avui en dia qualsevol ordinador capac¢ de realitzar aquesta tasca
és, com a minim, varis ordres de magnitud més economic que ’adquisicié real d'un

perfil de sismica.

Malgrat aixo, treballar amb sismogrames sintetics no esta absent de limitacions. Per
comencar estem suposant que les dades que hem creat sén equivalents a unes dades
reals, per tant implicitament suposem que els algoritmes que utilitzem per crear-les poden

reproduir exactament el comportament de la natura, cosa que no és del tot certa per que el
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propi fet de matematitzar el problema ja representa una aproximacio a la realitat. A més
en els casos aqui tractats, s’ha treballat amb dades creades sobre un model bidimensional,
fet que només possibilita una visié parcial del problema, ja que a la realitat el subsol
sempre és tridimensional.

Sovint és molt 1til realitzar simulacions sintetiques previes a un experiment real per tal
de discriminar dispositius experimentals poc favorables o poc resolutius. De totes maneres
no és recomanable treure de context el significat dels resultats obtinguts amb simulacions
numeriques, ja que dificilment podrem assegurar I’exit rotund d’un experiment basant-nos
en tests sintetics, doncs sempre la natura té la tultima paraula. Cal tenir present que en
un problema real les millors condicions experimentals que es poden donar sén, de lluny,
pitjors que qualsevol experiment sintetic. Les condicions climatiques, les limitacions dels
instruments d’adquisicié, 1'orografia del terreny o la presencia de soroll ambiental son
efectes molt dificils de neutralitzar que de ben segur quedaran reflectits en la qualitat de
les dades. Tot i aixi, un balanc dels pros i els contres d’aquesta forma de procedir, la fa
recomanable com ho demostra el fet de que actualment la simulacié numerica sigui una
practica ampliament extesa en molts ambits de la ciencia.

En la generaci6 de dades sintetiques s’han utilitzat dos softwares diferents depenent de
I’aproximacié escollida: actustica o elastica. Per al cas actustic s’ha utilitzat un programa
integrat en el paquet de processat Seismic Unix (SU) de Colorado School of Mines que
resol la propagacié d’ones actstiques en 2D via diferéncies finites, en canvi per al cas
elastic s’ha fet servir un codi propi, que també utilitza diferencies finites i que esta basat
en els treballs de Sochacki et al., 1987; Sochacki et al., 1991 i Zahradnik et al., 1994.

1.2 Metodologia: tomografia sismica

La tomografia sismica es va comengar a desenvolupar a meitat dels anys 70 quan es va
plantejar la necessitat d’obtenir imatges en 3D que establissin la distribucié de velocitats
de l'interior de la terra, va ser llavors quan van apareixer les primeres publicacions sobre
el tema (Aki et al., 1974; Aki and Lee, 1976; Aki et al., 1976; Aki et al., 1977). Els bons
resultats aconseguits amb la tomografia de raigs X (tomografia radiologica) en I’ambit
de la medicina van ser el precedent sobre el que es van basar les primeres experiencies
de tomografia sismica. Malgrat els punts en comu amb la tomografia radiologica, hi han
caracteristiques propies de la sismologia (com ara la curvatura dels raigs) que fan que el
problema esdevingui més complex matematicament parlant. Tot i aixi des de principis
dels anys 80 molts autors van dedicar els seus esforgos en aquest sentit (Paige and Saun-
ders, 1982; McMehan, 1983; Clayton and Comer, 1983; Nolet, 1983; Neumann-Denzau

and Behrens, 1984), desenvolupant algoritmes que, amb més o menys modificacions, sén
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Material Velocitat
Gres 2000 m/s
Calcaria 3000 m/s
Lutita 2400 m/s
Sorra saturada 2500 m/s
Aigua 1500 m/s
Aire 360 m/s
Guix 5800 m/s
Marga 2700 m/s
Argila 2000 m/s
Dolomia 4000 m/s
Granit 5500 m/s
Basalt 5300 m/s

Table 1.1: Velocitats tipiques dels materials més comuns

els que s’estan utilitzant actualment. En les inversions tomografiques s’acostuma a trac-
tar amb una quantitat de dades respectable, per tant des d’un principi les necessitats
computacionals van representar una restricciéo important sobre les possibilitats reals del
processat. Malgrat tot, en els darrers anys l'electronica ha posat a l'abast del public
maquines d’una capacitat considerable amb uns costos assequibles, raé per la qual la
utilitzacié d’aquesta tecnica s’esta estenent cada cop més en 'ambit de la prospeccio
geofisica.

La velocitat a que les ones mecaniques es propaguen a través d'un cos és una propietat
intrinseca de cada material, per tant en base a aquest parametre podrem identificar difer-
ents litologies. A la taula 1.1 mostrem alguns dels valors per als materials que trobem
habitualment. La identificacié velocitat-material no sempre és directa, hi ha materials que
presenten velocitats molt similars i que no podrem discriminar amb els resultats obtinguts
en la tomografia. A més a més, la velocitat tipica d'un material pot variar substancialment
segons l'estat en que es trobi, aixi la fracturacio, la compactacié o la saturacié modifiquen
notablement els valors que considerem estandards. A mode d’exemple podem citar un
treball de Marti et al., 2002 on en un experiment tomografic sobre granits s’han trobat
per aquesta roca velocitats de 4500 m/s, lluny del valor tipic per aquest material i que
ha estat associat a l'estat de fracturacié de la roca. Degut a aquest ventall de possibles
interpretacions, en molts casos un coneixement geologic de la zona es fa imprescindible
per tal de discriminar entre possibles solucions.

Com ja s’ha comentat previament, la tomografia sismica té per objectiu trobar un
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Fig. 1.1: FEzemple de dades sismiques. A la part superior s’observen dades adquiri-
des sobre el pluto granitic de la Bazana i on es poden identificar clarament les primeres
arribades (vermell). A la part inferior s’observen dades adquirides a la conca Faroe-
Shetland i on es poden identificar diferents fases: reflexio del fons mari (blau), reflexio
a la part superior del basalt (verd), refraccid del basalt (vermell), reflexio de la base del
basalt (lila) i reflexio de la part superior del basament (groc). Mentre que en les dades de
la part superior la identificacio de la primera arribada és clara @ no es fa cap interpretacio
addicional, a les dades de la part inferior, el fet d’etiquetar i identificar cada fase amb
una estructura geologica introdueix una interpretacio subjectiva que en certs casos podria

portar a resultats incorrectes.
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model de velocitats del subsol, tenint com a dades les localitzacions de les fonts i dels
receptors i els temps de viatge de les ones sismiques entre unes i altres.

En sismologia, els terratremols representen una font d’energia gens menyspreable tant
per la seva magnitud com per la seva abundancia, de fet les primeres aplicacions de
la tomografia sismica es van fer utilitzant gran quantitat d’aquest tipus de dades. El
problema que trobem en aquest cas és que no coneixem la localitzacié exacta de les fonts,
per tant aixo introdueix una font d’error important que es veu reflectida en una incertesa
en el temps de viatge, en aquests casos els programes utilitzats acostumen a incorporar
rutines de relocalitzacio dels epicentres per tal de minimitzar aquest efecte.

En totes les aplicacions que aqui es presenten només tractarem amb dades de sismica
activa, per tant les fonts i els receptors estaran completament controlats pel que fa a la
seva posicié en l'espai i en el temps. Un altre aspecte important que cal considerar és
I'escala d’estudi, en el sentit de que aquesta ens imposara restriccions importants sobre
el disseny de I'experiment i sobre el tipus de tomografia sismica més adient per tractar
el problema. Aixi, normalment, per estudis superficials (diguem entre 0 i 1500 m de
fondaria) només utilitzarem les primeres arribades de les ones P ja que, habitualment,
les primeres capes del terreny exhibeixen una gran heterogeneitat cosa que dificulta la
identificacié d’altres fases. En canvi per estudis més profunds (nivell cortical) podrem
utilitzar informacié d’altres fases. Aquesta diferéncia és important i introdueix un grau
de subjectivitat no menyspreable en el cas d’estudis profunds. En la major part de dades
sismiques d’una qualitat raonable és facil determinar univocament la primera arribada
per a un percentatge molt elevat de les traces de cada dispar. En aquest cas, la inversio
de primeres arribades no comporta cap interpretacio previa i per tant el resultat del calcul
matematic ens donara un model simplement condicionat per les dades. En el cas de dades
de sismica profunda, a més de les primeres arribades, es poden identificar altres events
coherents que reflecteixen discontinuitats a 1’escorca cosa que aporta informacié addicional
per a tractar el problema. El fet d’etiquetar diferents fases com corresponents a diferents
events ens introdueix un element subjectiu previ al calcul matematic: la nostra propia
interpretacié. En molts casos, el coneixement de la geologia de la zona i el fet de tractar
amb estructures relativament simples fa que aquesta interpretacié a priori sigui raonable
i ens porti a resultats coherents. De totes maneres si la geologia implicada presenta
dificultats (geometria complexa, inversié de velocitats...), la interpretacié a priori pot
portar-nos a identificacions erronies i en conseqiiencia a resultats incorrectes.

Resumint, la tomografia de primeres arribades és més limitada en quant a obtenir
resultats ja que només aprofita una petita part de tota la informacié continguda en una
traca sismica, pero aquests sén independents de cap interpretacié previa. En canvi, en

incloure d’altres fases en el processat, el model obtingut pot delimitar millor les estructures
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i aportar una informacié més completa, pero els resultats obtinguts poden incorporar un
cert grau de subjectivitat de I'interpretador. A la figura 1.1 es mostra un exemple dels
dos tipus de dades.

La tomografia com a tal no deixa de ser un mot especific que s’ha adoptat per referir-se
a la solucié del problema invers en el mén de la sismica. La tomografia és la solucié d’un
problema invers no lineal. Aixi, la solucié d’un problema tomografic es pot dividir en
dues parts clarament diferenciades: el problema directe i el problema invers. Els quals

tractarem de forma separada.

1.2.1 Problema directe

El problema directe consisteix en obtenir unes dades donats uns parametres coneguts. En
el cas que ens ocupa, els parametres seran la localitzacié de fonts 7 i de receptors 7. i un
model de velocitats concret v(7), i les dades a obtenir seran els temps de viatge ty, entre
fonts i receptors. La solucié d’aquest problema passa per una discretitzacié del model de
velocitats conegut. Per aquest proposit dividirem la zona d’estudi segons es tracti d'un
problema 2D /3D en cel-les quadrades/cibiques (cas de diferencies finites) o elements
triangulars/tetraedrics (cas d’elements finits). A cada cel-la o element hi associarem una
velocitat.

El tipus d’algoritme utilitzat per a resoldre aquest problema dependra de si es tre-
ballara només amb primeres arribades (problemes superficials) o bé s’inclouran altres
fases obtingudes de les dades (problemes a més fondaria). Per als casos profunds la dis-
cretitzacio del model de velocitats es fa a base de capes de diferents velocitats, ja que les
fases identificades correspondran a les refraccions en aquestes capes i a les reflexions en
les seves interficies. En aquest cas tradicionalment s’han utilitzat els anomenats shoot-
ing methods basats en la Llei d’Snell, ja que les reflexions i les refraccions a través de
les diferents capes “forcen” als rajos a recérrer les parts del model que ens interessen.
En el present estudi en concret s’ha utilitzat el software TTT (Trinks et al., 2005). Per
als casos superficials com només s’utilitzen primeres arribades, els metodes classics de
tragat de rajos no obtenen bons resultats per models amb forts gradients de velocitat o
amb inversions de velocitat, i per aquests casos en concret sén relativament lents com-
putacionalment parlant (Berryman, 1991). A més, les consideracions implicites de la llei
d’Snell suggereixen que les anomalies de baixa velocitat no poden ser detectades només
amb primeres arribades. Per tal d’evitar aquesta limitacié tecnica s’han utilitzat dos
paquets basats en dues variants de ’algoritme de Vidale per a la resolucié de I'equacio
de 'eikonal en diferencies finites (Vidale, 1988; Vidale, 1990). Aquests dos paquets sén
PSTOMO (Benz et al., 1996) basat en l'algoritme de Podvin and Lecomte, 1991 i FAST
(Zelt and Barton, 1998) basat en I’algoritme de Hole and Zelt, 1995. Aquests algoritmes
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estan basats en un esquema de diferencies finites que calculen el temps de viatge per a
qualsevol punt del model i no només aquells per on s’ha tracat un raig, per tant séon més

resolutius quan es treballa amb anomalies de baixa velocitat.

1.2.2 Problema invers

En el problema invers tenim una situacié diferent, donats certs parametres (localitzacié
de fonts i receptors) i unes dades (temps de viatge) hem de trobar uns altres parametres
(el model de velocitats).

En un problema generic, el temps de viatge al llarg d'un raig sera funcio de la geometria
d’aquest raig i de la velocitat v(7) del medi a través del qual viatja, el que hem de fer és
deduir v(7) a partir de les mesures de temps de viatge, aixi, per un parell font-receptor

donat, el temps de viatge vindra donat per:

ds
n= o

on S; és la trajectoria que segueix el raig. Aquest problema és complex ja que la incognita
v(7) té una dependencia amb la trajectoria del raig. Com es pot observar, aquest problema
és clarament no lineal, per tant per poder tractar-lo haurem de linealitzar-lo. Per fer aixo
considerem un model de velocitats conegut vy(7), per aquest cas podem calcular, via la

resolucio d’'un problema directe, els temps de viatge i la trajectoria dels rajos:

Ty = /S? Ug% (1.2)

on SY és la trajectoria que segueix el raig per al model conegut. Definirem el temps de

o ov(7) .
0T, = /S? vo(F)2d (1.4)

on 6v(r) = v(F) — ve(r). S’ha substituit la trajectoria real (desconeguda) per la tra-

retard com:

d’on queda:

jectoria coneguda, cosa que en funcié del principi de Fermat només introdueix errors de
segon ordre en el calcul de 07;. D’aquesta manera s’aconsegueix linealitzar el problema,
encara que aquesta aproximacié estara mancada de realisme si el model inicial vy(7) no
es troba realment proper al model real, el qual desconeixem. El segiient pas consisteix en

parametritzar el model de manera que sigui tractable per a un ordinador. Definim:
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0 en cas contrari

1 .
ha(7) = { Vi si 7 es troba a la cel.la i

Aixo s’escull aixi perque exigirem que aquesta parametritzacié estigui normalitzada, és a

dir:

|4

Podem considerar aquestes funcions com una base en la que podem expressar dv(7), aixi

per un model amb M cel.les tindrem:
M
S0(7) =Y whi(F) (1.6)
k=1
d’on deduim que:

= /V 50(Phi(F)dr (L.7)

que substituint a 1.4:

M M
Z 1 ., Z
- k=1 - /SO UO(F)27khk(r)d8 N k=1 Au 4

on:

Aip = —/ hk(F)st
50 vo(7)

En resum, hem partit d’un problema clarament no lineal, i mitjancant diverses aprox-

imacions s’arriba a l'expressio 1.8 que correspon a un sistema d’equacions lineals que en

forma matricial es pot expressar com:

Ay =6T (1.9)

En tomografia les dades que tractarem tindran els seus corresponents errors, a més
normalment el nombre de dades supera al d’incognites, per tant tindrem un sistema so-
bredeterminat i incompatible, la qual cosa significa que, en general, no existira una solucio
exacta per al sistema 1.9. Arribats aqui, el que s’intenta no és ja resoldre el sistema, sino
minimitzar la quantitat || Ay, — 0T;]|*>. Cal dir que aquest no és un problema especific
de la tomografia sismica, en molts ambits de les ciencies experimentals s’han de resoldre
problemes similars, cosa que ha portat al desenvolupament d’una gran quantitat d’algo-

ritmes i variants d’aquests. Per una explicacio detallada dels algoritmes que implementen
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els paquets de software utilitzats en aquest treball es poden consultar les fonts originals
de Paige and Saunders, 1982 i de Tarantola, 1987.

1.2.3 Procés iteratiu

Un cop sabem resoldre els problemes invers i directe podem plantejar una estrategia
per obtenir la solucié que busquem. Degut a la no linealitat intrinseca del problema
haurem d’utilitzar un procés iteratiu. Partirem d’un model inicial vy(7) que convindra
que sigui el més acurat possible. Amb aquest model resoldrem el problema directe cosa
que ens proporcionard uns temps de viatge teorics TP i amb aixd obtindrem el temps
de retard §77. Llavors s’ha de resoldre el problema invers del qual obtindrem un model
de velocitats vy (7). Amb aquest model resolem novament el problema directe i calculem
el nou temps de retard §77, si aquesta quantitat és suficientment petita per als nostres
proposits podem aturar el procés, altrament es continuara calculant un model vy(7), al que
li correspondra el seu 77 i aix{ successivament fins que obtinguem la precisi6 desitjada
o el procés convergeixi, és a dir, fins que, després de n iteracions la quantitat 67" no es

modifiqui apreciablement. Aquest procés iteratiu esta esquematitzat a la figura 1.2.

1.3 Context geologic i geofisic

Com ja s’ha comentat, aquest treball no es limita a una zona d’estudi amb un geologia
concreta. En els cinc capitols que conformen aquesta tesis, es consideren cinc situacions
diferents amb la seva corresponent geologia en les quals s’ha aplicat d’'una manera o una
altra la tomografia sismica. De totes maneres els casos tractats es poden classificar en tres
contextos geologics: plutons granitics (capitols 2 1 3), colades basaltiques (capitols 41 5) i
intrusions mafiques en 'escorga inferior (capitol 6). El denominador comu a tots aquests
casos és el contrast de velocitats, fet determinant per tal de que aquests problemes puguin
ser tractats amb la tomografia sismica.

Pel que fa a la correlacié entre la velocitat de propagacié de les ones sismiques i la
geologia, podriem establir una classificacié considerant dos grans blocs interdependents:
anomalies d’alta velocitat i anomalies de baixa velocitat. Els granits, basalts i materials
mafics presenten altes velocitats sempre que considerem la roca poc o gens alterada. Per
tant, estariem parlant del cas optim per a I'aplicacié de la tomografia sismica quan el que
ens interessa és localitzar, delimitar i caracteritzar les estructures formades per aquestes
litologies. En aquests casos les zones d’alta velocitat estaran ampliament mostrejades i
obtindrem resultats de gran fiabilitat. Per contra, les parts del model que presentin baixes
velocitats estaran inframostrejades i el model de velocitats per aquestes zones sera menys

fiable. Aquests dos suposits (anomalies d’alta i baixa velocitat) poden coexistir de forma
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Fig. 1.2: Esquema del procés iteratiu utilitzat per a la inversio tomografica
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conjunta en alguns casos, com ara una capa de sediments (baixes velocitats) coberta per
una colada basaltica (alta velocitat) cosa que fa el problema particularment complex quan

el que interessa és estudiar la zona de baixa velocitat.

1.3.1 Plutons granitics

En els capitols 2 i 3 s’han tractat dades adquirides sobre plutons granitics localitzats al
SE de la Peninsula Iberica. Encara que en els dos estudis es tracta d’estudiar el mateix
tipus de roca, els dos treballs s’han fet a escales diferents, fet que afegeix altres diferencies
entre els dos casos com poden ser el tipus d’adquisicio o bé el tipus de processat aplicat.

En el capitol 2 es caracteritzen els plutons granitics creuats pel perfil de sismica de
reflexié profunda IBERSEIS (Simancas et al., 2003; Carbonell et al., 2004) a la zona
d’Ossa Morena. Aquests materials daten del Carbonifer o del Paleozoic Inferior i pre-
senten un contrast de velocitats considerable davant dels materials encaixants consistents
basicament en pissarres, esquistos i basalts. Tot i que algunes d’aquestes roques, com
ara els basalts, presenten velocitats tipiques similars a les dels granits (veure taula 1.1),
hi han diversos factors que modifiquen aquest parametre fisic. En un procés d’intrusio
sempre tindrem que la roca que s’emplaca (en aquest cas granit) sera d’edat posterior
a la roca encaixant i per tant en el moment de la intrusié encara no ha estat afectada
per la meteoritzacié (a nivell superficial) ni per la tectonica propia de la zona. Per una
altra banda, el propi procés d’emplacament comporta un augment de temperatura cau-
sant una alteracié termica de les propietats de la roca encaixant. Aixi, mentre la roca
encaixant ha experimentat diverses modificacions, la roca emplacada conserva les seves
propietats fisiques inalterades. Tots aquests factors fan que la velocitat tipica de la roca
encaixant estigui per sota del que esperariem basant-nos en mesures de laboratori sobre
roques sense cap alteracid, fet que possibilita que existeixi un contrast notable que ens
permeti identificar clarament la intrusié granitica i determinar la seva morfologia fins a
fondaries de més de 1000 m.

En el capitol 3 totes les dades utilitzades han estat adquirides integrament sobre
el pluté granitic d’Albala. Per una descripcié detallada de la geologia es pot consul-
tar Escuder-Viruete et al., 2003. En aquest cas es tracta d’un estudi superficial d’alta
resolucié, per tant les fondaries assolides no van més enlla de 70 m. Al tractar-se de
dades adquirides sobre un mateix massis rocos, els possibles contrastos de velocitats no
son atribuibles a diferents materials sino al diferent estat en que aquests es troben. Hi ha
diversos factors que modificaran la velocitat tipica que caldria esperar per a un material

granitic:

- Meteoritzacié: Per tractar-se d'un estudi superficial, els agents atmosferics tenen
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una gran influeéncia en els primers metres de 1'area prospectada alterant la roca i

com a conseqiiencia la velocitat tipica de les ones sismiques en travessar-la.

- Estat de fracturacio: La presencia de falles o fractures deterioren la qualitat de la

roca fent-la menys compacta fet que es veura reflectit en una reduccio de la velocitat.

- Saturacié: La presencia de fluids també és un factor que modifica la velocitat tipica
d’un material ja que aquest parametre fisic no és independent del grau de saturacié

de la roca.

- Alteracions quimiques: Sovint, com a conseqiiencia de la circulacié de fluids dins
del cos rocos, la roca es veu alterada quimicament cosa que també tindra un efecte

no menyspreable en la velocitat.

Llevat de la meteoritzacio, els efectes de la qual només sén funcio de la fondaria i de la
meteorologia de la zona d’estudi, la resta de factors que poden influir en la velocitat solen
ser interdependents. La circulacié de fluids sovint es troba associada a la presencia de
falles i fractures, en ser aquestes zones preferents que possibiliten el transit de liquids en
el subsol. El mateix succeeix en considerar les alteracions quimiques, ja que aquestes es
donaran majoritariament en les proximitats de zones amb presencia de fluids en moviment
que puguin transportar els ions causants de les diferents reaccions.

La velocitat sismica en un massis granitic pot aportar molta informacié sobre I'estat
de la roca i si es complementa amb dades de sondejos, fa possible I'extensié d’una in-
formacié puntual a tota I'area d’estudi mitjancant la correlacié entre velocitats i d’altres

parametres, com ara l'index de fracturacié.

1.3.2 Colades basaltiques

Els capitols 4 i 5 tracten el problema de la visualitzacié sota capes de basalt al Mar
del Nord, més concretament a la conca Faroe-Shetland. Aquesta area ha estat sis-
tematicament estudiada per empreses petroleres ja que representa un reservori potencial
d’hidrocarburs. La conca Faroe-Shetland esta formada per una seqiiencia de sediments
mesozoics i terciaris pero en la proximitat de la plataforma de les Illes Faroes, aquests
sediments estan coberts per laves basaltiques del Paleoce-Eoce que van ser les responsables
de la formacié de les Illes Faroe. La topografia de la conca previa als episodis volcanics es
caracteritza per falles normals provocades per I'extensié i la subsidencia durant el Cretacic
i el Paleoce. Les colades basaltiques generades per les erupcions van omplir els espais en-
tre els blocs de falla i es van extendre en direccié al centre de la conca. Posteriorment
una altra seqiiencia de sediments es va dipositar sobre la capa basaltica. Aixo ens porta

a una configuracié en la que una capa amb materials basaltics (alta velocitat) es troba
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emplagada entre dos seqiiencies sedimentaries (baixes velocitats). Aquesta inversié de
velocitats representa, ja de per si, una limitacié per a la tomografia sismica.

En els estudis realitzats fins al moment, no hi ha hagut cap limitacié (llevat dels
problemes tipics de les dades marines: multiples, marees, etc.) per obtenir l'estructura
de la capa de sediments que es sobreposen al basalt, doncs per aquests casos les tecniques
convencionals de sismica de reflexié son suficientment resolutives. El problema es planteja
quan es tracta d’estudiar la capa basaltica i els materials que aquesta cobreix. En funci
de l'enfoc del problema, sovint s’han considerat les colades basaltiques com a cossos
amb propietats homogenies, pero des del punt de vista de la prospeccié sismica s’ha
de considerar una capa basaltica com un cos extremadament heterogeni pel que fa a la
propagacié de les ones sismiques en el seu interior. En particular, en la zona de les Illes
Faroe hi han diversos indicis geologics i geofisics que aixi ho confirmen (Chalmers and
Waagstein, 2006).

En el cas que ens ocupa, les erupcions es succeiren en diferents episodis i han es-
tat classificades en tres series: Inferior, Mitja i Superior. La composicié quimica i la
potencia varien substancialment d’una serie a una altra. En els periodes sense activitat
volcanica es van dipositar en els minims topografics lutites, carbons lacustres i sediments.
Com a causa de les diferents erupcions també es dipositaren gran quantitat de cendres
volcaniques, que degut a les seves caracterisitiques es van extendre fins i tot més enlla
de I'abast de les laves. Les parts més externes de les colades basaltiques es van veure
afectades per la meteoritzacid, causant una disminucié en la seva velocitat si es compara
amb les parts més internes que es van refredar lentament, sense cap influencia externa,
i per tant conservant una alta velocitat caracteristica. Malgrat que a gran escala les
colades basaltiques tendeixin a ser subhoritzontals, a petita escala les irregularitats en
les interficies sén molt marcades, fins i tot hi han autors que han atribuit a aquestes
interficies propietats fractals (Martini and Bean, 2002). Les interficies corresponents a
diferents fluxos de lava no soén suficientment importants com per a apareixer com events
diferenciats en la sismica de reflexid, pero si que provoquen multiples interns, conversio
d’ones, reverberacions i dispersio i atenuacié de ’energia sismica eliminant en gran part la
coherencia del senyal i alterant-ne la continuitat lateral que permetria identificar diferents
events dins del cos basaltic. Tots aquests factors que dificulten I'estudi d’un cos basaltic
també s’han de considerar quan es volen estudiar les estructures per sota d’aquest cos.
Una capa d’alta velocitat sempre causa un gran contrast d’impedancia acustica amb el
seu entorn, en aquest cas el principal problema que existeix per obtenir informacié de les
estructures sub-basaltiques és que la major part de ’energia sismica o bé es reflecteix o
bé viatja per I'interior de la capa de basalt, per tant el percentatge d’energia que arriba a

estructures més profundes és molt reduit. Si a aixd hi afegim que la qualitat (en termes
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de coherencia) del senyal experimenta un deteriorament notable en travessar el basalt, les
possibilitats d’obtenir una imatge sismica raonable de les estructures sub-basaltiques es
redueixen drasticament.

Mitjangant la sismica de reflexié convencional s’obtenen bons resultats en medis es-
tratificats i amb certa continuitat lateral, premises que no es verifiquen a la conca Faroe-
Shetland en les proximitats de les Illes Faroe. Per tant, per tal de millorar els resul-
tats obtinguts fins al moment s’ha optat per aplicar una migracié pre-stack en fondaria.
En aquest apartat no es pretén fer una exposicié detallada sobre els fonaments teorics
d’aquesta metodologia, el que si cal comentar és que el fet clau per a una correcta apli-
cacio d’aquesta metodologia passa per un control exhaustiu de les velocitats. En aquest
sentit, el capitol 4 esta dedicat a l'estudi de les limitacions intrinseques en l’obtencio
d’un model de velocitats en presencia d’una inversié de velocitats. Determinar les ve-
locitats en les zones sub-basaltiques del model requereix de l'inversié de diferents fases
(no només primeres arribades), ja que en certa manera s’ha de forgar a l’algoritme que
resol el problema directe a “visitar” aquestes zones del model mitjancant les reflexions i
refraccions en capes profundes. Per tant, implicitament ja es fa una interpretacié previa
de les dades. En aquest capitol s’estudia l'efecte d’aquesta interpretacié a priori sobre el
resultat final mitjancant diverses simulacions sintetiques i s’estableixen certes limitacions
que s’haurien de considerar en el tractament d’aquest problema.

Al capitol 5 s’han reprocessat unes dades d’'una linia de sismica de reflexié adquirida
a la conca Faroe-Shetland. S’han aplicat dos tipus de processat: un processat de sismica
de reflexié més o menys convencional i la migracié pre-stack en fondaria. Amb la primera
metodologia s’obté una imatge detallada dels sediments que es troben per sobre del basalt,
pero per sota de la interficie superior del basalt la imatge esdevé poc clara fent impossible
qualsevol interpretacié realista. En aplicar la migracié pre-stack en fondaria es perd
definici6 en les capes més superficials, pero es recupera senyal coherent per sota del basalt,
cosa que permet fer una interpretacié tant de la base de la capa basaltica com de la part

superior del basament.

1.3.3 Intrusions mafiques

En el capitol 6 la zona d’estudi es situa al Massis Iberic, al SO de la Peninsula Iberica.
Aquesta zona forma part de 'orogen Varisc i s’hi poden identificar tres unitats tectoniques
clarament diferenciades: Zona Sud-Portuguesa (ZSP), Zona d’Ossa-Morena (ZOM) i Zona
Centre-Iberica (ZCI). Els limits respectius d’aquestes tres unitats han estat interpretats
com a zones de sutura degut a la presencia de roques d’alta pressio i roques amb signatura
oceanica. Cadascuna d’aquestes unitats mostren diferents caracteristiques tant a nivell

superficial com en profunditat. Un estudi detallat de la geologia de la zona es pot trobar
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a Simancas et al., 2001. Aquesta zona ha estat recentment estudiada mitjancant el perfil
de sismica de reflexié IBERSEIS (Simancas et al., 2003; Carbonell et al., 2004) i un
experiment de gran angle coincident en part amb l'anterior (Palomeras et al., 2008), fets
que han permes coneixer I'estructura de I'escorca i la seva composicié.

En la imatge obtinguda del perfil de reflexi6 IBERSEIS, un dels fets més rellevants
és la presencia d’una banda molt reflectiva d’uns 175 km de longitud situada a ’escorca
mitjana (12-18 km) en la zona d’Ossa-Morena/Centre-Ibérica. Aquest cos ha estat eti-
quetat com a IRB (lberseis Reflective Body). En 'experiment de gran angle dut a terme
amb posterioritat (Palomeras et al., 2008), els models de velocitats obtinguts han deter-
minat unes velocitats per al IRB, d’entre 6.8-7.1 km/s més propies de l'escorca inferior
que no pas de l'escorca mitjana. Degut a aquesta alta velocitat i a la gran reflectivitat
s’ha atribuit a aquest cos una composicié mafica amb origen en un intrusié magmatica.
Aquesta hipotesi explicaria la presencia d’intrusions mafiques a la zona d’Ossa-Morena
durant el Carbonifer. A més, la inusual concentracié de diposits minerals i 'existencia de
roques amb metamorfismes que requereixen altes temperatures i baixes pressions també
afavoririen aquesta interpretacio.

El treball desenvolupat al capitol 6 d’aquesta tesi es centra en un dels perfils de gran
angle adquirits a la zona. Aquest perfil es caracteritza per la gran quantitat de receptors
utilitzats per a la seva adquisicié. Aixo0 es tradueix en un perfil de gran angle amb un
espaiat entre estacions de l'ordre de 150 m, fet que ha permes d’aplicar tecniques de
sismica de reflexié per obtenir un stack. La imatge resultant es caracteritza per una
gran reflectivitat a nivells d’escor¢ca mitja i escorca inferior. ElI Moho s’identifica amb
una franja molt reflectiva d’un gruix variable que oscil.la entre 1 i 2 segons. Aquest
fet no és extrany ja que l'escorca inferior es caracteritza, en general, per exhibir una
alta reflectivitat formada per reflectors discontinus de poca longitud, en contrast amb
una relativa transparencia de I'escorca superior. Aquesta variacié en la reflectivitat s’ha
atribuit a canvis en la composicié de 1’escorca inferior.

Utilitzant el model de velocitats obtingut per Palomeras et al., 2008 s’ha realitzat una
simulacié sintetica per intentar reproduir les principals caracteristiques identificades en
els tirs de camp. Els events més rellevants es poden recuperar, pero en comparar les dades
sintetiques amb les dades reals es demostra que amb el model de velocitats utilitzat no
es pot reproduir tota la complexitat que exhibeixen les dades reals pel que fa a la seva
reflectivitat.

La teoria de la sismica estableix que el diametre de Fresnel ve donat per I'expressio:

2
d =~ 22)\+Z (1.10)

i aquesta és la dimensié del cos més petit que es pot detectar amb metodes sismics. Per



Context geologic i geofisic 17

tant aquesta dimensié representa el limit inferior per a la resolucié lateral, i els cossos
menors que el diametre de Fresnel no es podran visualitzar com a events sismics coherents.
De totes maneres, les difraccions provocades per les ones sismiques tindran un efecte en les
dades enregistrades, ja que la seva interferencia constructiva pot justificar els coeficients de
reflectivitat observats, sovint més alts que els calculats en base a la composicié quimica de
Iescorca. Aquests coeficients depenenen dels contrastos d’impedancia acustica, per tant
per explicar tant la seva magnitud com la reverberacié observada en les dades reals s’ha
considerat una escor¢a laminada. En aquest cas, el material intrusiu s’hauria dipositat en
lamines de dimensions menors al diametre de Fresnel, fent impossible diferenciar-les com
a events sismics independents, pero si que exercirien una influencia tant en la reflectivitat
sismica com en 'augment de la velocitat de les ones P.

Per tal d’avaluar aquesta hipotesi, s’han realitzat unes simulacions amb un model de
velocitats basat en el model de Palomeras et al., 2008 pero amb modificacions a nivell
d’escorca mitjana, escorca inferior i Moho. Les variacions han consistit en unes alteracions
aleatories del model per tal de simular els efectes de la possible intrusié mafica. FEls
sismogrames sintetics resultants reprodueixen els principals events que s’observen en les
dades reals, ja que 'aleatorietat en la modificacié del model de velocitats no altera les
propietats promig en quant a velocitats. En aquest cas pero, els resultats obtinguts també

reprodueixen parcialment els patrons de reflectivitat observats en les dades reals.
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Abstract

The parameters used for the acquisition of the IBERSEIS deep seismic reflection profile in the SW Iberian Peninsula provide
seismic images of the deep crust as well as a high resolution section of the shallow subsurface. A very dense array of sources and
receivers allowed high resolution tomographic studies in zones of special interest (granitic plutons). The three dimensional
tomographic inversion produced velocity models along a 500 m wide and 1000 m deep strip along the IBERSEIS transect in the
areas of La Bazana, La Dehesilla, Feria and Villafranca. In these high resolution velocity models (sampled by 50 x50x50 m
cells), high velocity anomalies indicate the geology and extension of the granitic plutons at depth. This directly correlates with the
surface outcrops. Moreover, tomographic models provided valuable information for the geometry and characterization of
fractured and fresh domains in a rock volume. Furthermore, a piggy back seismic acquisition experiment using additional seismic
instrumentation from the University of Paris Sud (40-channel DMT) provided perpendicular, offline recordings of the Vibroseis
sources. This additional recording system was deployed perpendicularly to the main IBERSEIS seismic reflection line and
provided additional 3D control.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Seismic tomography; Seismic velocities; Granite seismic properties

1. Introduction techniques. The most common among them have been
gravimetric modeling (Bott and Smithson, 1967) and
Granitic intrusions in the upper crust have been mapping of the anisotropy of magnetic susceptibility

widely studied by means of several geophysical (Guillet et al., 1983; Roman-Berdiel et al., 1995),
combined with detailed surface information (Roman-
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also have been used successfully in delineating the
internal structure of granitic bodies (Mair and Green,
1981) and to obtain information about the emplacement
mechanism (Brown and Tryggvason, 2001).

During the last decade, granitic plutons also have
been studied in detail as a topic of interest for
environmental applications (Juhlin, 1995; Juhlin and
Palm, 1999). Among the crystalline rocks, granites show
appropriate properties to become the host sites for
hazardous waste (Astudillo, 2001). Therefore, knowing
the internal structure and properties of the rock is
mandatory. Application of geophysical techniques to
image the shallow subsurface has shown that it is a
difficult target (Steeples et al., 1997). This is mostly due
to the high degree of heterogeneity and variability of
physical properties that characterize the near surface
zone. The first few meters are strongly influenced by
weathering, for example the flow of water through
fractured zones modifies the physical properties and
induces chemical reactions, thus altering the rock
properties around the fractures and changing the velocity
structure within the shallow layer. In order to obtain a
reliable model of this shallow layer, high resolution
studies must be undertaken. Previous work (Morey and
Schuster, 1999; Marti et al., 2002a,b; Flecha et al., 2004)
has shown that 3D source-controlled seismic tomogra-
phy techniques can provide a detailed velocity model of
a rock volume. In massifs composed by single rock
types, seismic velocity is a valuable parameter because it
can be correlated with other physical properties of the
rock such as porosity and/or degree of fracturing
(Escuder-Viruete et al., 2001, 2003).

The IBERSEIS seismic profile was designed to
provide a detailed high-resolution crustal image of the
Variscan Belt in the Southwestern Iberian Peninsula
(Simancas et al., 2003; Carbonell et al., 2004). The
dense source and receiver spacing (70 and 35 m
respectively) and the crooked-line acquisition geometry,
provide the opportunity to perform specialized proces-
sing to assess the shallow subsurface (Fig. 1). The trace
of this profile intersects several granitic plutons in the
Ossa Morena Zone (Fig. 1). Some of these plutons have
already been studied at a crustal scale which is the case
for the La Bazana pluton (Simancas et al., 2000), but no
previous studies have been carried out to obtain a
detailed model of the internal structure of the shallower
parts of these bodies.

In order to provide three dimensional constraints in
the neighbourhood of the granitic plutons, a comple-
mentary piggy-back acquisition experiment was carried
out by the high resolution research team of the
University of Paris Sud at Orsay. This research team

provided a 40-channel DMT system which was
deployed perpendicular to the trace of the main profile
in four areas: La Bazana, La Dehesilla, Feria and
Villafranca (Fig. 1).

In the present work, three-dimensional high-resolu-
tion first arrival travel time tomographic inversions
were performed using the first arrivals of the Vibroseis
shots along the IBERSEIS profile that were recorded
by both the main acquisition SERCEL and the DMT
piggy-back recording systems. Crooked-line geometry
along the IBERSEIS profile justifies the use of a 3D
tomographic scheme by means of which a velocity
model along 500 m wide and 500 to 1500 m deep strip
is produced.

2. Geological and geophysical background

Exposed within the Iberian Massif are abundant
plutonic rocks of Late Proterozoic and Paleozoic age. In
this work four areas have been studied: La Bazana, La
Dehesilla, Feria and Villafranca, all of which lie in the
Ossa Morena Zone (SW Iberian Peninsula) (Fig. 1).
Among the granites cropping out in those areas,
geochronological data are available only for the
Salvatierra de Barros granite, in La Dechesilla area
(516 Ma, U-Pb monazites, Oschner, 1993). Deforma-
tion fabrics suggest a Carboniferous emplacement for the
La Bazana and Feria granites (Simancas et al., 2003).

In the La Bazana area, the granitic pluton lies to the
south of the town of Jerez de los Caballeros (Fig. 1) and
consists of a 20 km? circular outcrop with a 250 m thick
thermal aureole. Contacts with host rocks are shallowly
dipping especially in the northern part of the area where
contacts dip 15-20° to the north. The timing of the
intrusion is not well defined but is certainly later than the
first Hercynian deformation phase and probably is also
later than the second deformation phase (Coullant et al.,
1981).

In the La Dehesilla zone, the profile intersects the
Salvatierra de Barros granite, a pre-Hercynian elongated

Table 1
Velocities for compressional waves from laboratory measurements
(Carmichael, 1982)

Lithology Velocity (km/s)
Amphibolite 6.06
Basalt 5.60
Eclogite 6.65
Gneiss 6.00
Greywacke 5.76
Schists 5.49
Slates 5.80
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Acquisition parameters used in the IBERSEIS profile (from Simancas

et al., 2003)

Acquisition parameters

Description

Number of channels
Station spacing
Station configuration
Source type

Sweep frequencies
Sweeps per VP
Sweep length
Recording length
Record length after correlation
Source spacing
Sample rate

(400 total) active minimum
35m

12 geophones per string in line
4, 22 TM vibrators

8—80 Hz

6

20s

40 s listening time

20s

70 m

0.002 ms

plutonic outcrop of 60 km?, intruded in Upper
Proterozoic rocks. The magmatic intrusion gave rise to
a 1 km thick thermal aureole.

Little information is known about the Feria granitic
body, which is located to the west of Feria. The
identified granitic outcrop is not crossed by the profile
but, as discussed in more detail below, a velocity
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anomaly can be identified at depth. Furthermore the
surface geology suggests that the granite body extends
towards the east, beneath the surface cover.

Villafranca area includes the Badajoz-Cérdoba Shear
Zone which represents the limit between two main
tectonic units, the Ossa Morena Zone to the SW and the
Central Iberian Zone to the NE. This area is highly
heterogeneous; it includes some high-pressure metamor-
phic rocks, including retroeclogites and amphibolites
with oceanic chemical signatures (Simancas et al., 2003),
which contrast with slates and schists.

Compressional wave velocities for representative of
those found along the profile have been obtained from
laboratory measurements of rocks in several areas
around the world (Table 1). Naturally, such measure-
ments represent typical velocity values, which can
change depending on water saturation, chemical
composition and degree of metamorphism (Carmi-
chael, 1982). In the area, greywackes, schists and
slates are slightly metamorphized therefore the veloc-
ity expected for these rocks should be lower than
values presented in Table 1. Furthermore, the rocks in
the area were affected by Hercynian deformation that
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Fig. 3. Data recorded in the La Dehesilla area. a) Data from the main IBERSEIS profile and b) data from the additional DMT instrumentation. A
Butterworth bandpass filter (5—10—-50—60 Hz) has been applied in order to improve the signal to noise ratio. Divergence spreading correction and a
gain have been used to enhance first breaks at long offsets. The distance between channels was 35 m for a) and 25 m for b).
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may have resulted in an alteration of mechanical
properties and a reduction in velocity. Log velocity
data and fracturation index for granite (Fig. 2) were
available to a depth of 500 m from a borehole in the
Albala Pluton (Escuder-Viruete et al., 2001; Marti et
al., 2002a,b; Escuder-Viruete et al., 2003), which is
located in a nearby area. Following this data, high
velocity zones imaged in tomographic models can be
correlated with granitic plutons in some cases. From
the log measurements, two major domains can be

differentiated as shown in the statistical analyses in
Fig. 2: a shallower one from 0 to 170 m depth that
features highly variable velocities due to fracturing
and weathering, as shown in fracturation index graph,
and a deeper one from 250 to 500 m depth with a
more regular velocity distribution. Note that in the
Villafranca zone some other high velocity materials
outcrop along the trace of the profile as amphibolites,
gneisses and eclogites (Fig. 1) that will be also
mapped in the velocity models.
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Fig. 4. Tomographic results of the La Bazana area. a) Ray coverage diagram, (white color below topography stands for coverage exceeding 900 rays),
b) velocity model where ray coverage is not null and geology mapped at surface, and c) residual travel times for La Bazana area. Horizontal white
band in the upper part of the images shows the topography. Vertical white bands are due to the lack of receivers because of the presence of towns. Red
dashed lines delineate interpreted pluton boundaries.



L Flecha et al. / Tectonophysics 420 (2006) 3747

3. Data processing
3.1. Data acquisition

The IBERSEIS deep seismic reflection profile was
acquired in the southwestern part of the Iberian Massif
during spring—summer 2001. Four 22-metric-ton
Vibroseis trucks functioned as sources and a 20 s
Vibroseis sweep with a frequency band from 8§ to
80 Hz was used as input. The trace of the profile
followed roads which resulted in a crooked-line
geometry. Stations were deployed every 35 m, and
sources were located with a spacing of 70 m between
array centers. During the acquisition a minimum of
240 channels were active (Table 2). Details of the
acquisition, processing, interpretation and application
on the large scale profile can be found in Simancas et
al. (2003) and Carbonell et al. (2004).

Additional instrumentation consisted of a 40-channel
DMT system that provided perpendicular offline

43

recordings of the Vibroseis shots. This instrumentation
was deployed on the granitic bodies in the area of study,
with a receiver-station spacing of 25 m.

3.2. Seismic tomography

First arrival seismic tomography, which was
employed in this study, uses as inputs the travel times
between sources and receivers and their locations. To
achieve accurate first break picking, pre-processing is
mandatory. In this case some first arrivals were not very
clear and a bandpass Butterworth filter was applied (5—
10-50—-60 Hz) to improve the data quality and increase
the signal-to-noise ratio (Fig. 3). Data from the
IBERSEIS profile were amplitude corrected for spher-
ical divergence to enhance signal at long offsets.

The tomographic inversion has been carried out
using the “PStomo” software developed by Benz et al.
(1996) and Tryggvason (1998). In this software
package, a 3D finite-difference scheme is applied to
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Fig. 5. Tomographic results of the La Dehesilla area. a) Velocity model for the La Dehesilla area and geology mapped at surface. Velocity model is
only shown where cells are sampled by rays. b) Residual travel times. Horizontal white band in the upper part of the images shows the topography.
Vertical white bands are due to the lack of receivers because of the presence of towns. Red dashed lines delineate interpreted pluton boundaries.
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calculate forward travel times (Hole and Zelt, 1995) and
the LSQR algorithm (Paige and Saunders, 1982) is used
to solve the inverse problem. Since the inversion process
is sensitive to the initial model parameters, a realistic
(although highly simplified) initial velocity model was
chosen to avoid local minima. The initial velocity model
consisted of a vertical gradient increasing from 4000 m/s
at the surface to 6000 m/s at 2000 m depth. These high
velocities are supported by surface geology observed
within the study area, which is characterized by a very
thin sedimentary cover where slates, basalts and granites
frequently outcrop (Fig. 1).

Since the computational effort in this iterative
inversion scheme is proportional to the number of
nodes in the velocity model, the target areca was
optimized looking for the minimum area of rectangular
shape at the surface that enclosed sources and receivers
obtaining a swath along the main transect. This resulted
in a sensible decrease of the computing time. The final
velocity models consisted of a grid of cubic cells with
dimensions of 50x50x50 m. Ten iterations were
carried out in every case resulting in a regular decrease
in the residual times, which assured the convergence of

a)
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the iterative process. Final model results for each of the
four studied are presented below.

4. Results
4.1. La Bazana

This area features a high velocity zone in the
subsurface between stations 4400 and 4500 (Fig. 4a)
which correlates with the exposed La Bazana granitic
pluton (Fig. 1). Velocities up to 5800 m/s are observed
in the inner part of the anomaly, inferred to correlate
with the granitic body at depth, while near the
interpreted margins of the granitic body, velocities
decrease down to 5200 m/s. On the basis of its
correlation with outcropping granite at the surface and
the sharp velocity gradients toward the margins of the
body, the contacts between granite and country rock
can be inferred. Furthermore, the observed difference
in velocities inside the granite probably correlates with
rock properties. High velocities (inner core of the
pluton) are likely related with fresh and unaltered rock
and lower velocities could be indicative of alteration of
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Fig. 6. Tomographic results of the Feria area. a) Velocity model for the Feria area and geology mapped at surface. Velocity model is only shown where
cells are sampled by rays. b) Residual travel times. Horizontal white band in the upper part of the images shows the topography. Vertical white bands
are due to the lack of receivers because of the presence of towns. Red dashed lines delineate interpreted pluton boundaries.
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the rock due to the interaction between granite and
host rock in the emplacement process as suggested by
granitic log velocities in Fig. 2. The ray coverage
diagram (Fig. 4b) shows that the velocity model is well
constrained in the high velocity zone from the surface
to a depth of 700 m.

4.2. La Dehesilla

In the La Dehesilla area, the velocity model from
the tomographic inversion displays an extensive high-
velocity region (5200-5300 m/s) between stations
5000 and 5300 (Fig. 5). The upper limit of this
anomaly is at a depth of 700 m at station 5000 and
becomes shallower towards the NE until it reaches the
topographic surface at station 5150. From station 5150
to about station 5300, the anomaly can be followed
along the surface and correlates with the location of the
Salvatierra de Barros granitic unit (Fig. 1). The ray

coverage diagram shows good coverage down to a
depth of 900 m and, therefore the velocity model can
be considered reliable to this depth. The horizontal
irregularity of the high velocity anomaly between
stations 5000 and 5300 can be caused by: (1) the
crooked-line geometry of the acquisition and (2) the
high deformation of the granitic body indicated in the
geological mapping which results in narrow gradients
which could be caused by narrow fractured areas
within the granitic body. Probably, the image is a result
of both contributions.

In order to separate both effects, a dense 3D
experiment would be required. The inferred transition
from the granitic body to the host rock is characterized by
a smooth velocity gradient, which may be a consequence
of'the 1 km thick thermal aureole caused by the intrusion.
These results also support an interpretation that the
Salvatierra de Barros complex extends at depth to the
SW.
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Fig. 7. Tomographic results of the Villafranca area. a) Velocity model for the Villafranca area and geology mapped at surface. Velocity model is only
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4.3. Feria

A prominent high-velocity anomaly is mapped in this
area between stations 5650 and 5700 (Fig. 6). Although
the IBERSEIS profile does not intersect the Feria
granitic outcrop, this high velocity anomaly most
probably can be correlated with the granitic body that
outcrops 500 m to the S of the trace of the profile (Fig.
1). Therefore, as in the case of La Dehesilla, the
tomograms indicate that this granitic body extends at
depth from the outcrop to the north beneath the
IBERSEIS profile. As in the La Bazana case, the inner
part of this anomaly features higher velocities than the
outer; therefore, different domains from fresh and
unaltered (5800 m/s) to thermally metamorphosed
rock (5200 m/s) can be inferred. Good ray coverage
exists for this area to a depth of 1200 m, and thus the
velocity increase towards the center of the velocity
anomaly suggests an onion-like structural configuration
for the granitic intrusion.

4.4. Villafranca

In this region, several high velocity zones are
displayed in the final velocity model (Fig. 7). A
5800 m/s anomaly is located close to the surface between
stations 6050 and 6120. Despite its shallow position no
clear interpretation can be provided for this anomaly. A
similar situation can be observed between stations 6250
and 6280 where a clear, localized, high velocity anomaly
is displayed but its location in depth (from 400 to 800 m)
makes an interpretation difficult because it cannot be
correlated with any structure in the surface geology.
However a sharp lateral discontinuity in velocity at
station 6280 is imaged which correlates with a fault
mapped at the surface and permits this structure to be
traced in depth. In the area surrounding station 6400, a
high-velocity anomaly can be correlated with outcrop-
ping high-pressure metamorphic rocks. A velocity of
6000 m/s agrees with values expected for amphibolites
and retroeclogites (Table 1). In this case, good ray
coverage is obtained down to 1500 m.

5. Conclusions

Along the IBERSEIS transect in the Ossa Morena
Zone (OMZ) in southwestern Spain, 3D seismic
tomography illustrates the correlation of high-velocity
anomalies with granites mapped at the surface. Lower
Paleozoic granitoids have been imaged as bodies with
relatively uniform velocity distribution and average
velocity of ~5300 m/s. In contrast, carboniferous

granitoids show layered velocity distributions with
high velocity cores (~5800 m/s) and lower velocity
aureoles next to their margins (~5200 m/s). High
velocities within the granites have been associated with
fresh volumes of rock, while decreases in velocity are
inferred to show altered/fractured zones within granites.
Contacts with host rocks feature a negative velocity
gradient caused by alteration that usually exists in the
neighbourhood of thermal aureoles in granitic intrusions.
The La Bazana and La Dehesilla granitic plutons seem to
extend to 700 m in depth beneath the seismic profile,
while the Feria pluton may reach a depth of as much as
1000 m. In the Villafranca area, some outcropping high-
pressure metamorphic rocks are associated with high
velocity anomalies (~ 6000 m/s). Furthermore, a sharp
lateral discontinuity correlates with a fault mapped at the
surface and enables mapping of this structure in depth. In
the La Bazana case, results agree, at the experiment
scale, with previous works, which used gravimetric and
magnetic techniques to infer the geometry of the granitic
pluton. The results obtained in this work demonstrate the
success of a methodology rarely applied to the research
of plutonic bodies.
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Abstract

Theoretical considerations (Snell’s law) suggest that low-velocity fanomalies are undersampled and therefore should be
poorly resolved by inversion schemes based on ray-tracing methods. A synthetic study considering a 40x20 m low-velocity
anomaly (300 m/s) placed at the center of a 400x50 m block with gradient background velocity model (from 3000 m/s at the
surface to 4000 m/s at the base) indicates that the low ray density in ray-tracing coverage diagrams of tomographic inversion
studies can be used as evidence for the existence of low-velocity anomalies. Combined normal incidence seismic reflection
images and the velocity models obtained by tomographic inversions of first-arrival travel times form an efficient scheme to
resolve low-velocity anomalies such as fracture zones. Furthermore, the velocity models derived from tomographic inversions
are used in a wave equation datuming algorithm to account for statics caused by a strongly laterally variable shallow surface
(weathering) layer and provide seismic reflection images of fracture zones (low-velocity anomaly) within a granitic pluton.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A large amount of human activity involves an
interaction with the shallow subsurface; therefore,
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knowing its internal structure is a topic of major
interest among Earth scientists. For example, the
shallow subsurface is the host of our waste (toxic,
nontoxic, radioactive, etc.), and from the shallow
subsurface, we also obtain valuable natural resources
such as water and minerals. Therefore, this layer is the
target of environmental assessment studies. For the
last 20 years, geophysical imaging of the shallow
subsurface has been a rapidly evolving topic. Among
the geophysical methodologies that have been applied
to high-resolution imaging of the shallow subsurface,
seismic techniques have been one of the most
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commonly employed and feature a large degree of
success (Juhlin et al., 1991; Steeples, 1998; Morey
and Schuster, 1999; Juhlin et al., 2000; Teixido,
2000). The shallow subsurface is the zone that
presents the largest variability in velocity constrasts.
It is the most heterogeneous layer where most of the
wave conversions and/or scattering phenomena take
place (Kanasewich et al., 1983; Holliger and Rob-
ertsson, 1998). Low-velocity bodies are present within
this layer (subterranean cavities, water flows or
fractures).

Wave equation considerations imply that the
heterogeneities and the velocity contrasts are respon-
sible for the scattered energy, and ray bending breaks
up the wavefront. All these disrupt the final image that
can be produced by high-resolution shallow seismic
techniques. In these cases, static corrections are a
critical processing step. These static corrections need
to be precise, and they require detailed knowledge of
the velocity model and more than one trace to account
for ray bending and scattered energy (Berryhill,
1979).

Within the research program of the Spanish
radioactive waste managing company (ENRESA),
we have tested, validated and studied the resolving
power of several geophysical techniques to character-
ize heterogeneities in the shallow subsurface
(Escuder-Viruete et al., 2001; Marti et al., 2002a,b;
Escuder-Viruete et al., 2003a,b) in a granitic pluton
located in the Variscan Iberian Massif (Julivert et al.,
1966). The test site is an old abandoned uranium
mine that exploited two subvertical dykes (27 and
27") between 1955 and 1975 and has since been
abandoned. The Albala granitic pluton can be
described as a concentric zoned body elongated in
the N—S direction. Surface geological mapping of the
area of this pluton has revealed a complex network
of subvertical faults and joints, which are indicative
of a complex deformation pattern. The main surface
geological feature is a 5 to 20 m variable width
brittle, low-dipping (approximately 30°) fracture

trending NO72°E to NO8O°E known as the North
Fault (NF) (Fig. 1). In order to image this low-
velocity fracture zone, we use the NS oriented high-
resolution seismic reflection profile “RTNS010”
which intersects perpendicularly the trace of NF.
Additional constraints were obtained from logs
acquired in boreholes (SR2 and SR3) which intersect
NF at depth (Fig. 1).

Imaging low-velocity anomalies using seismic
techniques is the main objective of this paper.
Therefore, we test the resolving power of high-
resolution seismic tomography using synthetic data.
The synthetic analysis indicates that low-velocity
anomalies can be appropriately constrained by
combining the stacked seismic image, the velocity
model and the ray-tracing coverage diagrams. Fur-
thermore, we use the seismic techniques to image the
fracture network within a granitic pluton. The high-
resolution seismic tomography provides a detailed
velocity model of the shallow subsurface. This is
used to perform wave equation consistent static
corrections (wave equation datuming) which improve
the seismic reflection images.

2. Synthetic study
2.1. Synthetic data set

In order to test the available travel time inversion
schemes (Benz et al., 1996; Zelt and Barton, 1998),
a series of synthetic data sets were obtained using a
finite difference algorithm that simulates acoustic
wave propagation in a two-dimensional velocity
model. The model includes a 40x20 m low-velocity
anomaly located within a 400x50 m background
velocity field (Fig. 2a). This background velocity
field consisted of a vertical gradient from 3000 m/s
at surface to 4000 m/s at the base of the model,
which was derived from results of previous studies
in this area (Marti et al., 2002a,b). The cell size of

Fig. 3. (a) Wave propagation through the velocity model at different times for source located at x=0 and z=0. At 0.06 s, the wavefront reaches
the anomalous zone undergoing a clear deformation (from 0.07 to 0.12 s). At 0.12 s, the perturbation has affected the whole model but for the
inner anomaly zone. Note that diffractions caused by the low-velocity region, create a second wavefront, which will be detected in the shot
gathers. (b) Some shot gathers from the surface synthetic data with the shot point placed at 0, 100 and 200 m. Everywhere, diffractions caused
by the low-velocity anomaly are evident except for the case where the source is placed over the anomaly (x=200 m), which lacks the effects of
the low-velocity zone. First arrivals delay are evident when sources are located far away from the anomalous zone, though this delay is not

imaged when the source is over the low-velocity area (x=200 m).
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the model was 2X1 m. The source wavelet used,
consisted of a maximum frequency at 150 Hz with a
peak amplitude at 75 Hz. The data were recorded
with a sampling rate of 0.125 m/s for 200 ms. The
resulting first Fresnel zone radius is =15 m which
assures that a 40-m anomaly must be imaged as an
structure and not as an isolated diffraction point. To
avoid the reflections from the limits of the model,
absorbing boundary conditions were chosen. With
these parameters different acquisition geometries
were designed:

(a) A high-resolution seismic reflection profile
acquired with sources located every 5 m and
receivers every 2 m. Receivers cover the whole
surface of the model; hence, 81 shot gathers with
200 traces were obtained (Fig. 2b, surface).

(b) Two vertical seismic profiles (VSPs) located at
100 and 300 m which cross vertically the whole
model. Receivers were located every meter in
depth and sources were placed at the surface as
in data set 1 (Fig. 2b, VSP).

(c) Seismic data were also recorded along the base
of the model. The sources were placed at the
surface and the receivers located every 2 m at the
base of the model (Fig. 2b, bottom). Although
this acquisition geometry is not common, it has
been used in some cases (Madrussani et al.,
1999).

In order to follow the evolution of the wavefield
through the model, several snapshots were stored. The
snapshots (Fig. 3a) show the deformation undergone
by the wavefront when it reaches the velocity
anomaly, revealing the low-velocity anomaly as an
area where there is weak propagation of the perturba-
tion. This introduces a break in the first arrivals and a
diffraction in the shot gathers (Fig. 3b). When the shot
point is located immediately above the anomaly
nothing is observed in the shot gathers. The first-
arrival travel times from these data were inverted
using seismic tomography.

2.2. High-resolution seismic tomography

The travel time picks of the first arrivals of the
synthetic data were picked and inverted using two
different 3D tomographic schemes: (A) Benz et al.
(1996) and (B) Zelt and Barton (1998) (case of
gradient based scheme). In the forward problem, these
schemes use different modifications of the finite
difference algorithm proposed by Vidale (1990) to
solve the eikonal equation: Podvin and Lecomte
(1991) for scheme A and Hole and Zelt (1995) for
scheme B. Both of them use the LSQR method (Paige
and Saunders, 1982) to solve the inverse problem. No
noise was added to the synthetic data so that
automatic picking of the first arrivals could be done.
As a starting model in the inversion schemes a
400x40x80 m 3D volume (sampled by 2X2x2 m
cubic cells) with a background vertical velocity
gradient (from 3000 m/s at the surface to 4000 m/s
at the base) was used.

In order to evaluate the resolution of the low-
velocity anomaly, three data sets were used (Fig. 4):
data set 1 which included all the available seismic data
obtained using all the acquisition geometries; data set
2 which included the data obtained at the surface and
the VSP data (geometries a and b); and data set 3
which consisted only of the surface seismic profile

(geometry a).
2.3. Velocity models

The results obtained by both inversion schemes are
qualitatively equivalent although it is possible to
establish some differences. After inverting data set
1, accurate velocity models are obtained (Fig. 4). Both
algorithms resolve a smooth geometry for the low-
velocity anomaly at the correct location. Nevertheless,
the velocity is higher (1500 m/s) than the model
velocity (300 m/s). The ray-tracing diagram reveals a
central area with low ray coverage.

The velocity models obtained by inverting data set
2 result in an area with a small decrease in the

Fig. 4. Velocity models obtained by the tomographic inversions (top) and the respective ray coverage diagram (bottom). (A) and (B) indicate
that the results were obtained by the inversion schemes of Benz et al. (1996) and Zelt and Barton (1998), respectively; (C) indicates the ray
coverage diagram. From top to bottom, three data sets are considered. Data set 1: An ideal data set which includes the seismic data acquired: at
the surface and at the base of the models and it also includes the VSP data. Data set 2: Consists of the data acquired at the surface and the VSP
data. Data set 3: Consists only of the seismic data acquired at the surface.
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velocity. The geometry of the low-velocity anomaly is
not well defined (Fig. 4). Again the ray-tracing
coverage diagram reveals an area with low ray density
which is characteristic of the low-velocity anomalies.
Thus, the location and size of the low-velocity
anomaly are resolved by the ray density diagrams.

a)

Depth (m)
o

50 T

The velocity models obtained by inverting data set
3 reveal an even less clearly defined low-velocity
anomaly because this data set lacks the lateral
constraints provided by the VSP data. The ray
coverage diagram reveals an area of low ray density
which is larger than the velocity anomaly.
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which consists of the seismic data acquired at the surface, the seismic data acquired at the base of the model and the VSP data; (b) data set 2
which consists of the data acquired at the surface and the VSP; and (c) data set 3 which consists only of the data acquired at the surface. These
three diagrams indicate that a model lacking a low-velocity anomaly is regularly sampled by rays of the three data sets. However, the best
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Fig. 6. Seismic images obtained using the 81 surface shot gathers:
(a) stacked section and b) common offset section (zero offset)
corrected for geometric spreading. In both sections, diffractions
reveal the effect of the vertical structures and limit the horizontal
range of the anomalous body. At about 0.02 s and between 180 and
220 m, the reflector caused by the top interface of the anomaly can
be identified. The common offset section provides an additional
event at 0.16 s that corresponds to bottom boundary of the anomaly.

The ray density diagrams for the starting velocity
models which lack the low-velocity anomaly indicate
that the central area of the model is properly imaged
by the rays in all the data sets (1, 2 and 3; Fig. 5),
suggesting that any anomaly located there would be
detected. Nevertheless, the snapshots indicate that the
wavefronts do not propagate through the anomaly;
only the perturbations due to the large velocity

contrast at the edges of the anomaly are recorded as
first arrivals in the shot gathers. Therefore, the ray-
tracing coverage diagrams can be appropriately used
to determine the approximate geometry and location
of the low-velocity anomalies.

2.4. Normal incidence seismic image

At normal incidence, high- over low-velocity
interfaces are imaged by seismic reflection sections.
Therefore, a normal incidence seismic image was
obtained using the synthetic data (data set 3). A
standard processing flow was used for the 2D
acquisition geometry. The data were sorted into CDPs,
and the background velocity model was used for the
NMO corrections.

The normal incidence stacked section (Fig. 6)
reveals diffractions at both sides of the anomaly,
constraining the horizontal extent of the low-velocity
anomaly. The top interface of the anomaly is defined
by a reflection located at 30 ms and between 180 and
220 m. Nevertheless, the base of the anomaly is not
imaged by the stacked section. Only for a single-fold
stack consisting of the zero offset traces corrected for
spherical spreading is the base of the model imaged
(Fig. 6). Constant offset stacks, especially zero offset,
need to be considered when constraining low-velocity
anomalies.

3. Low-velocity zones in seismic reflection data:
imaging fracture zones

The high-resolution seismic profile RTNS010 was
used to image the NF located in the Albala granitic
pluton (Fig. 1). RTNS010 is a 480-m-long profile with
a receiver and shot interval of 5 m. The instrumenta-

Table 1
Initial processing flow

(1) Geometry

(2) Trace editing and surface wave attenuation
(3) First break picking

(4) Static corrections

(5) Band-pass filter and F-K filter

(6) CDP sort

(7) Velocity analysis

(8) NMO

(9) Stack
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tion used was a 48-channel Bison seismograph,
resulting in a total number of 96 stations and 94
shots, and an average of 13-fold CDP coverage. A
sledge hammer was used as a source with frequencies
between 30 and 120 Hz. In the initial processing of
the RTNSO010 seismic profile a conventional process-
ing flow was used (Table 1). The data are charac-
terized by low signal-to-noise (S/N) ratio, lateral
velocity variations, scattered energy produced by the
unconsolidated surface layer, and numerous diffrac-
tions due to subvertical joints and fractures. The NF is
poorly defined in the initial stacked sections.

3.1. Velocity models derived by seismic tomography
Following the results of the synthetic tests a

tomographic inversion of the first arrivals was
attempted. Tomographic inversions proved to be
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successful in the area in previous studies (Marti et
al., 2002a,b). The tomographic images obtained by
the inversion schemes (A and B) of the RTNSO010
seismic profile display small differences (Fig. 7).
However, the velocity model resulting from scheme B
displays better definition of the structures. This model
reveals the presence of an unconsolidated weathered
layer of laterally variable thickness and features low
velocities within the range 2000 to 3500 m/s. This
corresponds to the lehm cover characteristic of the
mine site. The shallow low-velocity layer thickens
towards the south and two relatively low-velocity
anomalies are located around boreholes SR2 and SR3
at approximately 50- and 75-m depth, respectively
(light green in Fig. 7). These relatively low velocities
(of approximately 3500 m/s) correlate with prominent
low P-wave velocities derived from the sonic logs,
and picks of the fracture index logs (Fig. 7). The
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complementary standard logging data of two wells
provide additional constraints for the interpretation of
the tomographic images along RTNSO010 seismic
profile.

These correlations indicate that it probably corre-
sponds to a major fracture zone (the NF). This
anomaly is limited by two subvertical faults labeled
474 and 474 (Fig. 7). The 476 fault can be also
inferred as a vertical southern termination of the low-
velocity anomaly located beneath the SR3.

a)

3.2. Wave equation based static corrections

The strongly heterogeneous low-velocity layer
generates a nonhyperbolic move-out of the seismic
reflections, a product of the ray bending due to the
nonvertical propagation of the waves through this
layer. This causes delays in the arrivals of the different
reflections, and the deeper interfaces lose their spatial
continuity. Velocity replacement of this heterogeneous
low-velocity layer applied before stack using wave

N 474’ Fault

2 : 1] ; ( - ) : <
2010 2020 2030 2040 2050 2060 2070 2080 20900%}:00 2110 2120 2130 2140 2150 2160 21 70 2180

3?2 474 Fault

0.0 IR ‘I«:»,,I‘ U"I '-' jypeay ”_‘“J'H T

p»

) ’f' )
i “J“n))} ‘u " AN 1
"“h”l” j ’ l! Ji “":l}r";_, i

:‘Pllll\nl! ”rllmm

Sf"" 476 Fault S
t '. T, I'p T + A

t r[l ;Z' :,
1l <
My e 1 ¥

o Wi, al
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160 2170 2180
CDP

Fig. 9. RTNS010 seismic reflection profile under different processing flows: (a) conventional processing flow which included NMO and stack
after refraction statics, (b) NMO and stack after wave equation datuming, (c) migrated seismic profile showing the location of SR-2 and SR-3
VSP records (small rectangles). The synthetic seismograms of SR2 and SR3 are superimposed on the time migrated section of RTNS010. The
velocity model used in the migration was obtained from the sonic logs available along the seismic profile. The results show the prominent

shallow reflection dipping to the South that can be correlated with the North Fault. The subvertical faults 474’ ,

outcrops are also marked.

474, 476 identified from



I Flecha et al. / Tectonophysics 388 (2004) 225-238 237

equation datuming can increase the lateral continuity
of reflections (Yilmaz and Lucas, 1986).

Wave equation datuming is the upward/downward
continuation of the seismic data to a new flat reference
datum (Berryhill, 1979; Bevc, 1997). The advantage
of using wave equation datuming over static correc-
tions is that it properly propagates the recorded
wavefield to the final datum, instead of applying time
shifts to the data traces (Shtivelman and Canning,
1988). This procedure increases the signal-to-noise (S/
N) ratio of the shot gathers and restores the reflections
and diffractions, providing improved stacked seismic
sections. Prestack wave equation datuming is partic-
ularly appropriate for data sets characterized by
strongly variable near-surface velocities and rugged
topography.

Following Berryhill (1979), the seismic data need
to be downward continued to a specific horizontal
datum located below the layer whose effect must be
removed (Schneider et al., 1995; Zhu et al., 1998).
Then the traces are upward, continued to a final datum
(the datum used in the elevation statics) using a
constant velocity which is the estimated velocity for
the base of the low-velocity layer, 3500 m/s in this
case. This procedure needs to be done twice, once for
shot gathers and once for receiver gathers.

The velocity model obtained by the tomographic
inversion provides a detailed representation of
velocity model of the shallow surface which can be
used in the wave equation datuming algorithm (Pratt
and Goulty, 1991). Wave equation datuming ac-
counts for the static corrections, removing the effects
of the strongly laterally variable shallow surface
layer. The shot gathers after wave equation datuming
present stronger events with increased continuity
(Fig. 8).

The corrected traces produced an improved stacked
image where the main feature, the NF, can be
identified as a prominent reflection dipping towards
the south (Fig. 9). In the stacked section after wave
equation datuming, the NF can be traced from the
outcrop at surface to the base of SR2 and to the base
of SR3. This is suggested by the synthetic seismo-
grams estimated from the sonic logs (Fig. 9). The
lateral continuity of the reflection has been improved
particularly beyond the CMP 2110, where the low-
velocity layer is thicker. The interpretation of the
prominent reflector as NF is based on its intersection

with the surface and the correlation between the
reflection and the synthetic seismogram generated in
SR2. Furthermore, geostatistical modeling also sup-
ports this interpretation (Escuder-Viruete et al., 2001;
Escuder-Viruete et al., 2003a,b). The stacked section
after wave equation datuming and the migrated
section suggest that the internal structure of the NF
varies laterally, producing a continuous reflector in
some parts of the profile (CMP 2050-2090), while in
other cases, the reflection splits into several events
(CMP 2100-2130). The lateral change in the NF
reflector is most probably a result of the subvertical
faults (474 and 474" ) mapped at the surface.

4. Conclusions

High-resolution tomographic inversion of first
arrivals can be used to determine low-velocity
anomalies. The velocity values of the low-velocity
anomalies are theoretically not well resolved by this
technique. However, the location and the size can be
constrained by using the ray density diagrams. This
can be done because the low-velocity anomalies are
undersampled by the rays. Normal incidence seismic
reflection sections image the top of low-velocity
zones, while low-fold stacks produced by zero-offset
traces can provide constraints on the base of low-
velocity zones. The combination of high-resolution
tomography of first arrivals and seismic reflection
stacks has imaged successfully low-velocity zones
corresponding to the NF, a low dipping laterally
variable fracture zone within the Albala granitic
pluton (SW Iberia). This interpretation has been
further constrained by geophysical logging in bore-
holes (P-wave velocity logs and fracture index logs
available from the test site). Tomographic velocity
models can be used to increase the S/N ratio and the
lateral correlation of seismic reflection images by
using the wave equation based static corrections
(wave equation datuming).
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Abstract

The difficulties of seismic imaging beneath high velocity structures are widely recognised.
In this setting, theoretical analysis of synthetic wide-angle seismic reflection data indicates
that velocity models are not well constrained. A two-dimensional velocity model was built
to simulate a simplified structural geometry given by a basaltic wedge placed within a
sedimentary sequence. This model reproduces the geological setting in areas of special
interest for the oil industry as the Faroe-Shetland Basin. A wide-angle synthetic dataset
was calculated on this model using an elastic finite difference scheme. This dataset pro-
vided travel times for tomographic inversions. Results show that the original model can
not be completely resolved without considering additional information. The resolution
of nonlinear inversions lacks a functional mathematical relationship, therefore, statistical
approaches are required. Stochastical tests based on Metropolis techniques support the

need of additional information to properly resolve subbasalt structures.
1. Introduction

Subsalt and subbasalt imaging has been a key objective during the last 2 decades for the
oil exploration (Rousseau et al., 2003; Williamson, 2003; Sava and Biondi, 2004). Oil
exploration has revealed the imaging difficulties in the presence of high velocity features
(such as salt and/or basalts). Low velocity structures under relatively high velocity fea-
tures are poorly constrained by conventional processing and/or inversion schemes (Flecha
et al., 2004). Velocity provides the link between seismic images and rock types. Ray
tracing theory, based on Fermat’s principle, states that regions surrounded by higher ve-
locities are undersampled by rays. Seismic images of the subsurface strongly benefit from
well resolved estimation of seismic velocities. These seismic velocities are currently deter-
mined by velocity analysis and, in the best case, by travel time tomography (or by the
inversion of travel time of first arrivals) of wide-angle seismic reflection/refraction shot-
gathers (Zelt and Smith, 1992). The determination of the velocity models requires the

interpretation /identification of the seismic arrivals within a shotgather. Furthermore, the
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Fig. 4.1: Synthetic velocity model resampled using 100 x 100 m squared cells. The original
model used to run simulations was sampled by 10 x 10 squared cells. Vertical lines at 10
and 50 km show the location of hypothetical wells drilled through the basalt layer. Thus at
this points, the thickness of the basaltic wedge was known. This information was used in

the inversion (see text for more explanation)

mathematical inversion schemes require digitized travel times, offset pairs, to calculate
velocities. Usually, a standard crustal velocity model features an increasing velocity in
depth, however in the presence of salt and/or basaltic intrusions this assumption fails.
Intrusions often represent the emplacement of a high velocity body in the crust, therefore
zones beneath these structures may feature low velocities. This is the case of basalt cov-
ered areas as erupted basalt buries previous structures that may feature low velocities such
as in the Faroe Shelf. In the Faroe Shelf, covered areas represent potential hydrocarbon
reservoirs, therefore this topic is of special interest for the industry.

This manuscript developes a theoretical study investigating the reliability and efec-
tiveness of travel time inversion of wide-angle seismic reflection/refraction data. We in-
vestigated when and to what extent the low velocity structure beneath a high velocity

basalt layer can be resolved.
2. Geological setting and imaging problems

In the Faroe-Shetland Basin, Mesozoic and Tertiary sedimentary sequences fill the basin

but, close to the Faroe Shelf, these sedimentary sequences are covered by Paleocene-
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Eocene basaltic lavas of which the Faroe Islands are composed. The previous topography
of the basin was dominated by normal faults as a consequence of the extension and sub-
sidence during Cretaceous and Paleocene (Richardson et al., 1999). As huge amounts of
molten rock were extruded, after filling the lows between fault blocks, lava flows extended
over long distances in the basin. Basalt flows were erupted in several episodes and three
major units have been identified: Lower, Middle and Upper Series. The composition and
thickness differs from one unit to another. Moreover, in periods without igneous activi-
ty, lacustrine shales and coals were accumulated and sediments were emplaced filling the
basin floor deeps (White et al., 2003).

Velocities and densities in the synthetic model

Layer Ve Vs p
Water 1.5 086 1.0
Sediment1 2.1 1.21 2.20
Sediment?2 2.3 1.33 2.24
Sediment3 2.6 1.50 2.29
Basalt 5.3 3.06 2.75
Sediment4 3.0 1.73 2.36
Sedimentb 3.5 202 244
Sediment6 3.9 225 251
Basement 6.0 3.46 2.86

Table 4.1: Velocities and densities used in the synthetic model. Physical properties were
taken from (Carmichael, 1982). The Poisson ratio was 0.25 and the density was calculated
using the Christensen relation (Christensen and Mooney, 1995): p = 1.85 + 0.169V,

In the Faroe Shelf, geologic and geophysical data suggest that a layer of basalt is placed
within two low velocity sedimentary sequences (Hughes et al., 1998; Richardson et al.,
1998; Richardson et al., 1999; Fliedner and White, 2003; Smallwood et al., 2001; Sgrensen,
2003; White et al., 2003; Raum et al., 2005). The velocity structure for sediments above
the basalt can be resolved by conventional techniques. The top of the basalt layer can be
determined very effectively due to the high contrast in seismic physical properties between
the basalt and the overlying sediments. However, the high velocity basalt layer represents
a complex scenario for seismic imaging methodologies, acting as a barrier so that the
underlying structures can not be imaged. The high velocity that characterizes the basalt
constrasts with relatively low velocity of the surrounding materials. This causes that most

of energy is reflected and/or travels along this layer.
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Synthetic data parameters

Model length 100 km
Model depth 8 km

Cell size 10 x 10 m
Number of shots 80
Number of channels 3294
Station spacing 30 m
Recording length 30 s
Source spacing 1 km
Sample rate 1 ms

Table 4.2: Parameters used to generate synthetic data

Although basalt flows tend to be subhorizontal on large scale, at small scale, rugged
interfaces cause scattering and disperse the elastic energy destroying any lateral coherency
of possible subbasalt events. In addition to the differences between the three major
Series, within every unit, basaltic bodies are highly heterogeneous in composition and
physical properties. These heterogeneities strongly disperse the seismic energy and destroy
the signal coherence in the seismic wavefield. The outter parts of the basalt flows are
affected by weathering causing a decrease in velocity, this constrasts with the internal
parts which cooled slowly and without any external influence preserving a high velocity
feature. Interfaces between individual flows in a basalt block produce internal multiples
and wave conversions. Also some intrusive basalt flows were emplaced as sills within
previous structures providing an additional cause for scattering at and beneath the base
of the basalt.

In addition to these major imaging issues, the usual problems of marine seismic re-
flection data acquisition must be also considered (tidal noise, multiples, peg-leg, rever-
beration, converted-waves, etc.). In the Faroe Shelf, conventional seismic reflection tech-
niques are insufficient to study subbasalt structures. Subbasalt imaging has undergone
remarkable advances in last years, these improvements consist in designing new geome-
try acquisition patterns (White et al., 2003), designing new sources (Staples et al., 1999;
White et al., 2002; Ziolkowski et al., 2003), understanding the scattering caused by the
basalt (Martini et al., 2001; Martini and Bean, 2002) or combining several geophysical
methodologies (Jegen-Kulcsar and Hobbs, 2005). Nevertheless, studying subbasalt struc-
tures requires a detailed velocity model to obtain valuable information and to apply more

sophisticated approaches such as prestack depth migration.
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Fig. 4.2: Synthetic shotgather. Different phases can be identified: water wave (blue),
refraction from sediments over the basalt layer (green), refraction from basalt (red), reflec-
tion from the top of the basalt (yellow), refractions from basement (purple) and reflections

from the top of the basement (orange).

3. Theoretical geologic model and synthetic seismic
data

A synthetic dataset was acquired using an idealized velocity model. The model consists of
a wedge of basalt layer within a sedimentary column. The basalt layer features an irregular
upper surface, and very high velocities and densities that contrast with the velocities and
densities of the surrounding sediments. The choice of a thin wedge for the basalt is
justified because it represents the best geological setting for exploration and explotation
for the oil industry. In order to simulate a highly variable structure, we consider the
small-scale top basalt topography to be a random field which was generated using Von
Karman functions (Goff and Jordan, 1988). As there is a high velocity contrast between
the sedimentary cover and the basalt, can this topography be recovered?. In addition, in
the case of Shetland-Faroe Basin, the area where the basalt thins is close to the center of
the basin where geology is well known and can be extrapolated to suggest the existence
of subbasalt sedimentary structures. The P-wave velocities were taken from laboratory
measurements (Carmichael, 1982). All the physical properties used in the simulation are

summarized in table 4.1.
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Fig. 4.3: Velocity model obtained using TTT package (Trinks et al., 2005) considering
only first arrivals. Interfaces between layers are the ones that were used in the theoretical
model. Velocities over the basalt wedge are well constrained. A prominent velocity discon-
tinuity can be observed for the first 70 km between 3 and 4 km in depth which provides
the location for the top of basalt layer.

A second order finite difference solver of the elastic wave equation using Sochacki’s
interface scheme (Sochacki et al., 1987; Sochacki et al., 1991) was used to generate a
seismic dataset acquired over the velocity model. The 2-D model was of 100 km wide
and 8 km deep and a 10 x 10 m grid was used (Fig. 4.1). After intense calculations,
80 shotgathers were simulated with more than 3000 traces per shot (one trace every 30
m) and 30 s of recording time. The sampling for this synthetic dataset was 1 ms. The
parameters for these simulations are summarized in table 4.2. In this data several phases
were identified (Fig. 4.2).

Water multiple and peg-leg signal were generated by the elastic finite difference algo-
rithm, no additional noise was included in the data. Although in nature, basalts appear
as highly heterogeneous layered structures, in order to simplify the problem, the basaltic
wedge was considered as an homogeneus feature in its internal velocity distribution. Un-

der these conditions we obtained a quite ideal dataset.

4. Tomographic inversions
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Fig. 4.4: Velocity model obtained using TTT package (Trinks et al., 2005) after inverting
refractions from the sediments over the basalt and reflections from the top of the basalt
layer. Dashed lines represent layers from inversion and continous lines the theoretical
layer interfaces. Note the coincidence between dashed line and continous line in the top

of the basalt layer.

The main aim of synthetic simulations was checking the possibility of recovering the
original model using tomographic techniques. As a first attempt, first arrivals travel time
seismic tomography was applied using the TTT software package (Trinks et al., 2005).
This code is based on initial value ray tracing in velocity models constructed of Delaunay
triangulated grids and interfaces. The tomography is implemented as a joint interface
and velocity inversion using the bi-conjugated gradient method, for further details see
Trinks, 2003. The result obtained for this inversion is shown in figure 4.3. The average
velocity structure of the zone over the basalt layer was recovered as well as the top of the
basalt layer where a sharp velocity contrast is displayed. However, no low velocity can be
reproduced under the basalt, toward the right end of the model, where no basalt exists,
some realistic information about velocities can be obtained for the deepest part of the
model. These results suggest that there are physical limitations in constraining subbasalt
structures by seismic travel time tomography.

TTT code can also invert additional phases. In order to include all the information
from phases identified in synthetic shots, a layer by layer striping inversion was performed

and develloped in detail in what follows. A five layer model was used as starting model:
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Fig. 4.5: Results from the basalt refraction inversion. White dashed lines represent layers
from inversion and continous lines the theoretical layer interfaces. The base of the basalt
layer, which is overestimated, should be delineated by raypaths. The black area represents

the part of the model sampled by rays.

water, sediments (over basalt), basalt, sediments (under basalt) and basement. Top basalt
interface was inferred from the model obtained using only first arrivals (Fig. 4.3). Even
though in the theoretical model some sublayers were included in sedimentary sequences,
the contrast in velocity between these sublayers is quite smooth which makes it difficult
to identify events from these interfaces, therefore this minor discontinuities were not
considered in the inverted model.

The additional information that TTT can use corresponds to the identification of trav-
eltime branches related to the different features within the model. Therefore, a subjective
interpretation of the travel time branch is required, and then the picks corresponding to

the branch are associated to a particular structure.
4.1 Inverting phases over the basalt layer

Firstly, only the travel time branches interpreted to correspond to the sedimentary cover
were included in the inversion. The results show a good recovery of the original model
(Fig. 4.4). In the first part of the model (thin water layer, 0-30 km marked as A) this

phase appears as first break and the results are similar to the first arrivals inversion (Fig.



Study on the limitations of traveltime inversion in the presence of extreme
velocity anomalies 59

Distance (Km)
20 40 60 80

t-offset/5 (s)

Fig. 4.6: Synthetic shotgather with noise. Different phases can be identified: water
wave (blue), refraction from sediments over the basalt layer (green), refraction from basalt
(red), reflection from the top of the basalt (yellow), refractions from basement (purple)
and reflections from the top of the basement (orange). Note the difference with figure 4.2

in the refractions from basalt (red).

4.3) while in the last part of the model (thick water layer, 70-100 km marked as B)
the picks used were not considered in first arrivals inversion, hence, the additional data
provides further constraints on the sedimentary cover over the basalt layer.

The TTT code can include also reflected arrivals in the inversion scheme. As reflections
from the top of the basalt are displayed as a very high amplitude events, the travel times
of the reflected phases can be identified and picked at normal incidence.

Considering the final model of the previous case as starting model, and, without mod-
ifying the velocity values for this model, reflections from the top of the basalt layer were
inverted in order to obtain the topography for this interface. A detailed structure was
achieved which reproduces in some degree the rugged topography featured by the original
model (Fig. 4.4).

4.2 Inverting refractions inside the basalt

In this case, the main aim is to constrain the base of the basalt using the refracted waves
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Fig. 4.7: Results from the basalt refraction inversion using picks from data with noise.
White dashed lines represent layers from inversion and continous lines the theoretical layer
interfaces. The black area represents the part of the model sampled by rays. The base of
the basalt layer should be delineated by raypaths. The constrain on the thickness of the

basalt layer is failing where the layer is thinner, probably due to overpicking refractions.
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inside this layer. Raypaths are very sensitive to high velocity anomalies therefore some
constraints on the base of the basalt should be gained by introducing these refractions.
As no noise is present in this synthetic dataset, refraction from basalt can be followed up
to far offsets (Fig. 4.2). The maximum offset to stop picking is arbitrary because there is
no way to separate basalt refraction from base basalt reflection. In a first picking stage,
refractions from the basalt were picked as far as possible and inverted. The results do not
fit the theoretical model, overestimating the basalt thickness (Fig. 4.5).

To simulate a more realistic situation, some arbitrary noise was added to the data
(Fig. 4.6). As a result, the noise limited the maximum offset for picking which was
considerably reduced compared with the noise-free case. The inverted model correlates
better with the synthetic model (Fig. 4.7) which is closer to the real model. However,
the range between 30 and 75 km features again an overestimation of the basalt thickness.
This effect is caused by the difficulty in differentiating basalt refractions from base basalt
reflections which interfere at short offsets. In any case, in the travel time branch, the
limit between the basalt refraction (head wave) and the subbasalt reflection is completely
arbitrary (subjective, depends on the interpreter). The travel time picking of this arrival
is complicated even farther by the existence of noise, and thus, the maximum picking
offset depends critically on the quality of the data. The consequence of this subjectivity
is that the thickness of the basalt layer is proportional to the offset picked, and this effect
is stronger where the basalt layer thins.

This constrasts with the conventional idea of using large apertures for subbasalt imag-
ing. This strategy may be useful in zones with thick basalt layers but, in the case of thin
basalt layers, the basalt head wave and reflection from the base of the basalt interfere (see

below) and there is no benefit by using large apertures to infere basalt seismic properties.

4.3 Inverting refractions and reflections from the base-
ment

As shown above, the basalt layer cannot be resolved properly only considering refractions
within this layer. In the case of a thicker basalt layer, reflection from the base of the basalt
could be differentiated from the basalt refraction which may contribute to better constrain
the base of this layer. However, for thin layers there are no possibilities of deducing the
basaltic structure using refraction data. At this point, additional information is required
to constrain the basalt layer thickness, in a real case, this additional information could be
provided by drilling through the basalt layer, fixing in this way the velocity of the basalt,
the thickness of the basalt layer and the velocity of the sediments beneath the basalt.

We introduced additional information in the inversion scheme, we assumed that two
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Fig. 4.8: Final result obtained using all the phases after fixing the base of the basalt
layer considering that two wells were drilled through this layer at 10 and 50 km. Dashed
lines represent layers from inversion and continous lines the theoretical layer interfaces.
Introducing additional information, the theoretical model is recovered quite accurately.
Energy dispersion caused by the topography of the basalt wedge masks the reflected energy
from the basement. Therefore the recovered basement has an irreqular top which is not

real but the influence of the overlying velocity heterogeneities.
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wells were drilled located at x=10 km and x=50 km (Fig. 4.1). In the last part of the
model there is no basalt layer hence the signal coherence is preserved making it possible
to identify and pick normal incidence reflections from the basement. Inverting this phase,
a reliable estimation of the top of the basement was obtained for the last 25 km of the
model which, jointly with the velocity obtained in first arrival inversions, constrained the
model in this part. This results were extrapolated under the basalt layer and used as
starting model to invert reflections and refractions from the basement which yielded to
our final model where the theoretical model is reasonably well recovered (Fig. 4.8). Note
that additional information is required by the travel time inversion methods to obtain

reliable models.
5. Metropolis simulations

Statistical methods maybe used in order to assess the reliability of inverted velocity mod-
els. Among them, probably Monte-Carlo based simulations are the most used. These
consist of generating a relatively large number of random velocity models from the same
starting model and performing an inversion for each starting model. Finally, the results
ara compared to asses which model fits the data the best. This method is also used to
test the reliability of the starting model in a inversion scheme and the stability of the
results (Korenaga et al., 2000; Sallares et al., 2003; Marti et al., 2006). In this method
every iteration is independent from the previous one and no information is inherited for
every new case.

Metropolis algorithms (Metropolis et al., 1953) take advantage of the a priori knowl-
edge of the previous model in the iterative scheme. In the first stages of the simulation the
influence of the starting model is clear but, after some iterations, this influence decreases
considerably, this is known as “burn-in”. Using this technique the whole region of allowed
paremeters is visited which yields a random walk within the region of possible parame-
ters. A scheme of the algorithm is shown in figure 4.9 and a detailed description of the
methodology can be found in Pearse, 2002. In this case, Rayinvr (Zelt and Smith, 1992)
was used to solve the forward problem and to calculate x? which provides the likelihood
for every model. The iterative process starts using the starting model (in this case the
real model used to build synthetic data) as the current model, then this was randomly
modified to generate a new model. Then, the reliability of the model was tested based on
the ratio obtained from dividing the likelihood of the current model versus the likelihood

of the new model:

- If the ratio was equal or larger than one, the new model was accepted and the new

model became the current model.
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Fig. 4.9: Scheme used in metropolis calculation as described in (Pearse, 2002). The

random modification is subject to prior defined degrees of freedom. In the present case we

divide the likelihood of the current versus likelihood of the new model, if ratio is greater

than 1 then model is accepted, if ratio is between 0 and 1 then a random decision is taken

based on a prior probability function (linear

in this case) that will preferentially accept

models that are close to the accepted boundary. The likelithood ratio is compared with a

normalised random number, if ratio is larger than this number then model is accepted. In

any other case, the model is rejected.



Study on the limitations of traveltime inversion in the presence of extreme
velocity anomalies 65

- If ratio was smaller than one, a random number between 1 and 0 was calculated

and another test was performed:

- If the ratio was larger than the random number, the new model was accepted

and the new model became the current model.

- If the ratio was smaller than the random number, the new model was rejected

and the current model remained unchanged.

The process is repeated for a large number of iterations giving as a result a set of
different models that reasonably fit the picked travel times when a picking uncertainty is
given. In this study, 40.000 iterations were performed for every case in order to obtain a
set large enough to have a statistical value. The allowed variations in velocity, thickness
and velocity gradient were: 0% for water, 2% for layer over basalt, 5% for basalt, 10% for
subbasalt layer and 10% for basement (Table 4.3). Variations were chosen increasing in

depth to account for the lost of accuracy in deeper layers.

Allowed variation for layers

Layer A(%)
Water 0
Sediments over basalt 2
Basalt 5

Sediments under basalt 10

Basement 10

Table 4.3: Allowed variation to generate modified models for velocity, velocity gradient

and thickness for every layer in models 1 and 2.

Some synthetic shots have been generated using different 1-D models and two different
frequencies 10 Hz and 20 Hz (Figs. 4.10 and 4.11):

- Model 1: model with subbasalt low velocity layer.

- Model 2: the same as model 1 but with a thicker basalt layer.

5.1 Model 1: results

The first analysis was done on the data from model 1 and 10 Hz. In this case, refraction
from basalt layer seems to be very clear as shown in figure 4.10. However, this yields a

phase identification which is not correct because the phase identified as a refraction from
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Fig. 4.10: 1-D model used to generate synthetic data (top). Shots generated using the
model and different frequencies: 10 Hz (left) and 20 Hz (right). Main phases were iden-
tified: sea bottom reflection (blue), top basalt reflection (green), basalt refraction (red),
top basement reflection (yellow) and basement refraction (orange). Under the top of the

basalt no phases were picked within the water-wave cone because in real data this phases
are difficult to identify.
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Fig. 4.11: 1-D model used to generate synthetic data (top). Shots generated using the
model and different frequencies: 10 Hz (left) and 20 Hz (right). Main phases were iden-
tified: sea bottom reflection (blue), top basalt reflection (green), basalt refraction (red),
base basalt reflection (purple),top basement reflection (yellow) and basement refraction
(orange). Under the top of the basalt no phases were picked within the water-wave cone

because in real data this phases are difficult to identify.
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basalt layer is the interference between two phases: refraction from basalt and reflection
from the base of the basalt. To emphasize this effect, a shotgather was calculated using
model 1 but replacing the subbasalt velocity by a layer of 5 km/s, in this way no reflection
in the base of the basalt layer was generated obtaining a pure refraction in the basalt layer.
This pure refraction was picked and compared with the identified in the previous case (Fig.
4.12). Thus, in the first case, we have identified an interference between basalt refraction

and base basalt reflection as a pure refraction which is erroneous.

Picking uncertainties (ms)

Phase modell 10 Hz | modell 20 Hz | model2 10 Hz | model2 20 Hz
Seabed reflection 8 8 8 8 8

Top basalt reflection 24 16 16 24 16
Basalt refraction 50 24 24 50 24

Top basement reflec- | 100 50 50 100 50

tion

Basement refraction 100 50 50 100 50
Figure 4.13 | 4.14 4.15 4.16,4.17 4.18

Table 4.4: Picking uncertainty for every layer considered in metropolis algorithm

Using the picks from the data obtained with model 1 in the Metropolis approach with
a high picking error (see table 4.4) and considering 40.000 different cases, we obtained
an overestimation in both, velocity and thickness of the subbasalt layer (Fig. 4.13). By
reducing the picking error (case with low uncertainty) we would expect a better correlation
between the more probable model and the theoretical one. In practice, under the same
conditions but reducing the picking uncertaity, a worse result was obtained where there
was no need of a subbasalt low velocity layer in order to fit the data (Fig. 4.14). This
effect can be explained because considering a bigger error in the picks, the range of times
can include both, refraction within the basalt and reflection from the base of the basalt.
Therefore what was labelled as basalt refraction is within the allowed range of times
for this phase. On the other hand, by reducing the picking error, the range of times
do not include the real refraction and then our erroneous phase identification yields the
unexpected result of fig. 4.14.

The same analysis was repeated using model 1 and data generated with 20 Hz. In this
case results are better and fit the right model (Fig. 4.15).

5.2 Model 2: results
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In model 2 the thickness of basalt layer was increased to test if it was possible to use
a well identified base basalt reflection to constrain better the thickness and velocity of
this layer. Two different simulations have been performed: one using a very conservative
picking and avoiding picks in the “interference zone” (basalt refraction/base basalt reflec-
tion) displayed in figure 4.12 and another including more picks. For the first case (Fig.
4.16) the velocity gradient for basalt layer was well reproduced while for the second case
(Fig. 4.17) this gradient did not fit the real model. For the basement velocity gradient
the result was the opposite, obtaining a better result when considering a larger number
of picks. In both cases, subbasalt velocity layer is not reliably recovered. As in model 1,
better fit is obtained for 20 Hz data (Fig. 4.18), where the velocity gradient for basalt
and basement are well reproduced. Again, in both cases, the subbasalt layer is not well
recovered.

The Metropolis study reveals that the phase identification is a critical step. Despite
objectivity provided by mathematics used in the inversion, phase identification turns
travel time tomography in a subjective procedure. Additionally, uncertainty is also a
critical parameter in the inversion which can influence the inversion algorithm. Moreover,
considering data with different frequency content also has an effect on the selection of
the most probable model. Not all models required a low velocity layer and there was
an unresolvable trade-off between thickness and velocity, even for models where the base
basalt reflection could be identified.

Synthetic shots were created using a full-waveform code while likelihood was calculat-
ed using a ray tracing code. Full-waveform techniques are more accurate than ray tracing
methods because they take into account information about the amplitudes, which are
ignored in ray tracing simulations. Due to the high computational cost of full-waveform
methodologies, ray tracing methods are still conventionally used to obtain velocity models
(Pratt et al., 1996). These results suggest that conventional travel time inversion (tomog-
raphy) schemes without additional information are not sufficient to constrain the base of
basalt or subbasalt geological structures.

In the synthetic tests performed in this study no noise has been considered. In this
sense, some features that commonly are present in real data as tidal noise, electrical noise
and some other effects affecting the quality of the data, have not been included. Results
derived from these tests must be interpreted as results obtained in ideal conditions and

in consequence, the best ones expected for a real case using this methodology.
5. Conclusions

This study, which involves synthetic data suggests that there are some physical limita-
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Fig. 4.12: Basalt refraction picks for model with subbasalt low velocity layer (red) and
for a model without subbasalt low velocity layer (cyan). In the case without subbasalt low
velocity layer the picks represent a pure refraction while in the other case, the phase that
15 identified as a refraction s made by the basalt refraction interfering with the base basalt

reflection.



Study on the limitations of traveltime inversion in the presence of extreme
velocity anomalies 71

Velocity (km/s)
4 5

1 2 3 6 7 8
0 0
1 1
10000
2 2
3 3 2500
~~ —~~
E 4 4 £ 2000
i v
A S
< 5 5 E 1500
o Q
(D) 6 6 (O]
) i \ O 1000
7 7
500
8 - 8
0
9 -9
10 - 10
1 2 3 4 5 6 7 8

Velocity (km/s)

Fig. 4.13: Results obtained after using the Metropolis algorithm on data from model 1
and 10 Hz for 40.000 cases. Red line represents the real model and every black line a
modified model. The color scale stands for the number of times that a model (or part of
it) is visited. The preferred model (blue colors) overestimates the subbasalt layer thickness

as well as the velocity for this layer.
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Fig. 4.14: Results obtained after using the Metropolis algorithm on data from model 1
and 10 Hz for 40.000 cases. Uncertainties were reduced in comparison with the previous
case (Fig. 4.13). Red line represents the real model and every black line a modified model.
The color scale stands for the number of times that a model (or part of it) is visited. The
preferred model consists in a velocity gradient which includes basalt, and basement layers,

avoiding the need of a low velocity layer under the basalt.
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Fig. 4.15: Results obtained after using the Metropolis algorithm on data from model 1
and 20 Hz for 40.000 cases. Red line represents the real model and every black line a
modified model. The color scale stands for the number of times that a model (or part of
it) is wvisited. The preferred model consists in a velocity gradient which includes basalt,
subbasalt and basement layers. The subbasalt low velocity layer is reasonably well recovered

in velocity and thickness.
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visited.
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Fig. 4.17: Results obtained after using the Metropolis algorithm on data from model 2
and 10 Hz for 40.000 cases considering more picks than in the previous case (Fig 4.16).
Red line represents the real model and every black line a modified model. The color scale

stands for the number of times that a model (or part of it) is visited.
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Fig. 4.18: Results obtained after using the Metropolis algorithm on data from model 2
and 20 Hz for 40.000 cases. Red line represents the real model and every black line a
modified model. The color scale stands for the number of times that a model (or part of
it) is wvisited. The preferred model consists in a velocity gradient which includes basalt,

subbasalt and basement layers, avoiding the need of a low velocity layer under the basalt.
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tions to obtain a reliable velocity model for subbasalt zones in areas covered by high
velocity rocks (like basalts and salts). In the case of thin basalt layers, the base basalt
reflection is totally masked within the water-wave cone and it cannot be separated from
the basalt refraction. There are several subjective factors that can affect and condition
the results from the inversion as maximum picking offset or picking uncertainty. Another
important point is the frequency content of the signal, our Metropolis simulations suggest
that the original model is best recovered using high frequencies and thicker basalt. This
result is relevant because the actual tendency is using and designing airguns that produce
low frequency data as single bubble source. The most critical point in the travel time
inversion is the phase identification/interpretation in the shot record. Differentiating in
the travel time branch, between the head wave travelling within the basalt (refraction)
and, the base basalt reflection is a key element in determining the correct thickness of
the basalt. The uncertainty associated to the travel time picks is also a relevant issue,
as it can not distinguish between high and low velocity subbasalt structures. Moreover,
a wrong determination of the basalt thickness and velocity has a direct influence on the
resulting model for layers under the basalt. Reliable subbasalt imaging with wide-angle
reflection /refraction datasets requires additional information as the knowledge on the
thickness of the basalt at some point and its internal velocity distribution. This could be

achieved by using other methodologies to infere basalt properties.
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Abstract. Subbasalt imaging can be improved by carefully and laterally smooth discontinuityiimaz, 1987. Process-
applying pre-stack depth migration. Pre-stack depth migra-ing flows deduced from these premises generate detailed im-
tion requires a detailed velocity model and an accurate travages in layered and laterally homogeneous media. However,
eltime calculation. Ray tracing methods are fast but, oftenin nature, there are often geological settings where these as-
fail in calculating traveltimes in complex models, specially, sumptions fail dramatically, and the methodology based on
when they feature high velocity contrasts. Finitte differencethem is going to be insufficient. This is the case in basalt
solutions of the eikonal are more stable and can produce aovered areas and beneath salt instrusions. The presence of
traveltime field for the whole model avoiding shadow zones.a high-velocity and highly heterogeneous layer (basalt) em-
A synthetic test was carried out to check the performance obedded in low-velocity sediments, has a detrimental effect
a new pre-stack depth migration algorithm in a model thaton imaging beneath this structufd4rtini and Bean2002).
features a high velocity layer surrounded by lower veloci- The basalt acts as a barrier for seismic signal. Most of the en-
ties. The results reasonably reproduce the original modelergy reflects or travels along this layer, therefore little energy
The same scheme was used to process long-offset reflegtoes through the basalt layer. In addition, the backscattered
tion data from the Faroe Shelf where conventional techniquegnergy that returns to the surface from basalt and subbasalt
(stack) were insufficient to assess the structure under a basadtructures features a lack of coherence caused by the irregular
layer. Pre-stack depth migration produced an improved im-nterfaces of the basaltic body and the heterogeneities within
age which recovered the main features in the stacked sectiothe basalt itself. Hence, in this cases a more sophisticated
and allowed to identify some subbasalt coherent events.  approach, such as pre-stack depth migration, is needed.

The North Atlantic province has been widely studied by
the oil industry. Standard seismic imaging techniques have
1 Introduction been succesfully applied for many years in the sedimentary

basins located in this area. The Faroe-Shetland Basin repre-
Seismic imaging comprises a wide range of methodologiessents a potential hydrocarbon reservoir ready for exploration.
Among these techniques, the most common in geophysicalo the center of the basin, geology is well known but, in the
prospecting is seismic reflection, which has provided valu-NW region, sequences of basalt cover underlying structures
able data to infer the subsurface structure. Seismic reflecand make exploration both challenging and risggfensen
tion principles are based on approximations that simplify the2003. In the present study, a new pre-stack depth migration
imaging problem, two of the most restrictive are: the Earth isscheme was implemented to address the subbasalt imaging
considered as a sequence of homogeneous subhorizontal lagroblem. This manuscript shows the improvements obtained
ers and interfaces between layers consist in a vertically sharpy this pre-stack depth migration approach applied to data

acquired over the Faroe Shelf.
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2 Geological and geophysical setting among the points of a gridded model according torthiene
at which it arrived at the sensor. Therefore, an algorithm to

In the Faroe-Shetland Basin, huge amounts of basaltic rockompute the travel times is imperative in order to be able
were erupted during the Paleocene-Eocene. Previous studiés migrate. There are different ways to compute this travel
suggest this basalt is covering relatively low velocity materi- times. A large majority of algorithms use conventional ray
als which may be sedimentdiighes et aJ.1998 Richardson  tracing approximations in one of each varieties, ray shoot-
et al, 1999 Fliedner and White2003 Raum et al.2003.  ing, two point ray tracing, gausian beam etc. Once the travel
Topography before the emplacement of the basalt was domime has been estimated we need to estimate how the am-
inated by normal faults as a consequence of extension angjitude is distributed among all the grid points in the model.
subsidence during the Cretaceous and Paleodeitbdrd-  The amplitude in the trace can be considered to be:
son et al. 1999. Basaltic flows extended over long dis-
tances in the basin after filling the lows between fault blocks.,(z,) = er a(t);
This causes an irregular bottom basalt interface. Basalt was F
erupted in different episodes. Three major basalt units have
been identified: Lower, Middle and Upper Series. Their where;j covers all the points of the model characterized by a
thicknesses and compositions differ from one unit to an-timey. ¢ is the time it took the seismic energy to travel from
other (Noe-Nygaard and Rasmussd968. Although, the the source to that point in the model and then to the receiver.
basalt flow stratigraphy in this area is mainly layered, it in- The calculation of traveltime tables for a given velocity
cludes tuffs and breccias increasing the inner velocity conimodel is an essential stage in Kirchhoff prestack depth mi-
trasts Maresh and White2005. Moreover, in periods with-  gration. Classical ray tracing techniques have been widely
out igneous activity, lacustrine shales and coals were accudsed to solve the forward problerdg]t and Smith 1992
mulated and sediments were emplaced filling the basin flooand to calculate traveltime tables. Snell's law based algo-
deeps White et al, 2003. Those facts result in a highly rithms are fast and provide an estimation of the traveltime
heterogeneous distribution of physical properties within thefor areas in the model sampled by rays traced. However,
basaltic body. in some implementations, sampling all the model requires

In the Faroe Shelf, the structure above the basalt and the large amount of rays and depending on the velocity model
top basalt interface can be succesfully resolved using conte.g. high velocity gradients) some areas can be undersam-
ventional techniques because of the high contrast in physicabled resulting in shadow zones where no traveltimes are cal-
properties between basalt and overlying sediments. Howeulated. Ray-tracing methods in the presence of high velocity
ever, attenuation and scattering of the seismic wavefield asontrasts, and/or structures with sharp edges have difficulties
it passes through the basaltic pile make seismic imaging difin calculating the travel times. The result is that a few grid
ficult below the top basalt surfac&rallwood et al.2007). points lack travel times. This can be solved in different ways,
The top basalt interface shows an irregular topography feafor example by performing interpolating schemes (3eees
turing fractal propertiesMartini and Bean2002. This ir- et al, 2008for a review) or by using a finite difference ap-
regular topography is often at a scale similar to the seisproach.
mic wavelength which causes the dispersion of elastic energy In the present work, we used a finite difference algorithm
(scattering) degrading the signal coherence in the wavefieldto solve the eikonal equatiotifle and Zelt 1995. Using
In addition, heterogeneities within the basalt flows yield athis algorithm, traveltimes are calculated for every node in
high impedance contrast generating internal reverberationghe model, which slightly increases the computational cost
mode conversions and internal multipléds(tini and Bean  compared with shooting ray methods, but, on the other hand,
2002. Therefore, seismic energy reflected or refracted byshadow zones are avoided. Moreover, using complete trav-
these structures is incoherently scattered and dispersed reltime tables allows the handling of diffractions, correctly

sulting in a poor subbasalt image. restoring the diffracted energy to its original position in the
model. The finite difference solution of the eikonal equation
3 Pre-stack depth migration is not unigue to the algorithm used in this manuscript. This

approach is used in other commercial packages. The advan-
An extensive revision of the algorithms and evolution of tages of using the eikonal to compute the travel times is that
Pre-Stack migration can be found in the dedicated volumet is more robust than ray tracing methods as it is able to es-
of Jones et al(2008. Pre-stack depth migration aims to timate travel times for all the points in a model grid being
place the reflected amplitude at the precise location withinmore stable when high velocity contrasts exist.
the model from which the energy was reflected. Conven- As migration consist of summation of the contributions
tional migration algorithms requiere travel time tables to dis- from the wavefield for every source-receiver pair, once the
tribute the energy recorded (the amplitude of the seismoiraveltime field has been calculated, a half-derivative is per-
grams) among the grid points in the model. The amplitudesormed on every trace and amplitudes are spread among
of a trace in a shot gathet(z;), are distributed (sprayed) the grid points of the model. The amplitudes have been
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previously scaled by the apropriate obliquity factgilihaz,
1987 that correspond to each grid point.

The r; are commonly known as the obliquity factors. W0 1 : ‘ : :
These obliquity factors are estimated by using the parameters Time [s]
of the ray at the particular point (angle of incidence). Thus.
For prestack migration we nearly always require a starting g
model. This starting model is used to compute all the nec- =
essary parameters for the migration, the travel times and the©
obliquity factors.

Computing obliquity factors by using the forward model- us
ing parameters, as the angle of incidence at each of the model , \ : ‘ : . ‘
grid point is the conventional approach. The algorithm, in
this manuscript in its present form uses the semblance of theig. 2. Traveltime tables for the source at=0.2 km (top) for the
tau-p transform of the shot gathers. The most relevant difveceiver atr = 5.8 km (middle) and the sumation of both timetables
ference between the conventional algorithms and the currenbottom). These traveltime tables were obtained using a finite dif-
one is that conventional schemes use to computejthsing  ference solution of the eikonal equatidiqle and Zelt1995. The
the model (they are model dependent) while in the approacfyeuow and orange colors indicate the zone of minimum traveltimes.
used in this manuscript we use the actual data to compute th&his ilustrates the fastest path from .thg source to the receiver within
obliquity factors (the algorithm is data dependent). The Sem-_the model (the banana-kernels). This ilustrates that the scheme used
blance of the tau-p transform of the shot gathers represenfg able to handle long-offsets.

a measure of the reflected energy as a function of slowness
(ray parameter, direction of the reflection). Therefore, these
represent to some degree the obliquity factors. and within the second one, a thin high velocity layer was in-

Another key point in pre-stack depth migration is the gen- cluded to simulate a basaltic intrusion (Figtop). Up to 40
eration of numerical artifacts that result in “smiling” images. synthetic shotgathers were calculated for this velocity model
This is a known issue that usually is solved by limiting the using a full waveform acoustic scheme (Figoottom). The
aperture in the migration algorithm. This strategy can solvesources were placed on the surface every 50m between 2
the problem in subhorizontal layered models but it fails whenand 4 km and the receivers were also placed every 50 m at
considering complex models with vertical or dipping struc- the surface using a split-spread pattern with offset ranging
tures. In any case, if the fold of the data is high, the summafrom —1500 m to 1500 m. For every source and every re-
tion of complete migrated shotgathers contributes to enhanceeiver, a traveltime table was calculated. Then, for every
coherent signal while spurious artifacts are highly attenuatedource-receiver pair, their respective traveltime tables were
in the final image. added to obtain a new traveltime table which represents, for

We coded this approach into a new pre-stack migration al-each grid point, the travel time from source to receiver of a
gorithm. In order to test the code, a synthetic model waswave crossing this grid point. This new traveltime table be-
used Forel et al, 2005. The model consists in three layers comes the one used in the migration (F2. Note that the
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Fig. 3. Migrated image of the synthetic example.

—
356" 357"

region of minimum traveltimes (banana-kernel) in the result- Nw Offset (km) SE
ing traveltime table can be used to obtain (a posteriori) the
ray trajectory for first arrivals. Every shot in the dataset was
migrated and stacked over every node in the model result-
ing in a final migrated image (Fi@). The resulting image
reproduces reasonably well the theoretical model.
iz:
2

associated with the geometry caused by poorly constraineg ig. 4. Survey FLO-96. Location map of the profile (top), and
cable feathering. This dataset features the conventional pro%hotgather (bottom). In the shot gather the NW corresponds to the
lems of marine seismic reflection data: multiples, peg-legs,eft and the SE to the right The following phases are identified: sea
and other reverberation; tidal and ambient noise; convertegottom reflection (blue), top-basalt reflection (green), basalt refrac-
waves etc. tion (red), base-basalt reflection (purple) and top-basement reflec-

The lead vessel (M/V Western Cove) towed a 6 km cabletion (yellow). This shotgather is a composite from the two-ship
and deployed a 32 sleeve-gun source array with a total volexperiment (see the text for an explanation).
ume of 3000 cuin. The second vessel (I/S Thetis) followed at
variable distances and towed a 4.8 km cable and deployed a
30 sleeve-gun source array with a total volume of 5070 cu ingration was applied using the pre-stack data after SRMS and
Data acquired using this configuration can be consideredrau-p filtering had been applied. This provides more detailed
from two points of view: as a standard normal incidence ex-image of the subbasalt zone. While stack-based methodolo-
periment; or as a very dense wide-angle experiment. Thigies produce a section in time, pre-stack depth migration will
combination gave an effective aperture of 16.8 km. The basidgesultin a depth section which provides information for a bet-
processing steps are laid out in Tathlghe philosophy was: ter interpretation.
to enhance the low frequency energy; suppress sea-bed, sed-The main advantage of considering long offset streamer
iment and top-basalt multiples, peg-legs and other reverbereata is that long offset phases may be identified, providing
ations; suppress other low velocity energy; and stack usingnformation to perform tomographic inversions. In standard
a velocity model based on conventional analysis. The submarine seismic reflection data, most of the signal and energy
basalt velocity model was determined from the occasionalie within the water-wave cone and therefore are affected
strong reflection event visible above the noise probably fromby multiples and peg-leg making it very difficult to identify
a sill or top basement. phases. At long offset these reflections appear as clear and

From the stacked image (Fi§.top) we can interpret the isolated events and refractions can be picked as clear arrivals.
structure overlying the basalts and obtain a detailed velocityThe use of long offset data therefore considerably improves
model for these sediments. We can also map the topographijie accuracy and quality of the velocity model with respect
of the top-basalt. However, using conventional post stackio the usual velocity analysis in the CDP domain.
imaging techniques, no laterally coherent events are identi- In the first part of the profile, refractions from basalt and

fied under this high velocity layer (Fidh top). In order to  reflections from the top of the basalt layer are very clear.
improve this image beneath the basalt, pre-stack depth miln some shots, two hyperbolic events can be picked and

4 Real case: subbasalt imaging

Reduced time t - offset/5 (s)

Data from the survey FLO-96 over the Faroe Shelf (Big.
acquired using two vessel/hite et al, 1999 with multiple

passes to build up a synthetic aperture of over 38 km with a
receiver group spacing of 12.5m which presents other issues 6
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Table 1. Processing steps applied to data.

Processing step Parameters

Source matching filter
Assign geometry

Bandpass filter high-cut Ormsby 48-64 Hz

Bin 50 m receiver group/25 m CMP spacing

Create Split Spread aperture km— 16.8 km

Surface Related Multiple multiple model based on sea-bed inter-sediment
Suppression (SRMS) horizon and top-basalt picked from near-offset stack

Tau-p filter applied to both common  Gaussian weighted filter with mean slowness
shot and common receiver domains  of 0.075 mérand variance of 0.064 msm

Velocity analysis Semblance, function gather and function stacks
NMO

Mute Outer and Inner mute

Stack

Amplitude recovery 18

Display

Distance (km)
40 50 60 70 80 90 100

v [Itmfﬁ) o

Depth (k

Distance {km)

Fig. 5. Top: stacked section from the FLO-96 survey. The top of basalt is clearly delineated. At the beginning of the profile (NW) basalt

is shallower (around 1.8 s) becoming deeper from kilometer 60 to kilometer 75 where it remains practically flat around 3 s until the end
of the profile (SE). No coherent subbasalt events can be identified. Bottom: pre-stack depth migration of the same data set. The coloured
background stands for the velocity model obtained by means of seismic tomogTajuikg €t al, 2005. Dashed lines stand for interpreted

base of basalt (red) and top of basement (yellow).
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interpreted as the base-basalt reflection and the top-basemestudy, all the data in every shotgather were used in the pro-
reflection (Fig4). In the last part of the profile, the top-basalt cess, obtaining a more detailed image because high frequen-
reflection could be identified while the basalt refraction com- cies were also included in the migration. Migrating selected
pletely disappeared. This is due to the thinning of the basalparts of the shotgathers causes final image to be highly de-
layer to the SE. Also in this part, some hyperbolic eventspendent on a subjective interpretation undertaken prior to the
were identified in the data out of the water-wave cone, butmigration. This interpretation was considered when inverting
due to the lack of lateral continuity (events only appearedtraveltimes. Migrating the whole data set has the advantge of
for four or five shots), these events were interpreted as sillobtaining a migrated section free of a priori interpretations.
or laminar instrusions rather than a laterally continous geo-Moreover, in regions where intra-basalt and subbasalt events
logical discontinuity. Inverting basalt refractions, top-basalt are weak, the reflectors are more clearly displayed using all
reflections, base-basalt reflections and basement reflectionthe data as shown in the last part of the profile.

a velocity model was obtained down to the top of the base-

ment (coloured background in Fi§.bottom). The veloc-
ity model was obtained using the tomographic algorithm by

Trinks et al.(2005. This algorithm is able to use diving as Pre-stack depth migration provided improvement in sub-

well as reflected waves. Therefore it recovers the velocity . . ; .
o : basalt imaging. The code developed to implement this tech-
distribution and the topography of the reflecting structures. . . . .
X . nigue takes advantage of a finitte difference algorithm that
In this study, the reflected phases were use to increase the

resolution of the velocity model. The pre-stack migration al- can handle sharp velocity contrasts and velocity inversions

gorithm only required the distribution of velocities to gener- avoiding shadow zones in the traveltime tables. Synthetic

ate the depth migrated image. The reflecting interfaces con§ImLIIatI0nS using a realistic model showed a good perfor-

strained by the tomographic algorithm were not used. Th mance of the code and good recovery of the original model.

. ) . he code was then used with real data from the FLO-96 sur-
image produced correlates very closely with the interfaces . . . .

. . . : vey. This processing showed that pre-stack depth migration
constrained by the inversion algorithm.

: o . improved the image obtained beneath the top of the basalt
The sedimentary cover features velocities ranging from L )
1 layer. In the final image, the base of the basalt was inferred
around 2kms?! at the sea bottom to 3.5kmsat the top .
. . in some parts of the model and subbasalt events were recov-
of the basalt layer. A high velocity layer (4.5-5km' ered. The results indicate that all offsets are required to pro
can be identified with a decreasing thickness from 1.5km at ' d P

40 km to 0.5 km at 100 km. The inverted model suggests thafmCe a high fr_equ_enc_y pre-stack depth migration image. The
migrated section is highly dependent on the velocity model,

there maybe a lower velocity layer under the basalts, I\Iev'herefore using an accurate tomographic model is mandator
ertheless, few events were identified from under the basal% ’ 9 grap y

a . SRR ined obtain a reliable result.
yer, suggesting velocities in this area are less constraine
than in other parts of the model. The lack of events within acknowledgementszunding for this research was provided by
the basement made it impossible to extend the tomographi§INDRI (Quantitative evaluation of the existing technologies for
model beyond 6 km depth. The new pre-stack depth migraimaging within basalt-covered areas from the Faroes region), the
tion scheme was used to obtain a new image using the velodSpanish Ministry of Science and Technology (Ref: CGL2004-
ity determined by the tomographic inversion (Figbottom). 04623/BTE) and Generalitat de Catalunya (Ref: 2005SGR00874).
This method provided an improved display under the upper’?art of this Wor!< was devgloped during a one month stay in Qrsay
basalt interface where prominent events correlate with majofinanced by Universét Paris-Sud. We are grateful to Immo Trinks
velocity discontinuities along the whole model. The top of 1o fraining in the use of the TTT code.
the' basalt i.s clearly delineated. The base of thﬁs layer can bE dited by: T. Iwasaki
estimated in some parts of the model, especially along the
first 30 km. In addition, some reflectors exist between 4 and
5 km depth which may correspond to the top of the basementReferences
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Data from a closely spaced wide-angle transect has been used to study the middle-to-lower crust and the
Moho in SW-Iberia. A low-fold wide-angle stack image reveals a highly heterogeneous seismic signature at
lower-crustal levels changing laterally along the profile. The lower crust features an irregular distribution of
the reflectivity that can be explained by a heterogeneous distribution of physical properties. The Moho
discontinuity also features a high variability in its seismic character that correlates with the different tectonic
terranes in the area. A 2D finite difference code was used for solving the elastic wave equation and to provide
synthetic wide-angle shots. Relatively simple layer cake model derived from conventional refraction
interpretation generates the main events of the shot records. However, these models cannot account for the
lateral variability of the seismic signature. In order to obtain more realistic simulations, the velocity model
was modified introducing stochastic lensing at different levels within the crust. The Moho was modelled as a
3 km thick layered structure. The resulting average velocity models include a high velocity layer at mid-
crustal depth, a highly reflective lower crust and a relatively thin horizontal Moho. This heterogeneous model
can be achieved by lensing within the crust, a layered mafic intrusion and a strongly laminated lower crust
and Moho.
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1. Introduction surveys. Seismic vertical incidence reflection profiles provide images

where geometric information about the crustal structure can be
obtained and wide-angle experiments provide data about physical
properties (P-wave and S-wave velocities). These physical properties
can then be inverted to composition by comparing with lithologies
measured in laboratories. Results from these methodologies and its
correct interpretation are probably the best tools available in order to
understand geological processes at lithospheric scale.

Since the early 1990's, a large research effort has been devoted to
studying SW-Iberia (e.g., the EUROPROBE (Ribeiro et al., 1996) and
GEODE (Blundel et al., 2005) international programmes). One of the
main objectives of these programmes was the acquisition of the high

The lower crust and the Moho are major issues in deep geophysical
prospecting. The knowledge about these parts of the Earth crust is
limited because of the lack of direct information at this level of the
lithosphere. Nevertheless, some outcrops have been identified as
corresponding to lower crust materials. Good examples are the Cabo
Ortegal complex (Peucat et al., 1990; Galan and Marcos, 1997,
Martinez-Catalan et al., 1997; Santos-Zalduegui et al., 1997) and the
Ivrea Zone (North Italy; Rutter et al., 1999). In both these cases several
studies have been carried out and their crustal composition and the
distribution of physical properties are well known (Holliger and

Levander, 1992; Holliger et al., 1993; Levander et al., 1994b). Since the
lower continental crust is not accessible for direct investigation, the
main source of information about its physical properties and
composition comes from indirect methods such as deep seismic
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resolution normal incidence deep seismic reflection transect IBERSEIS
(Simancas et al., 2003; Carbonell et al., 2004). The presence of large
mineral deposits in the southwestern part of the Iberian Peninsula,
within the Pyrite Belt, and surrounding areas, suggests that the crust
features particular physical properties and that it underwent a
singular tectonic evolution. Therefore, extensive geological and
geophysical research has been undertaken in the area.

The project IBERSEIS-WA consisted in two wide-angle transects
acquired in SW-Iberia. A wide-angle stack of one of the wide-angle
dataset (transect B, Fig. 1) is presented in this study. The specific target
of this research is the nature of the lower crust and Moho. Further-
more, synthetic seismic modelling is carried out in order to explain the
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Fig. 1. Location map of the study area. The three tectonic terranes and its contacts are indicated. PL indicates Pulo du Lobo unit and CU indicates Central Unit. Dashed green
lines indicate the wide-angle profiles and the red circles the shot points. Other surveys in the area are also shown: IBERSEIS deep seismic reflection transect (red line) and a
magnetotelluric survey (blue circles). Data used in this work correspond to the eastern wide-angle profile, transect B. Modified from Palomeras et al. (2009).

particular characteristics of the shot-gathers and of the wide-angle
stack. The main objective of the present study is to provide reliable
images and geometrical models that can account for the seismic
signature observed in the wide-angle dataset.

2. Geological and geophysical setting

The study area is located in the SW of the Iberian Massif, it is
known to be an orogenic belt of Variscan age developed by the
collision of a number of continental blocks. The area involves three
tectonic terranes: South-Portuguese Zone (SPZ), Ossa-Morena Zone
(OMZ), and Central-Iberian Zone (CIZ) (Fig. 1). These terranes are
considered to be fragments of a Late Proterozoic mega continent
which broke up in Early Paleozoic. The boundaries that limit these
terranes have been interpreted as suture zones and include units of
high-pressure rocks (Simancas et al., 2001).

The SPZ, which includes the Iberian Pyrite Belt, features within the
upper crust a south-west vergent thrust system. The northern
boundary of this zone is indicated by a series of slices of high-
pressure rocks, the Beja Acebuches complex located to the north of the
Pulo do Lobo Unit (Simancas et al., 2001, 2003). The surface outcrops
of this contact (SPZ/OMZ) reveal fabrics that are indicative of a strike-
slip component of the collision (i.e. transpression). The OMZ is mostly
consistent of synforms and antiforms. This zone is limited to the north
by the Central Unit (CU), and outcroping fault bounded wedge of
metamorphic rocks with structural fabrics revealing strike-slip
movement. Farther to the north, the CIZ features normal faults that
cut recumbent folds resulting in basins of carboniferous age
(Simancas et al., 2003). These structures suggest a domino-like
extensional system. The surface evidences for strike-slip movement
indicate that the orogen went through a strong transpression regime
during its development.

A detailed geological study of the area can be found in Simancas
et al. (2001) and references therein. The contribution of the IBERSEIS
deep seismic reflection transect, acquired in the same area, can be
found in Simancas et al. (2003) and in Carbonell et al. (2004). Finally,
the crustal model derived by traveltime interpretation of the wide-

angle dataset and the geologic implications on the nature of the lower
crust are discussed in detail by Palomeras et al. (2009). A relevant
feature within the IBERSEIS deep seismic reflection transect is the IRB
(Iberian Reflective Body) reflection, a 140 km long and 4 km thick
high-amplitude reflective body which has been proposed to be related
to the high concentrations of mineral deposits present mainly in the
OMZ (Casquet et al., 2001; Tornos et al., 2001; Carbonell et al., 2004).
This anomalous body was also reported as a high velocity zone in the
refraction modelling with an extended distribution over the southern
part of the Iberian Variscan Belt (Palomeras et al., 2009).

3. Wide-angle data: low-fold stack

The main objective of the low-fold wide-angle stack is to obtain a
simplified structural image of the deep crust to the south-east of the
IBERSEIS normal incidence transects. To the northwest, the crustal
structure is well constrained by the IBERSEIS normal incidence
transect.

The wide-angle seismic reflection data has station spacing of 150 m
on average, making it suitable for generating a low-fold wide-angle
stack. Following the conventional normal incidence processing, we
used the acquisition geometry to define the CMP's. Then, following
Carbonell et al. (1998, 2002), we designed a hyperbolic time shift to
flatten the lower crust and the Moho reflections so that these events
stack constructively within a CMP. Conventional NMO can be applied
to wide-angle seismic reflection data, although this is not the
optimum correction as it generates large artifacts when deep events
and large offsets are considered. Therefore a hyperbolic time shift was
preferred. The shot records were processed to emphasize the deep
reflectivity. The data was Butterworth band-pass filtered (from 1 Hz to
35 Hz) and a time-dependent gain was applied to enhance the signal
from the Moho. Also, the shot-gathers were displayed using an
estimate of the seismic energy (Fig. 2). This was achieved by cal-
culating the envelope using the Hilbert transform. Since we are
interested in deep events, the first arrivals were muted to avoid its
influence for displaying purposes. After this pre-processing the Moho
can be displayed as a flat 1-2 second thick event (Fig. 2). As in the raw
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Fig. 2. Wide-angle shot-gather B3 after a hyperbolic shift using as a crustal average velocity 6.0 km/s (top) and after a linear reduction using 8.0 km/s as a reduction velocity.

data, some other coherent reflectors can be observed in the data as
reflective packages at lower-crustal levels, which may image the
structure in this part of the crust. The geometry of the mid-to-lower
crust and the Moho reflections can be considered approximately
correct with the applied time shift. An average crustal velocity
deduced from Palomeras et al. (2009) was used to design this time
shift.

3.1. Data description

Data after applying the hyperbolic shift are presented in Fig. 3. Shot
B6 images strong reflectivity in the lower crust (6.5 to 8.5 s twtt)
between 20 and 70 km. The Moho in this shot is not well resolved at
short offsets (<40 km), probably because it is masked by the high-
amplitude reflectors in the lower crust. At long offsets (>40 km), the
Moho is imaged as a thick reflective package that slips slightly to the
north. In shot B5 the Moho is imaged as a thin weak reflector at normal
incidence (10 s twtt) while to the north it becomes a thicker event.
Some reflectivity can be observed in the lower crust, matching the
strong reflectivity exhibited by this zone in the previous shot B6. At
5.5 s twtt and normal incidence there is a prominent event, but due to
the hyperbolic shift applied to the data it is difficult to determine its
real geometry. Shot B4 displays strong reflectivity at lower-crustal
levels, including a prominent south-dipping event between 30 and
45 km and 7.5 and 8.5 s twtt. To the north, a broad band of reflectivity
(10.5 s twtt) is associated with the Moho. Shot B3 reveals a very well-
defined PmP phase at 10 s twtt that delineates an almost flat Moho. The
seismic signature varies significantly along this shot-gather, decreas-
ing in thickness and complexity from south to north. A south-dipping
event can be observed in the middle crust between 130 and 140 km
and 6.5 and 8.5 s twtt, and is interpreted to be related to a near vertical
structure because it cannot be identified in other shot-gathers. Shot B2
exhibits a clear, thick reflective package at 10 s twtt that extends
laterally between 80 and 140 km. This event displays a changing
characteristic along the profile. At normal incidence, the Moho is
weakly imaged for positive offsets (north). In shot B1 there is large
amount of reflected energy between 170 and 180 km, associated with
the Moho. It can be followed to the south although it becomes diffuse.
In the last 50 km to the north, the lower crust is highly reflective. Some

of the events described previously are masked in the stacked image
(Fig. 3) because there are reflectors that can only be imaged in single
shot-gathers. However, the main features, especially the Moho, will be
enhanced due by the constructive summation of seismic amplitudes.
These are described below for each tectonic zone.

3.2. South Portuguese Zone (SPZ)

Within this area (0-40 km, Fig. 3) some relatively short reflectors
can be observed at lower-crustal levels (between 7.5 and 8.5 s twtt).
The Moho transition is identified as a thin weak reflection at 9.5 s in
time (Fig. 3). Shots B5 and B6, reveal a simple event for the Moho
which increases in thickness towards the east (Fig. 3). The lower crust
reveals strong reflectivity that may be responsible for the back-
scattered energy observed at 7-8 s twtt in the shot records. Thus, the
seismic energy travelling through this structure has been noticeably
decreased resulting in a weaker amplitude for deeper interfaces.

3.3. Ossa Morena Zone (OMZ)

In this part of the profile (40-110 km, Fig. 3) there are some
prominent lower-crustal events in the southern part (40-60 km). To
the north, this character changes and the lower crust becomes
transparent. The Moho consists of a very reflective package at around
10 s twtt, with a variable thickness increasing from 1 s in the south to
2 s in the north. The change in the crust-mantle seismic signature
would indicate a more complex structure compared with the SPZ.

3.4. Central Iberian Zone (CIZ)

In the second half of the profile (110-220 km, Fig. 3) the seismic
energy appears as isolated packages around 10.5 s in depth. In the last
part of the profile (190-210 km), some events are displayed in the
lower crust at 7-8 s twtt.

4. 2D-modelling: from real data to synthetic simulations

In general, deep crust seismic data is often characterized by a high
reflectivity compared to a relatively transparent upper crust (Martini
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etal.,, 2001). This reflectivity is normally composed of short, discontinuous
reflections which usually appear in distinct packages confined to one or
more parts of the crust (Holliger and Levander, 1992). It has been
proposed that relatively small changes in composition and/or meta-
morphic grade, may substantially affect the reflectivity of the lower crust
(Holliger et al., 1993). Otherwise, observed reflection amplitudes are often
larger than the ones predicted by the reflection coefficients based on
crustal composition which can be explained by the result of constructive
interference between individual reflection wavelets (Hurich and Smith-
son, 1987). Reflection coefficients and reflection amplitudes are depen-
dent upon the contrasts in acoustic impedance and not on bulk velocity
(Deemer and Hurich, 1994), therefore a layered lower crust could be
considered to justify these coefficients. This option would also account for
reverberations in the data that cannot be explained by a single reflecting
interface. The seismic signature featured by the acquired data can also be
achieved by considering a lateral and vertical random velocity fluctuation
(Gibson and Levander, 1988; Carbonell and Smithson, 1991). Isotropic
random variations are consistent with models of lower-crustal petrologic
processes, which may include igneous intrusions (Gibson and Levander,
1988). Hence, the most plausible scenario to satisfactorily describe the
field data may consist of a random lamination or lensing coupled with
random changes in rock properties. It has been shown that reflection
seismic lines shot in the Variscan orogen display a strongly reflective
lower crust characterized by numerous short horizontally embedded
reflectors (Wenzel et al., 1987). Furthermore, field observations show that
the crystalline rocks of the continental crust are often characterized
by compositional variations at many scales (Hurich and Smithson,
1987) spanning at least seven orders of magnitude, from microfabrics
(<1073 m) to major crustal units (>10* m) (Holliger et al., 1994).
Seismic theory establishes that Fresnel diameter is given by:

}\2
d=y/ 22\ + T (1)

and is the smallest resolvable feature in unmigrated seismic data,
delimiting the measure of lateral resolution. Hence, crustal features
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smaller than Fresnel diameters are not expected to be recovered as
coherent seismic events. However, fine-scale velocity fluctuations can
fundamentally change the character of signals from the crust
(Levander et al., 1994a). Seismic modelling has demonstrated that
spatial interference is important during the formation of the reflection
wavefield. Interference may result from reflecting bodies smaller than
the Fresnel zone (small body diffractors), therefore constructive
interference can be equally as important as compositional variation
for determining reflection amplitudes (Hurich and Smithson, 1987).
All these considerations must be taken into account in any model able
to reproduce the crustal seismic response.

4.1. Forward modelling

The seismic velocity model (Fig. 4) obtained by Palomeras et al.
(2009) indicates a maximum crustal thickness of ~33 km with a Moho
characterized by a flat topography. However, the most remarkable
feature from the refraction modelling is the high velocities at middle-
crust levels. Velocities of 6.8 km/s to 6.9 km/s define a 70 km long lens
located at 17 km in depth in the southern part of the profile. Towards the
north, slightly higher P-wave seismic velocities have been modelled and
can go as shallow as 12 km in the northern end of the profile (Palomeras
et al., 2009).

Considering the velocity model obtained by Palomeras et al.
(2009), forward modelling has been carried out using a second order
finite difference solver for the elastic wave equation which includes all
primary and multiple reflections (Sochacki et al., 1987, 1991). In some
cases, the lower crust reflectivity patterns have been successfully
modelled by using one-dimensional reflectivity codes (Wenzel et al.,
1987; Carbonell et al., 2002). However, in the present study there are a
priorireasons to think that the lower crust is a laterally inhomogeneous
media (Palomeras et al., 2009). The previous IBERSEIS normal
incidence experiment and the wide-angle stack are also indicative of
a laterally heterogeneous media, therefore a two dimensional
approach was preferred because one-dimensional modelling of
wide-angle data would only result in a laterally averaged interpretation.
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Fig. 4. Top: Velocity model obtained from refraction modelling (modified from Palomeras et al. (2009)). Bottom: Difference between refraction model and a modified velocity model
to include the stochastic lensing representing mafic intrusions and lower crust as well as the layered structure of the Moho (bottom).
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The P-wave velocity model derived from the refraction processing and
interpretation was resampled using a 25x25 m grid which is
appropriate for modelling crustal-scale seismic data. As the elastic
approximation was used, also density and S-wave velocity were
introduced as inputs in the code. The S-wave was calculated from the
P-wave velocity using a V,,/V; ratio of v/3, and the density model was
derived from V, using the Christensen relation p=1.85+0.169V,
(Christensen and Mooney, 1995). In the resulting shot-gathers, traces
were simulated in the same locations as the real receivers, the trace
length was 30 s and the sampling rate was chosen to be 2 ms. With these
synthetic simulations the main events in the real wide-angle shot-
gathers were qualitatively well recovered (Figs. 5 and 6) because
dominant reflections/refractions correlate with the boundaries of major
lithological units. However, in the original shot-gathers, some events
feature a complex signature consisting in a thick reflective package
instead of an isolated event. The presence of these less well-defined
events indicates that layering/lensing may be contributing to the
seismic response. This fact forced us to consider a more sophisticated
approach to model the lower crust and the mid-crustal high velocity
areas.

4.2. Stochastic layering

It is well known that refraction techniques provide information
about velocity, but depending on the depth (Fresnel zones), the

accuracy is insufficient to assess the fine structure of the crust. Using
these methodologies, major structures and discontinuities can be
resolved within the crust. For the middle and the lower crust, the
refraction velocity model represents an averaged background model
which can fit correctly the picked traveltimes but, at small scale, it is
unable to reproduce heterogeneities that feature the crustal velocity
distribution. Probably the lower crust exhibits lateral heterogeneities
that cannot be correctly modelled by using conventional ray tracing
methods. In the recorded shot-gathers some of the phases consist of a
thick reflective package instead of isolated events. This seismic
signature cannot be reproduced with a simple smoothed layered
model. In order to recover the observed reflectivity patterns some
modifications were carried out in the velocity models to include some
degree of complexity able to reproduce the seismic response recorded
in the field data.

In SW-Iberia there are no outcrops of lower-crustal rocks where
geological information can be obtained in order to characterize a
realistic geometry and composition of this part of the crust. However,
there is no seismological evidence that, apart from pressure and
temperature, in situ conditions of the lower crust differ from those of
its surface exposures (Wenzel et al.,, 1987). As the profile was acquired
across Variscan terranes, we took physical properties (velocities) and
geometrical information for the synthetic simulations from studies of
the Variscan lower crust of Wenzel et al. (1987), Holliger and Levander
(1992), Holliger et al. (1994). For the mafic intrusion, typical parameters
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Fig. 5. Shot B4. Top: Synthetic seismic record section generated by using the homogeneous refraction velocity model. Middle: Synthetic seismic record section generated by using the
heterogeneous velocity model consisting of a background velocity model which corresponds to the refraction model and the inclusion of the heterogeneities (high velocity lenses).
Bottom: Real data. The synthetic sections were generated using a 2D elastic finite difference scheme.
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Fig. 6. Shot B5. Top, middle and bottom images correspond to the same than in Fig. 5 for the shot B4.

were taken from Deemer and Hurich (1994). At a small scale, a
deterministic description of structures is unreasonable (Holliger et al.,
1994), therefore a stochastic approach was applied. A new velocity
model was built based on the one obtained by seismic refraction as
starting point. The upper and middle crust were left unchanged whereas
the high velocity layer, the lower crust and the Moho discontinuity were
modified introducing lensing at different scales. The lensing was
achieved by considering a set of ellipses randomly distributed along
the high velocity layer and the lower crust. The center of every ellipse
was chosen using a random function. The parameters defining the
ellipse (semimajor axis and semiminor axis) were chosen arbitrarily
ranging between a minimum and a maximum correlation length in both
axes. Finally, the velocity for every ellipse was also randomly chosen
considering a maximum variation of the aleatory measurements within

Table 1
Values used to modify the refraction velocity model in order to obtain a random layered
model for the mafic intrusion, the lower crust and the Moho discontinuity.

Mafic Intrusion Lower crust Moho
Bulk velocity (km/s) 6.7 71 7.85
Velocity variation (km/s) +0.2 +0.2 +0.25
X dimension (km) 1-3 04-1.2 5-25
Z dimension (km) 0.1-0.2 0.025-0.2 0.025-0.1

Values were approximated from the literature (Wenzel et al., 1987; Holliger and
Levander, 1992; Deemer and Hurich, 1994; Holliger et al., 1994).

the range of possible values of velocities for lithologies possible at this
depth. The limit values for dimensions and velocities are summarized in
Table 1. Both velocity models (with and without stochastic layering) are
displayed in Fig. 4.

The Moho can be identified because it features a sharp change in
velocity. Classically, the Moho has been considered as a velocity
discontinuity with some lateral continuity. Most authors tend to
model this as a simple interface, a line avoiding any additional
structure except by its topography. However, some studies have
proposed a concentration of lamellae without laterally continuous
velocity discontinuity to explain complex patterns in wide-angle data
(Long et al., 1994). In our case, the Moho was modelled as a 3 km wide
strip centered in the digitized Moho from the refraction modelling
(7.85 km/s isovelocity line). Along this strip a random lensing was
performed following the same stochastic process as before. Results
from these simulations provide a more reflective lower crust as a
result of the constructive interference between lenses. The Moho
discontinuity is imaged as a 1 second reflective band which better
reproduces the real data (Figs. 5 and 6).

5. Discussion

The Moho discontinuity is clearly imaged in the six shot-gathers
considered in the present work (Fig. 3). In the data acquired to the
south, it appears as a simple thin weak event (shots B5 and B6) around
9.5 s in twtt. Towards the north, the Moho signature changes gradually
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increasing in thickness, amplitude and complexity (shots B1, B2 and
B3). To the north, this seismic event seems to be slightly deeper
(10 s twtt) than in the southern edge. At large scale, the Moho can be
considered as a flat interface, some prominent events in the north-
ernmost shots of the profile may indicate a variation in its topography.
Other prominent events can be identified in individual shots at lower-
crustal levels but its nature as well as its real geometry is difficult to
assess because of the hyperbolic time correction applied. However,
these reflectors are indicative of complex structures within the base of
the crust. Forward seismic modelling showed that data generated
using the refraction model is able to recover the main seismic events
linked to major discontinuities in the velocity model but, it is
insufficient to justify complex seismic patterns observed in real data.
In order to better reproduce the real seismic signature, heterogene-
ities must be considered. Introducing lensing/layering in mafic
intrusions, lower crust and Moho, more realistic simulations are
achieved where interference between small diffractor bodies (lenses)
can qualitatively account for the coda observed in field shot records.

The variations in the seismic signature of lower crust and Moho as
well as the changes in reflectivity patterns along the profile strongly
evidence a very heterogeneous crust. Although the image lacks the
quality of a continuous normal incidence stack, it is possible to
distinguish different areas in the lower crust based on the differences
in seismic signature. Moreover, this wide-angle transect extends to
the south and east, beneath the well known Iberian Pyrite Belt, the
knowledge provided by the published results for the IBERSEIS profile
where the Moho appears at around 10.5 s twtt (Simancas et al., 2003;
Carbonell et al., 2004). The seismic data is congruent with an idealized
model that consists of strongly layered high velocity intrusions in the
mid-crust, a heterogeneous lower crust and a laminated Moho, thin
and simple beneath the SPZ, and thicker and more complex beneath
the OMZ and CIZ (Fig. 7).

Additional work would be required to better understand the
distribution of acoustic properties of the lower crust as well as the
detailed structure of the Moho discontinuity for instance, adding in-
formation from S-wave data.

The wide-angle stack coupled with the synthetic modelling
suggests that the crust beneath the study area features strongly
laminated zones at mid-crustal depths which are characterized by
relatively high velocities (Fig. 4). This zones account for the relatively
high frequency reflectivity at mid-crustal depth approximately at 5 to
7 s twtt (shots B1, B4, B5 and B6) and in the wide-angle stack. The
velocities and the high frequency reflectivity are consistent with
layered mafic intrusions (Palomeras et al., 2009). Deemer and Hurich
(1994) indicated that thin layered mafic intrusions can result in high
acoustic impedances. The lower crust has been modelled as a layer
with a medium degree of heterogeneity and/or lamination. This result

SPZ OomZ
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in a heterogeneous lower crust with lenses and/or deformed layering
composed of gabbronorite to pyroxene quartz, some intrusives,
gabbrodiorites intermixed with garnet granulites (Saleeby et al.,
2003). These lithologies distributed in lense lense-like structures
interfingering each other can account for the observed lower-crustal
reflectivity.

The Moho has been modelled as consisting of a thinly laminated
structure. The Moho is thicker in the center of the orogen where
the reflectivity is higher and the band of reflectivity thicker. The
reflection coefficients are also high towards the northern end of the
transect. The Moho discontinuity also features lensing strongly
develop and heterogeneous beneath the core of the orogen (the
center of the transect beneath shot points B3 and B4) this lensing
is most probably a mixture of lithologies that can include spinel
peridotite layers interfingering garnet peridotite and gabbros
(Saleeby et al., 2003; Palomeras et al., 2009).

The wide-angle stack does not constrain the upper crust, however
it provides information on the mid-to-lower crust. The 1 to 2 s thick
band of high reflectivity observed at the base of the crust in the wide-
angle stack which can be accounted for by the models suggests that
the lower crust and Moho are relatively young structures most
probably developed in the late stages of the collision and a result of
the crustal re-equilibration. After the collision and the strike-slip
movements, during the late stages of the transpression tectonics,
intense lithospheric processes were taking place, intense lower-
crustal deformation, subcrustal erosion of the crustal orogenic root,
most probably large amounts of upper mantle mafic melts intruded in
the lower and middle crust and in some cases even up to the surface
creating a unique tectonic evolution scenario which favored the
development of the unprecedented large scale sulphide deposits
observed at the surface. The mantle material also ponded at Moho
level in the shape of thin lamelae. Thus, the signature of the terranes
was not preserved with depth, rather the lower crust and Moho
behave different than the upper crust during the transpression. The
lower crust and Moho are most probably a result of the deformation
and therefore the present day structure is a consequence of the re-
equilibration processes during the late stages of the transpression. The
transpression erased most of the characteristic features of the terranes
and collision at lower crust and Moho depths.

Geologically, the mid-to-lower-crustal heterogeneities could be
represented by elongated lenses featuring high seismic velocities.
These are embedded into the mid-lower crust representing sills
intrusions of mafic material which has been emplaced in weak zones
within the crust (i.e., previous fractures). The synthetic seismic data
produced by the model features interfingering domains of high-
amplitude layered reflectivity. The seismic fabric and the high-
amplitude reflectivity are consistent with layering caused by multiple
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sill lense type intrusions. The intrusion of mafic magmas in the crust
assimilated part of the surrounding rocks, leaving behind relatively
large amount of restites. These restites would be embedded within the
lower crust resulting in more competent, higher velocity layers/lenses.

The mafic intrusion in the middle crust must have preferentially
emplaced in an existing weak zones (i.e., faults, detachments). The
IBERSEIS normal incidence image revealed evidences for basal
detachment beneath the imbricate thrust system of the SPZ at mid-
crustal depth. Which is consistent with the mid-crustal reflectivity
identified in the southern end of the transect (shots B5 and B6).

Beneath the SPZ (Fig. 7) mafic layering is located at approximately
20 km depth. This layering must be simple, it most probably consist of
a few relatively large sills. This structure needs to be strongly reflective
because of the high-amplitude reflectivity at 7 s twtt in shots B5 and
B6. Nevertheless it needs to be simple because the PMP reflection from
the Moho can be identified at normal incidence offsets as a relatively
thin reflection beneath this zone.

Beneath the OMZ, the band of reflectivity at the mid-to-lower crust
towards the north is more transparent. Nevertheless the seismic
signature of the Moho is thicker and increases slightly in depth. The
thin relatively continuous PMP reflection beneath the SPZ turns into a
thicker reflective band with reflection events with relatively short
lateral continuity. This is qualitatively consistent with a thicker
layered Moho composed of interlayering of high and low velocity
lenses. This is most probably the result of the re-equilibration process,
the assimilation of the root of the orogen on the OMZ which
corresponds to the core of the orogen. The seismic response of the
Moho discontinuity is strongly affected by the lateral dimensions of
the overlying structures. These structures disperse the energy and
deform the wavefront breaking up the reflection events.

Beneath the CIZ the Moho reflectivity evolves from relatively thick
0.7-1 event to a thinner and weaker event at the northern edge of the
transect. This feature and the increase in reflectivity of the mid-to-
lower crust have been simulated by introducing a layer of sills that
increases in thickness towards the north, at 15 to 20 km in depth. This
mid-crustal feature is consistent and it might represent the IRB
(Iberian Reflective Body) beneath this transect. The IRB was imaged by
the IBERSEIS transect which is located farther to the north-west
(Fig. 1). This mid-crustal complex sill intrusion will affect the seismic
signature of the Moho resulting in a weaker event.

6. Conclusions

The closely spaced wide-angle seismic dataset presented in this
work, provides an image of the crust which reveals a strongly
heterogeneous nature. Our results outline a picture of the Variscan
lower crust as a heterogeneous media with small-scale velocity
variations. Likewise, a mafic intrusion located in the middle crust
features a heterogeneous layering/lensing. The full-wave forward
modelling performed here shows that a simple layer cake velocity
model obtained from conventional ray tracing techniques, cannot
explain the lower crust reflective packages in the data. On the other
hand, a qualitatively satisfactory fit of the data was accomplished
when stochastic lensing was added to the refraction velocity model.
This suggests that the mafic intrusion and the lower crust are strongly
layered. The Moho discontinuity beneath the southern end is imaged
as a thin weak reflector, accounting for a simple interface. Beneath the
central part of the transect the Moho is associated to a thick high-
amplitude reflective package which suggest a more complex structure.
Finally, beneath the northern end, the Moho is displayed as a
discontinuous interface with changing seismic signature. The wide-
angle low-fold stacked section obtained from this experiment and the
synthetic seismic modelling provide a new picture of the Moho
discontinuity in SW-Iberia. The seismic image reveals a laterally
heterogeneous Moho and a changing lower crust seismic signature
along the profile. This lateral variability and the horizontality of the

lower crust and Moho suggest that they are most probably the result
of the re-equilibration lithospheric processes during and after the late
stages of the transpression event.
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7. DISCUSSIO

7.1 “Imaging granitic plutons along the IBERSEIS profile”:

resultats i discussio

Les quatre arees estudiades presenten caracteristiques diferenciades, per tant seran trac-

tades individualment en quant als resultats obtinguts i la seva interpretacié.

7.1.1 Area de La Bazana

El fet més rellevant obtingut en el model tomografic és una zona d’alta velocitat direc-
tament associable a ’aflorament granitic de la Bazana. [L’anomalia presenta un gradient
de velocitats que van des dels 5800 m/s en la part més interna del cos granitic, fins a
5200 m/s en la zona de contacte amb la roca encaixant. Aquesta diferencia en velocitats
pot ser atribuible a les diferents propietats de la roca. Les altes velocitats probablement
estan associades a roca poc deformada i amb poques alteracions, mentre que les velocitats
més baixes mostrarien una major alteracié degut a la interaccié entre el granit i la roca
encaixant. La cobertura de rajos ens proporciona fiabilitat del model fins a una fondaria

de 700 m.

7.1.2 Area de La Dehesilla

En aquesta zona, s’observa una extensa anomalia d’alta velocitat que, en la seva part més
superficial, és clarament identificable amb la unitat granitica de Salvatierra de Barros. Del
model tomografic es pot deduir que aquest complex granitic té continuitat en fondaria cap
al sud-oest, com a minim fins a 900 m de profunditat, que és el maxim abast de la inversi6
tomografica per aquest cas. El valor de la velocitat és manté bastant regular al llarg de
tota ’anomalia detectada, al voltant dels 5200-5300 m/s. La transicié entre el que s’ha
interpretat com a granit i la roca encaixant es caracteritza per un gradient decreixent i
relativament suau de la velocitat, fet que segurament és causa de 'aureola de contacte
d'un kilometre de gruix causada per la intrusié. La imatge tomografica mostra algunes
irregularitats pel que fa a la seva morfologia. Aquest efecte podria ser causat per: (1) la
disposicié poc rectilinia de fonts i receptors en aquesta zona o bé (2) per la deformacié del

pluto granitic que es tradueix en 'aparicié de zones de fractura. Amb tota probabilitat,
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la imatge final és un resultat d’ambdues causes. Determinar la contribucié de cadascuna

requeriria d’un experiment especificament dissenyat per a tal efecte.

7.1.3 Area de Feria

En aquest cas, el model tomografic mostra una anomalia d’alta velocitat clarament de-
limitada. La caracteritzacié és molt similar al cas del granit de la Bazana, amb un nucli
amb velocitats de 5800 m/s i una zona periferica amb velocitats de 5200 m/s. La cor-
relacio d’aquesta alta velocitat amb la geologia superficial fa pensar que I'anomalia es
correspon amb el pluté granitic de Feria. Encara que el tracat del perfil sismic no creua
I'aflorament granitic, la seva proximitat (menys de 500 m al sud del perfil) fa que aquesta
interpretacio sigui raonable i que poguem parlar d’una prolongacié en fondaria del cos
granitic cap al nord. A més, tant el pluté de Feria com el de la Bazana sén formacions
carboniferes, per tant és d’esperar que tinguin caracteristiques sismiques comuns, com és
el cas. En conseqiiencia, la identificacié anomalia-granit queda confirmada. La cobertura
de rajos arriba fins als 1200 m de profunditat, permetent una bona imatge en fondaria de

I’estructura del pluto granitic de Feria.

7.1.4 Area de Villafranca

Les anomalies d’alta velocitat presents en aquesta zona no sén directament correla-
cionables amb estructures o formacions geologiques, llevat d'una. En aquest cas, a la
part més oriental d’aquesta area d’estudi, una anomalia superficial d’alta velocitat (6000
m/s) es correspon, tant per valors de la velocitat com per localitzaci, amb un aflorament
de roques metamorfiques d’alta pressié: amfibolites i retroeclogites. La resta d’anomalies
positives requeririen d’informacié addicional per tal de ser justificades. També es poden
visualitzar dues discontinuitats verticals en el model tomografic que es correlacionen en
superficie amb la presencia de dues falles. En aquest sentit, el model de velocitats permet
extrapolar les falles cartografiades en fondaria fins a una profunditat d’uns 1500 m, que

és la maxima profunditat a la que el model proporciona resultats fiables.

7.2 “Imaging low velocity anomalies with the aid of seismic

tomography”: resultats i discussi6

7.2.1 Estudi sintetic

L’estudi teoric mitjancant simulacions sintetiques ha permes avaluar el poder resolutiu
de dos paquets de processat de tomografia de primeres arribades. Malgrat que existeixen

petites diferencies entre aquests dos softwares, la informacié qualitativa que se n’extreu
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dels resultats és equivalent. Tal i com era d’esperar, les limitacions teoriques existents
per a la deteccié d’anomalies de baixa velocitat s’han fet evidents i, en el cas sintetic, no
s’ha pogut caracteritzar rigorosament 1’anomalia. El model sintetic utilitzat representa
segurament el pitjor dels casos per a ’aplicacio de la tomografia sismica, ja que la velocitat
de 'anomalia que es pretenia caracteritzar és de 300 m/s davant d’un entorn que supera
els 3000 m/s. Aquest valor tan baix és poc realista, perd ha servit per tal de posar a
prova el funcionament dels paquets de processat en condicions extremes.

Els resultats obtinguts en l'estudi sintetic mostren que el valor de la velocitat per a
I’anomalia no es recupera estrictament en cap cas. De totes maneres, quant més favorable
és el dispositiu experimental i més receptors i fonts es consideren, més s’apropa el model
obtingut al model real. En qualsevol cas, els diagrames de cobertura de rajos proporcionen
una informacié qualitativa de gran utilitat, ja que permeten localitzar I’anomalia i fer una
estimacio aproximada de les seves dimensions.

En el cas plantejat, la utilitzacié de tecniques de sismica de reflexié proporciona in-
formacio addicional i més acurada sobre la geometria de I’anomalia, com a minim en la
part superior d’aquesta.

Malgrat tot, en situacions més realistes i davant de valors de velocitats no tan extrems,
els dos codis d’inversié utilitzats proporcionen models molt més ajustats a la realitat com
queda demostrat en 'aplicacié de la tomografia sismica de primeres arribades a un cas

real.

7.2.2 Cas real: el pluté d’Albala

El plut6 granitic d’Albala s’ha estudiat per tal de caracteritzar-lo sismicament. Per una
banda, s’ha caracteritzat la naturalesa i 'estat de la roca mitjancant la tomografia sismica
de primeres arribades, i per altra banda s’ha obtingut informacié sobre la seva estructura
mitjancant la sismica de reflexié.

Els models tomografics mostren un subsol extremadament heterogeni amb alternanca
de zones d’alta i baixa velocitat. Les baixes velocitats s’han associat a una roca més
alterada i/o fracturada. Els valors obtinguts per a les anomalies de baixa velocitat sén
lleugerament inferiors a 2000 m/s per a la zona més superficial. A més fondaria, les
anomalies de baixa velocitat mostren uns valors al voltant dels 3500 m/s, coincidint amb
els registres de sondejos existents a la zona. Cal dir que els constrastos entre velocitats
baixes i altes son molt menys extrems que en el cas de I'estudi sintetic, fet que permet
caracteritzar aquestes zones amb fiabilitat.

La gran heterogeneitat del subsol poc profund de la zona d’estudi fa dificil 'aplicacié
d’un processat convencional de sismica de reflexié. En aquest context, les zones de baixa

velocitat provoquen un retard en ’arribada del senyal sismic, afectant aixi a la continuitat
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lateral dels reflectors. L’efecte d’aquesta variabilitat en les propietats del subsol s’ha
minimitzat aplicant una correccié sobre les traces consistent amb l'equacié d’ona (wave
equation datuming). Els resultats obtinguts després d’aquesta correccié mostren una
millor continuitat lateral per a molts reflectors, aconseguint una imatge que possibilita la
visualitzacié d'una de les fractures principals de la zona: la falla Nord. La implementacio
d’aquest processat especific requereix d’un coneixement detallat del model de velocitats

de I'area d’estudi, cosa que en el nostre cas ha proporcionat la tomografia sismica.

7.3 “Limitations of wide-angle reflection/refraction methods in
subbasalt imaging: investigating null space in refraction

data”: resultats i discussio

Mitjancant les simulacions sintetiques s’ha posat a prova un codi tomografic capag de
gestionar diversos events. Aquesta caracteristica s’ha mostrat fonamental ja que els re-
sultats obtinguts només invertint primeres arribades sén molt limitats i no possibiliten la
caracteritzacié del cos basaltic ni de la capa de sediments que existeix per sota d’aquest.
Incloure altres fases en l'inversié és basic per reproduir amb certa fiabilitat el model
utilitzat per a crear les dades sintetiques.

Els resultats de la inversié per a la primera capa de sediments son correctes quan con-
siderem les segiients fases: primeres arribades, refraccié dins la primera capa de sediments
i reflexions del limit superior del basalt. En aquest cas la velocitat dels sediments per
sobre del basalt es reprodueix raonablement, aixi com el limit superior del cos basaltic.

Afegir la refraccié dins el basalt al procés d’inversio és un pas critic, ja que els resultats
mostren que el gruix de la capa basaltica és proporcional al maxim offset considerat per
aquesta fase, parametre que és funcié per una banda de la qualitat de les dades i per altra
de la interpretacio subjectiva de qui processa les dades. Aixi si es considera més offset, la
capa de granit té més gruix i viceversa. Aquest fet s’explica perque amb gruixos de basalt
reduits, la refraccié dins el basalt i la reflexié de la base del basalt interfereixen en la
zona exterior al con d’aigua, i per tant fan dificil una correcta interpretacié/identificacié
de cada fase. Aquesta confusié s’elimina si el basalt presenta un gruix més gran i permet
separar els events corresponents a les dues fases esmentades. Malauradament, a la conca
Faroe-Shetland, la majoria d’estudis es duen a terme alla on es sospita que la capa de
basalt és prima, ja que aixi es minimitza la influencia d’aquest material sobre el senyal
sismic en els sediments subbasaltics.

Si considerem que, o bé mitjancant alguna altra metodologia geofisica o bé perforant
directament, podem coneixer el gruix de la capa de basalt, llavors la inversié tomografica

proporciona un model correcte.
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Mitjancant les simulacions de Metropolis, s’ha avaluat la influencia d’altres factors
sobre els resultats que proporcionen les inversions tomografiques. L’estudi estadistic s’ha
dut a terme considerant dos models (model 1 i model 2) que es diferencien en el gruix de
la capa basaltica que és d’un i dos kilometres respectivament.

Per al model 1 iun senyal de 10 Hz s’obté un model que reprodueix aproximadament els
gradients de la capa basaltica i del basament encara que prediu un gruix i una velocitat
més grans per a la capa de sediments subbasaltics. En les mateixes condicions pero
considerant un error més baix en el procés de picking, el model més probable empitjora la
seva prediccié per a les velocitats de la capa basaltica i del basament, i a més prescindeix
de la capa de baixa velocitat per sota del basalt. Aquest fet té la seva explicacié en que
considerant un error més gran en els temps d’arribada, les dues fases que interfereixen
(refraccié al basalt i reflexié de la base del basalt) es troben en el rang de temps correctes
com per poder-se considerar com una refraccié pura dins el basalt. Si el senyal utilitzat
és de 20 Hz, el resultat millora sensiblement i el model es reprodueix raonablement.

Per al model 2 i un senyal de 10 Hz s’han diferenciat dos casos: un primer cas amb
un picking molt conservador i un segon cas on s’han afegit picks. Per al primer cas,
la velocitat i el gruix de la capa basaltica es reprodueix de forma satisfactoria, pero no
les propietats del basament. En canvi, per al segon cas, la capa que es reprodueix de
forma raonable és el basament i no pas la capa de basalt. En cap dels dos casos la
capa de baixa velocitat per sota del basalt es veu reflectida en el model més probable.
Si augmentem la freqiiencia del senyal fins a 20 Hz, tant el basament com el basalt es
reprodueixen correctament encara que la capa de baixa velocitat segueix sense observar-se
de forma clara, segurament degut al fet de considerar més dades de les que estrictament

corresponen a cada fase.

7.4 “Some improvements in subbasalt imaging using pre-stack

depth migration”: resultats i discussio

El nou codi utilitzat per a la implementacio de la migracié pre-stack en fondaria utilitza un
algoritme de diferencies finites que evita ’aparicio de zones d’ombra en les taules de temps
de viatge. El test dut a terme amb dades sintetiques demostra que 'algoritme reprodueix
de forma encertada el model teoric, malgrat la presencia de la capa d’alta velocitat que
tendeix a desviar bona part de l'energia que hi arriba. Per tant es pot concloure que
el codi proporciona resultats satisfactoris, sempre i quan el model de velocitats utilitzat
sigui correcte.

L’aplicacio practica d’aquest nou codi s’ha dur a terme reprocessant un perfil de sismica

de reflexié adquirit a la conca Faroe-Shetland. El principal problema a resoldre per a la
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caracteritzacié tomografica d’aquesta zona és la presencia de basalts per sobre d’una
seqiiencia sedimentaria de velocitat inferior. La zona que es troba per sobre de la capa
basaltica i la topografia del limit superior d’aquesta mateixa capa es mostra perfectament
en I'stack, mentre que per sota d’aquesta capa no es recupera cap event.

Tenint en compte els resultats previs obtinguts al capitol 4, s’han invertit les diferents
fases identificades a les dades. Els resultats semblen suggerir que efectivament existeix
una inversié de velocitats per sota de cert limit que s’ha interpretat com la base de la capa
basaltica. Fent servir aquest model de velocitats s’ha utilitzat el codi que es presenta en
aquest estudi. Fins al moment, la majoria de treballs en aquest context geologic que han
implementat una migracio pre-stack en fondaria, han migrat inicament una reduida part
de les dades disponibles. Aquesta migracié selectiva correspon a la zona del shotgather
fora del con d’aigua on apareixen les refraccions del basalt, la reflexiéo de la base del
basalt i la reflexié del basament. A més, és habitual filtrar per baixes freqiiencies abans
d’implementar la migracié. Aquesta estrategia dona com a resultat una imatge final de
baixa freqiiencia que, juntament amb la presencia d’artefactes tipus smiling, fa que la
interpretacio dels limits geologics sigui complicada.

Com a alternativa, en el present estudi s’ha prescindit del filtratge previ de les dades i
s’han migrat també les altes freqiiencies. Tampoc s’han limitat les dades i s’ha migrat tot
el shotgather. Aquest processat ha proporcionat per una banda, una seccié en fondaria
de més alta freqiiencia que permet una millor interpretacié de la imatge final, i per altra
banda, s’ha minimitzat la presencia d’artefactes provinents de la migracié degut a una
cobertura de dades prou elevada.

La interpretaci6 dels resultats permeten la identificacié d’alguns events subbasaltics.
Aixi en algunes parts del model es pot inferir el que seria la base del basalt i el limit supe-
rior del basament. En la primera meitat del model (entre els 40 i els 70 km) aquests limits
de capa acoten una zona on la velocitat disminueix sensiblement, afavorint la hipotesis
d’'una capa de sediments per sota del material basaltic. A la segona meitat de la seccid
migrada (entre els 70 i 100 km) es fa dificil una interpretacié de la base del basalt, molt
probablement perque, en ser una zona on el basalt s’aprima, la refraccié dins la capa de
basalt i la reflexio de la seva base interfereixen. En canvi, 'aprimament del basalt permet

una millor visualitzacié de I’event que s’ha interpretat com el limit superior del basament.

7.5 “Seismic imaging and modelling the lithosphere of

SW-Iberia”: resultats 1 discussio

En estudis de reflexié previs el Moho es presenta, a gran escala, com una estructura

basicament plana al voltant dels 10 s en fondaria. En les dades utilitzades, es confirma
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aquest fet. La gran densitat de receptors utilitzada en 'adquisicio, ha permes 'obtenci6
d’'un stack de baixa cobertura que possibilita una visié més detallada. Aixi, I'estructura
del Moho és variable al llarg del perfil. La zona del sud (zona sud-portuguesa) mostra
una estructura simple i amb cap relleu remarcable, mentre que les altres dues zones (zona
d’Ossa-Morena i zona Centre-Iberica) es caracteritzen per un Moho més gruixut i amb uns
patrons de reflectivitat més complexos. Aquests canvis evidencien una escorca altament
heterogenia. A nivell d’escor¢a mitjana i escorca inferior també s’observen events sismics
diferenciats, encara que la correccié hiperbolica utilitzada per obtenir I'stack fa dificil la
seva interpretacio.

Diverses simulacions sintetiques s’han dut a terme amb l'objectiu de reproduir les
dades adquirides. Partint d’'un model de velocitats obtingut per refraccié és possible
recuperar els events associats a les discontinuitats principals de l’escorca, pero no és
possible donar explicacio a la complexitat, a nivell de reflectivitat, observada en les dades
reals. Per tal de justificar els patrons de reflectivitat que es mostren a les dades adquirides,
cal afegir cert grau d’heterogeneitat al model de velocitats. Mitjangant una modificacié
lenticular i estocastica del model de velocitats a nivell d’escorga inferior, es pot reproduir
qualitativament ['alta reflectivitat observada en les dades de camp.

L’stack de gran angle, el model de velocitats i la modelitzaci6 sintetica suggereixen
que l'escorca en la zona d’estudi es caracteritza per zones d’alta velocitat amb una forta
laminacié a nivell d’escor¢ga mitjana. FEls valors de les velocitats i la reflectivitat d’alta
freqiiencia sén consistents amb intrusions estratificades de caracter mafic.

L’alta reflectivitat de la base de l’escorca sembla suggerir que 1’escorga inferior i el
Moho sén estructures relativament joves, segurament creades en els darrers episodis de la
col-lisié com a resultat de processos de reequilibrament. Després de la col-lisié van tenir
lloc diversos processos litosferics i tectonics, afavorint la intrusié de material magmatic
del matell superior a nivell d’escor¢a mitjana i escorca inferior, i en alguns casos fins i tot
fins a la superficie, fet que explicaria I’anomala concentracié de diposits minerals que es
poden observar en aquesta zona.

Geologicament, les heterogeneitats a 1’escorga inferior es poden caracteritzar per in-
trusions de material mafic de geometria lenticular que es van emplacar preferentment en
zones debilitades de 1’escorca, per exemple aprofitant I'existencia de fractures previes. A
nivell d’escor¢a mitjana, la intrusié mafica es va emplacar aprofitant falles o desenganxa-
ments. Aquesta alternanca d’intrusions i roca existent és la causant de l’alta reflectivitat
observada en les dades

A la zona Sud-Portuguesa la intrusié mafica esta localitzada al voltant dels 20 km
de fondaria. Aquesta intrusié esta estratificada i probablement esta formada per sills de

tamany relativament gran. Aquesta estructura s’identifica en un parell de dispars com
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un event de gran reflectivitat. De totes maneres ha de ser una estructura relativament
simple ja que la reflexié del Moho es pot identificar en els dispars a incidéencia normal.

A la zona d’Ossa-Morena l'escorga inferior es mostra més transparent, mentre que el
Moho es visualitza com una banda reflectiva de gruix superior si el comparem amb la
zona Sud-Portuguesa. Aixo es pot correspondre perfectament amb un Moho estratificat
format per l'alternanca d’arees lenticulars d’alta i baixa velocitat. Aquesta emprempta
sismica segurament correspon al resultat del procés de reequilibrament, 1'assimilacié de
I’arrel de 'orogen en aquesta zona.

A la zona Centre-Iberica, I'event associat al Moho s’aprima i perd intensitat a mida
que ens desplacem cap al nord. La intrusié que s’observa en aquesta area esta localitzada
entre els 15 i 20 km en fondaria i s’ha modelitzat com una capa de sills que augmenta
el seu gruix vers el nord. La presencia d’aquesta estructura a nivell d’escor¢ga mitjana

modifica i limita ’energia sismica reflectida pel Moho.



8. CONCLUSIONS

En aquest treball s’ha aplicat la tomografia sismica a un ampli ventall de problemes i
situacions, en diferents zones, en diferents contextos geologics i a diferents escales. FEls
algoritmes utilitzats han estat funcié basicament de ’escala del problema. La tomografia
sismica s’ha mostrat resolutiva en la majoria dels casos i sempre que el medi estudiat
presenti contrastos de velocitats apreciables. A continuacio s’exposen les conclusions més

rellevants de cadascun dels estudis desenvolupats en aquesta tesi.

8.1 Conclusions a “Imaging granitic plutons along the
IBERSEIS profile”

Diversos plutons granitics han estat estudiats a la zona d’Ossa-Morena al sud-oest de
la Peninsula Iberica. Les dades utilitzades corresponen al perfil de sismica de reflexio
profunda IBERSEIS. Tot i tractar dades d'un estudi a escala cortical, I’elevada densitat
de receptors utilitzats ha possibilitat dur a terme un estudi tomografic d’alta resolucio fins
fondaries properes (i en alguns casos superiors) als 1000 m. S’ha observat una dependencia
de la distribuci6 de velocitats en funcié de 'edat dels granits. Aixi, els granits del Paleozoic
Inferior mostren una velocitat més o menys uniforme en tot el pluté al voltant dels 5300
m/s, en canvi els granits del Cabonifer es caracteritzen per una distribucié de velocitats
més irregular, d’uns 5800 m/s en el nucli del pluté i decreixent cap a la periferia del mateix
fins assolir valors d’uns 5200 m/s. Les estructures deduides de les imatges tomografiques
es correlacionen a la perfecciéo amb la cartografia geologica de superficie, fet que demostra
la idoneitat de la tomografia sismica per a I'estudi, delimitacio i caracteritzacié de plutons

granitics.

8.2 Conclusions a “Imaging low velocity anomalies with the

aid of seismic tomography”

La llei d’Snell estableix que els rajos es propaguen al llarg de la trajectoria més rapida,
evitant aixi les zones de baixa velocitat. La tomografia de primeres arribades s’ha mostrat

util en quant a la deteccié d’anomalies de baixa velocitat en el subsol poc profund. Com
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s’ha pogut apreciar en l'estudi sintetic, la bona correlacié entre el model teoric i el resultat
de les inversions tomografiques és funcié, basicament, del dispositiu experimental utilitzat
(disposicié de fonts i receptors en la zona d’estudi). En el millor dels casos (cobertura
maxima), es pot detectar una anomalia de baixa velocitat tot i que la morfologia i el valor
de la velocitat no es corresponen exactament amb els valors teorics. De totes maneres,
practicament amb qualsevol dispositiu experimental, els diagrames de cobertura de rajos
sempre proporcionen informacié qualitativa sobre la localitzacio i les dimensions de les
anomalies de baixa velocitat. Aquesta informacié es pot complementar amb la sismica de
reflexié mitjancant stacks i seccions d’offset comii. La combinacié d’aquestes metodologies
fa que 'estudi d’anomalies de baixa velocitat sigui factible.

El pluté granitic d’Albald situat al sud-oest de la Peninsula Iberica ha estat estu-
diat amb les dues tecniques esmentades: tomografia sismica i sismica de reflexio. Les
zones de baixa velocitat detectades es corresponen amb zones de fracturacié o falles i
zones associades. Aquesta correlacié s’ha establert tenint en compte les dades sismiques
adquirides en sondejos que mostrejen aquestes zones. El coneixement detallat de les
velocitats en la zona d’estudi proporcionat per la tomografia sismica ha permes també
implementar correccions estatiques basades en 'equacié d’ona (wave equation datuming)
que han possibilitat una millora considerable en la visualitzacié del sistema de falles propi

de la zona.

8.3 Conclusions a “Limitations of wide-angle
reflection /refraction methods in subbasalt imaging:

investigating null space in refraction data”

En aquest estudi, una serie de simulacions sintetiques han demostrat que existeixen certes
limitacions per tal d’obtenir un model de velocitats fiable per regions de I’'escorca cobertes
per basalts. Contrariament al que caldria esperar en conques marines, les zones cobertes
per capes basaltiques primes presenten més dificultats en el seu estudi que no pas les
capes de més gruix, ja que la reflexié de la base del basalt queda totalment en l'inte-
rior del con de l'ona d’aigua fent molt dificil la seva identificacié a incidencia normal.
A grans offsets, aquesta fase es confon amb la refraccié del basalt i per tant és suscep-
tible de ser interpretada erroniament. De les simulacions es dedueix que una correcta
identificacié/interpretacié d’aquestes dues fases és vital per a la determinacié del gruix
del basalt. També s’han avaluat altres factors subjectius que condicionen els resultats
obtinguts en les inversions tomografiques, com ara 1’offset maxim utilitzat en les inver-
sions (que només és funcié del criteri de qui processa les dades) o bé lincertesa en la

determinaci6 de les fases. Pel que fa a la freqiiencia del senyal, els millors resultats s’han
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obtingut utilitzant altes freqiiencies, fet que contrasta amb la tendencia actual de dis-
senyar dispositius d’adquisicié on s’afavoreixen les baixes freqiiencies. La caracteritzacio
d’estructures subbasaltiques esta totalment condicionada per la correcta determinacié del
gruix i de la velocitat de la capa de basalt. Aixi, per tal d’assegurar una modelitzacid
correcta utilitzant dades de gran angle, caldria tenir informacié complementaria com ara
el gruix del basalt i la distribucié interna de velocitats en aquesta capa, objectius que es

podrien assolir mitjangant un sondeig o bé utilitzant altres tecniques geofisiques.

8.4 Conclusions a “Some improvements in subbasalt imaging

using pre-stack depth migration”

En aquest estudi s’ha utilitzat un nou codi de migraci6 pre-stack en fondaria. Aquest nou
codi esta basat en un algoritme de diferencies finites apte per a tractar models amb elevats
gradients de velocitats tal i com suggereix la geologia de la zona. El nou codi s’ha verificat
mitjancant simulacions amb models de velocitats similars als que s’han observat en la zona
d’estudi, obtenint uns resultats on es reprodueix amb precisié el model sintetic. El codi
també s’ha utilitzat en el reprocessat d’un perfil de sismica de reflexié. En aquest nou
processat s’han fet algunes consideracions poc habituals fins ara en la migraciéo d’aquest
tipus de dades en aquest context geologic. Al contrari del que s’ha suggerit fins al moment,
en aquest estudi s’ha utilitzat integrament tota la informacié continguda en els dispars.
Les dades utilitzades presentaven una cobertura suficient per atenuar o eliminar artefactes
del tipus smiling, per aquest motiu no s’ha limitat I'obertura en la migracié, afavorint aixi
que les estructures no horitzontals es vegin reflexades en el resultat final. El fet de migrar
els dispars complerts també ha contribuit a una imatge final de més alta freqiiencia i per
tant més detallada. Finalment, el fet de no migrar només fragments dels dispars, elimina
una subjectivitat que de ben segur afectaria al resultat de la migracié. Els resultats
obtinguts milloren substancialment la imatge proporcionada per la sismica de reflexié
convencional. En la imatge final s’ha deduit la base del basalt en algunes parts del model,
a més d’alguns events més profunds que podrien representar el contacte dels materials
subbasaltics amb el basament. Cal dir que la migracié pre-stack en fondaria té una gran
dependencia en el model de velocitats utilitzat en la seva implementacié, per tant aquest

ha de ser tan acurat com sigui possible per assegurar un bon resultat.
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8.5 Conclusions a “Seismic imaging and modelling the
lithosphere of SW-Iberia”

La inusual densitat de receptors amb que van ser adquirides les dades utilitzades ha
permes obtenir un stack del perfil de gran angle. Per tal de minimitzar l'efecte de la
baixa cobertura (ntmero de traces per cdp) s’ha optat per una correccié hiperbolica
(enlloc de I'habitual normal move out) dissenyada per reforgar els events identificats amb
el Moho i I’escorga inferior. En aquesta imatge es posa de manifest una gran heterogeneitat
en 'escorca mitja i inferior, en part atribuida a una intrusié mafica localitzada a nivell
d’escor¢a mitja. El model de velocitats obtingut amb tecniques de tracat de rajos aporta
unes propietats (velocitats) promig que permeten dur a terme simulacions que reflecteixen
les principals discontinuitats a escala cortical, encara que no poden justificar la gran
variabilitat en la resposta sismica observada en les dades de camp. Per obtenir uns
sismogrames sintetics que reprodueixin qualitativament les dades reals, s’ha realitzat una
modificacié estocastica del model de velocitats introduint variacions lenticulars aleatories
basades en les observacions d’alguns afloraments d’escorca inferior. Aquests resultats
porten a considerar que la intrusié mafica i I’escorca inferior sén estructures que presenten
laminacié. El Moho consisteix en una discontinuitat hortizontal pel que fa a la seva
morfologia, variable en el gruix i extremadament heterogeni en quant a la seva resposta
sismica. La variabilitat en certes propietats es podria atribuir a les tres unitats que
conformen ’area d’estudi, mentre que I'horitzontalitat de la discontinuitat escorca-mantell

és probable que tingui el seu origen en processos litosferics de “reequilibrament”.

8.6 Conclusions generals

Com a resultat d’aquest treball, es pot dir que aquesta metodologia és una eina de molta
utilitat en la deteccid, delimitacié i caracteritzacié d’estructures que representen anomalies
d’alta velocitat com ara plutons granitics o colades basaltiques. En massissos formats per
un sol tipus de roca, les variacions en la velocitat han permes distingir entre els diferents
estats d’aquesta roca. També ha quedat demostrada la polivalencia de la tomografia
sismica en quant a la seva flexibilitat per ser utilitzada amb diferents conjunts de dades,
encara que aquestes no hagin estat especificament adquirides per a la implementacio
d’aquesta metodologia, per exemple dades de sismica de reflexié tant marina com terreste.

De totes maneres, aquesta tecnica no representa una solucié universal per a qualsevol
problema geofisic perque, malgrat la seva versatilitat per ser aplicada a qualsevol conjunt
de dades, existeixen limitacions per a la seva implementacio, ja que les caracteristiques

geologiques del medi poden imposar certes restriccions. Per tant, en alguns casos sera
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necessari tenir en compte certes consideracions previes per tal de no treure de context els
resultats obtinguts. En concret, en aquesta tesi s’han desenvolupat alguns casos en que
aixo es posa de manifest i ens porta a parlar de diferents tipus de limitacions.

La primera d’aquestes limitacions esta relacionada amb el poder resolutiu de la tomo-
grafia sismica que ve fixat pel diametre de Fresnel, per tant a certes fondaries és impensable
reproduir amb fidelitat certes estructures de petit tamany, i com a molt podrem aspirar
a obtenir propietats promig de la zona d’estudi, aquesta limitacié és inherent a la fisica
del problema i per tant insalvable.

Un altre exemple on la tomografia presenta problemes és en la deteccié d’anomalies de
baixa velocitat. En aquest cas el problema rau en el tipus d’algoritme utilitzat, ja que les
restriccions imposades pel principi de Fermat respecte a la trajectoria dels rajos només
s’haurien de considerar en tractar inversions de primeres arribades. Per tant, en teoria,
utilitzant algoritmes que inverteixin diverses fases es pot resoldre el problema. Ara bé, en
experiments superficials, la identificacié d’altres fases que no siguin la primera arribada
no resulta factible (en general) degut a la gran heterogeneitat que caracteritza els primers
metres del subsol i per tant, encara que disposem d’algoritmes adequats i no existeixin
impediments teorics, les dades no possibilitarien una aplicacié optima de la tomografia
sismica. Ens trobariem davant d’una limitacié de tipus practic.

Per 1ultim, també cal esmentar la limitacié que representa el fet de realitzar una in-
terpretacié de les dades previa a la inversié tomografica. En les inversions amb diverses
fases s’ha demostrat que una associacié erronia entre fase i estructura pot traduir-se en
resultats totalment erronis o com a minim ambigus. El fet d’identificar una fase és un
acte intrinsicament subjectiu, per tant en aquests casos s’hauria d’extremar la prudencia
en la interpretacié tant de les dades com dels models obtinguts en processar-les. Cal
esmentar que per “posar a prova” la fiabilitat de la tomografia sismica en aquests casos
poc favorables han resultat imprescincibles les simulacions sintetiques, perque seria ex-
tremadament arriscat extreure conclusions d'un experiment sense saber exactament quin
és el model de subsol que hi ha al darrera.

Malgrat les limitacions, podem concloure que s’ha demostrat la idoneitat de la to-
mografia sismica com a eina en la prospeccid geofisica per tal d’estudiar estructures
geologiques i obtenir-ne informacio rellevant respecte a les velocitats tipiques d’aquestes es-
tructures. El coneixement de la geologia de la zona, juntament amb el model de velocitats
han permes la identificacié d’aquest parametre fisic amb certes litologies, aportant aixi
informaci6 respecte a la seva naturalesa. A més, en certs casos la tomografia sismica
s’ha utilitzat com a metodologia auxiliar per tal d’aplicar altres tecniques de prospeccio
geofisica. La migracié pre-stack i les correccions estatiques son dues d’aquestes tecniques

que requereixen d’un acurat model de velocitats per a la seva implementacio i que en els
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casos estudiats han representat una millora substancial respecte al processat previ basat
en sismica de reflexié convencional.

En els darrers anys, basicament com a conseqiiencia de I'increment de la capacitat de
calcul dels ordinadors, s’han realitzat avencos remarcables en el camp de la inversié de
forma d’ona. Aquesta tecnica proporciona models de velocitats molt detallats i representa
una millora notable respecte als resultats obtinguts amb la tomografia, ja que en la seva
implementacié es té en compte tota la informacié continguda en una traga sismica i no
només els temps corresponents a certs events. Es d’esperar doncs, que en els propers
anys, aquesta metodologia substitueixi progressivament a la tomografia sismica com a
instrument predominant en 'obtencié de models de velocitats. Malgrat tot, la inversio
de forma d’ona també requereix d’un procés iteratiu. En els algoritmes utilitzats fins al
moment, el bon comportament d’aquest procés iteratiu esta condicionat basicament pel
model inicial, el qual ha de ser suficientment acurat per tal d’assegurar la convergencia.
Avui per avui, la millor metodologia al nostre abast per a proporcionar un model inicial
satisfactori és la tomografia sismica. Per tant, per si mateixa o com a requisit previ per
I’aplicacio d’altres metodologies, sembla ser que la tomografia sismica seguira sent una

eina de gran utilitat en el futur.
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