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Summary

The Penedés half-graben represents a natural field laboratory for the study of the link
between tectonics and palaecofluids because it exposes numerous outcrops that allow a global

and complete diagenetic study of the basin from Mesozoic to present times.

In order to place the diagenetic study into its geodynamic context it is important to describe
the geological setting. The Penedés half-graben is located in the central part of the Catalan
Coastal Ranges (CCR) and results from the superposition of three main tectonic events: (1) the
Mesozoic extensional phase which is divided into two Mesozoic rift episodes: the first, Late
Permian to Triassic in age and the second, latest Oxfordian to Aptian in age (Salas et al., 2001);
(2) the Paleocene to middle Oligocene compressional phase which includes the emplacement of
ENE-to-NE-trending thick-skinned thrust sheets bounded by SE-dipping thrusts with a limited
left-lateral strike-slip motion (Guimera, 2004); (3) the late Oligocene?- Neogene extensional
phase which split the CCR into a set of ENE-WSW blocks mainly tilted toward the NW,
constituting the actual horst-and-graben systems now present at the northwestern Mediterranean

(Bartrina et al, 1992; Roca and Guimera, 1992).

Samples were taken in 19 different outcrop areas located within three main structural
domains: the Gaia-Montmell domain, which represents the footwall block of the SE-dipping
major normal faults that bound the north-western margin of the basin, the Central Penedeés
domain, which comprises the central Miocene syn- and post-rift deposits and the Garraf domain,
which comprises a group of small syn-depositional tectonic horsts and half-grabens developed

in the Garraf horst during its Neogene evolution.

Based on the macro and microstructural analysis combined with geochemical results from
host rocks, fault rocks and fracture cements, the following diagenetic events have been
identified: (1) Very early stages characterized by micritization, early irregular micro-fractures
resulting from opening in poorly-lithified sediments and early calcite cement precipitations; (2)
Progressive burial stages characterized by brecciation, stylolization and dolomitization; (3)
Fracturing and cementations characterized by ninth major deformation stages with their related
cements, breccias and stylolites, and (4) four karstification events with associated collapse

breccias, sediments and cements filling the fracture, vug and cavern porosities.

A depositional control of the 3'*0 values of the syn-rift Mesozoic sediments (Valanginian,
Barremian and Aptian) related to the position of the different outcrops with respect to the
Mesozoic normal faults is inferred from the values reported in this study. The isotopic values of
the Miocene marine facies, depleted in 8'*0 and 5"°C respect to the expected values for the

Miocene seawater, together with the chalky appearance of these limestones, indicate that the
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Miocene marine limestones were re-balanced under the meteoric diagenetic environment. The
meteoric fluid precipitating the calcite cement in the conglomerates of the lower continental
complexes was responsible for diagenetically altering the marine host limestone. A different
meteoric fluid, more influenced by soil-derived CO,, precipitated the calcite cement present

within the upper continental complexes.

The fluids circulating through the fractures attributed to the second stage of the Mesozoic
rifting were precipitated from formation waters during the progressive burial of the sediment, in

a closed palaeohydrological system.

From the Paleocene to the mid-Oligocene the fluids circulating through the compressional
fractures had a meteoric origin. Due to the Paleogene compression, Mesozoic rocks were
uplifted, subaerially exposed and extensively karstified. Different types of sediments and

cements were deposited filling the karstic cavities under the meteoric diagenetic environment.

During the initial upward propagation of the Neogene extensional faults, deformation was
characterized by random fabric fractures filled by dolomitic cement with geochemical
characteristics of low temperature formation waters. However, the host-rock was partially
dolomitized due to an increase in fluid flow and to a less degree, to the temperature of fluids.

This replacement can be attributed to the connection of two fault segments in a relay zone.

Related to the syn- and early post-rift stage, the NE-SW fractures were sealed by meteoric
fluids under both, phreatic and vadose zones. The N-S normal faults attributed to the late post-
rift stage favoured the upflowing of marine fluids expelled from the compaction of the late
Burdigalian to the early Serravallian marine sediments producing the dolomitization of the host
rocks and the precipitation of dolomite cements within the fractures. During the late post-rift
and related to NNW-SSE and NNE-SSW tensional fractures different types of meteoric fluids
circulated through the fractures. These fluids were precipitated from phreatic to vadose cements,
agreeing with the uplift of the entire basin and/or with the falling-down of the meteoric water

table related to a generalized sea level fall in the Mediterranean area during the Messinian.

Four different events of karstification have been differentiated: a first karstification event
developed after the main phase of the Paleogene compression, clearly affected by the
extensional fractures related to the Neogene syn-rift, two karstification events developed during
the Neogene syn-rift stage, clearly affected by the normal and strike-slip faults, and a late

karstification event, with undeformed karstic fillings, attributed to the Neogene post-rift.
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RESUM EXTENS EN CATALA

1. INTRODUCCIO
1.1. Estructura de la tesis doctoral

La investigacio sobre el procés de creacid i destruccid de porositat i permeabilitat en
ambients de tectonica extensiva, ha estat i continua sent, de gran interés per a l'exploracio de
petroli i gas i la prospeccio de diposits minerals (Budai i Wiltschko, 1987; Bethke, 1989). Molts
reservoris de petroli i gas s’emplacen en roques fracturades i carstificades, on prop de la meitat

dels jaciments es troben en roques carbonatades.

En els darrers anys s’han iniciat nombrosos projectes de recerca nacionals i internacionals
centrats en I’estudi diagenétic i I'evolucio dels fluids a través d’una conca sedimentaria. Aquesta
tesi doctoral s'emmarca dins de dos projectes nacionals I + D liderats per la Dra. Anna Traveé.
Un es va dur a terme des de I’any 2006 fins el 2009, titulat ‘Geofluid and deformation
interactions within and extensive tectonic context’ (CGL2006-14860). El segon, encara en actiu,
es titula: ‘Diagenesis, deformation mechanisms and architecture of the fault zones in the
neogene extensive basins of the northeaeastern Iberian Peninsula. Relationship with the

hydrocarbon reservoirs of the Valencia Trough’ (CGL2010-18260).

Aquesta tesi consta d’un compendi de tres articles cientifics, dos d'ells ja publicats i un tercer

en revisio, enviats a revistes indexades i de prestigi internacional (IS]):

1. Baqués, V., Travé, A., Benedicto, A., Labaume, P., Cantarero, 1., 2010. Relationships
between carbonate fault rocks and fluid flow regime during propagation of the Neogene
extensional faults of the Penedés basin (Catalan Coastal Ranges, NE Spain). Journal of
Geochemical Exploration, 106, 24-33. Factor d’impacte: 2,125. Posicié 24/77 2*"
quartil) a GEOCHEMISTRY & GEOPHYSICS.

2. Baqués, V., Travé, A., Roca, E., Marin, M.A., Cantarero, 1., 2012. Geofluid behaviour
in successive extensional and compressional events: a case study from the south-
western end of the Valles-Penedés Fault (Catalan Coastal Ranges, NE Spain).
Petroleum Geoscience, 18, 17-31. Factor d’impacte: 1,294. Posicio 3/24 (1% quartil) a
ENGINEERING, PETROLEUM.

3. Baqués, V., Travé, A., Cantarero, I. Development of successive karstic systems within

the Baix Penedés Fault zone (onshore of the Valencia Trough, NW Mediterranean).
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Resum extens en catala

Geofluids (under review). Factor d’impacte: 1,533. Posicid: 37/76 (2°" quartil) a
GEOLOGY (2011).

El treball presentat en aquesta memoria inclou una discussio conjunta dels resultats publicats
previament (Travé et al., 1998, 2008; Travé i Calvet, 2001; Belaid et al., 2008; Romaire et al.,
2008; Baqués et al., 2008, 2009a, 2009b, 2010a, 2010b, 2010c, 2012a, 2012b i Baqués et al.,
under review (veure appendix 1 i 2)) juntament amb dades noves no publicades. La sintesi de
tots els resultats i la seva discussio a escala de conca sera presentada per a la seva publicacio a

la revista “Basin Research”.

1.2. Objectius

L'objectiu principal d'aquesta tesi doctoral ha estat determinar la relacié entre les
fractures i la migraciéo de fluids durant 1'evolucié d'una conca sedimentaria extensiva.
L'estudi s’ha realitzat a la conca del Penedés, situada al sector central de la Serralada Costanera
Catalana, en el flanc nord-oest del Solc de Valéncia (Mediterrani occidental). Aquesta conca és
un bon exemple per 1’estudi dels sistemes fluid-fractura i a més permet establir una correlacio
directa amb els reservoris de petroli situats a 1’offshore del Solc de Valéncia (Esteban, 1991,
Vera et al., 1988;. Klimowitz et al., 2005;. Playa et al., 2009). En aquesta tesi es descriu per
primera vegada 1’evolucidé d’un reservori a partir de I’estudi diagenétic complet de les roques
encaixants, la circulacié dels fluids a través dels diferents sistemes de fractura i de la

interferéncia dels processos carstics en zones de fracturacid extensiva.
Per acomplir l'objectiu principal s’han proposat els seglients objectius concrets:

-Determinar els diferents estadis de deformacio i els seus processos diagenétics associats, per
tal d’atribuir-los a les diferents fases tectoniques que han donat lloc a la conca sedimentaria.
-Establir I’evolucio diagenética de les roques encaixants.

-Caracteritzar els processos diagenctics que han tingut lloc durant dos esdeveniments
tectonics extensius.

-Caracteritzar i diferenciar els processos diagenétics que han tingut lloc en un procés
compressiu respecte a un d’extensiu.

-Establir la relacid entre els processos de dissolucid carstica vers els sistemes de fractura.
-Caracteritzar petrograficament i geoquimicament els rebliments associats a diferents events
carstics.

-Avaluar el paper de les litologies i el salt de falla vers 1’arquitectura de les zones de falla.
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1.3. Antecedents
Diagénesi de les roques sedimentaries

La diagenesi de les roques sedimentaries és un procés molt complex que ha estat definit
basant-se en diferents criteris. El concepte de litificacid, cementacid, estabilitat mineral, canvis
texturals 1 dissolucié. Totes aquestes alteracions de les roques es poden produir en qualsevol
moment des de la seva deposicio fins als estadis d’enterrament profund (Bathurst, 1971). No
obstant aix0, des de fa temps, el terme diagénesi s’ha limitat als processos que causen la
litificaci6 dels sediments.

Ginsburg (1957) defineix diagénesi com el conjunt de processos fisicoquimics que
modifiquen els sediments des de la seva deposicié fins a la seva litificacid, produits a baixa
temperatura i a una pressio superficial.

Pettijohn (1963) defineix diagénesi com les reaccions que tenen lloc dins dels sediments,
entre un mineral o un altre, o entre un o varis minerals i els fluids intersticials.

Segons Purdy (1968) la diagénesi inclou tots els canvis experimentats pels sediments entre la

seva deposici6 i abans del metamorfisme.

Generalment la diagénesi s'ha dividit en etapes o periodes denominats estadis diagenétics.
L’esquema dels estadis diagenétics proposat per Fairbridge (1967) es 1til per cualsevol tipus de
roca sedimentaria i la seva divisio es basa en 1’origen, naturalesa i direccié de moviment de
I’aigua de formacid. Aquest autor divideix 1’evolucid diagenética en tres estadis:

i.  Sindiagenesis.

ii. Anadiageénesis.

iii. Epidiagenesis.

Choquette i Pray (1970) divideixen les fases diagenétiques basant-se en la porositat. Aquesta
classificacio t¢ una amplia acceptacio pel fet de que en general, sempre €s possible determinar
l'origen i evoluci6 dels porus. Aquests autors divideixen l'evolucié diagenética en tres etapes:

i.  Pre-sedimentacio.

ii. Deposicional.

iii. Post-deposicional.

L'etapa post-deposicional se subdivideix en tres zones: eogenética, mesogenética i

telogenética.

En aquesta memoria s'utilitza el terme diageénesi per referir-se als canvis que es van produir
en els sediments, des de el seu diposit fins 1’actualitat. El terme diagenesi en un sistema fluid-
fractura fa referéncia als palacofluids que van circular a través de les fractures al llarg de

I’evolucio tectonica de la conca sedimentaria.
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Geofluids i fractures

Un geofluid es defineix com qualsevol fluid que ocupa la porositat de les roques i es mou a
través d’elles a I’interior de la terra (Lawrence i Cornford, 1995). La preséncia de geofluids juga
un paper molt important pel que fa als mecanismes de deformacid que tenen lloc durant el
desenvolupament de processos. Com ara processos tectonics, que afecten a I’escorga terrestre.
L’estudi de la relacid entre la tectonica i la migracid dels geofluids en una conca sedimentaria
permet determinar I’evolucio geodinamica d’aquesta conca al llarg del temps (Knipe, 1993; Van

Geet et al., 2002; Rawling et al., 2001; Hooker et al., 2012).

Aquest coneixement inclou:
i. Les caracteristiques fisicoquimiques dels fluids, i per tant el tipus de fluid i el seu
origen (Bjerlykke et al., 1998; Burley i Macquaker, 1992).
ii.  El grau d'interaccié fluid/roca.
iii.  El tipus de régim hidraulic (tancat vers obert) (Calvet et al, 2000; Verhaert et al, 2009).
iv. El tipus de cami de migracio del fluid (dispers vers canalitzat).
v. Els mecanismes d’activacio de la migracio dels fluids (Carter et al, 1990).
vi. Les caracteristiques texturals associades a les fractures i com influeixen en la porositat i
la permeabilitat del reservori (Knipe, 1989; Antonellini i Aydin, 1994; Caine et al.,
1996).

vii. La cronologia relativa entre diferents tipus de circulacio de fluids (Burruss et al., 1983;
Breesch. et al, 2009).

viii. El sincronisme, o no, entre la fracturacio i la circualcio del fluid (Laubach et al., 2004;
Bussolotto et al., 2005, 2007).

El paper que juguen les falles vers la circulacié o no dels fluids a través d’elles depén de la
seva estructura interna (zones de falles, tipus de roques de falla i la precipitacié de minerals)
(Aydin et al., 1998 ; Agosta i Aydin, 2006).

La majoria de les falles, a nivell superficial, s’estructuren en diferents segments
(Micklethwaite i Cox, 2004). El creixement, la propagaci6 i la interaccio d'aquests segments
influeix en la complexitat final de 1’arquitectura de la zona de falla.

La circulaci6 dels fluids al llarg dels segments de falla dependra doncs del grau de connexio
entre els segments 1 de quin sigui 1’estadi evolutiu de la falla (Micklethwaite i Cox, 2004). A
més, 1’organitzacid en tres dimensions dels diferents segments esta lligat a la preséncia de
discontinuitats presents al llarg de la série estratigrafica (Underwood et al., 2003). Sovint, els
segments es limiten a capes especifiques, les quals tenen una reologia especifica i la seva
interaccié amb els altres segments de falla dependra de la capacitat (energia) de cada segment

de creuar les discontinuitats que limiten la capa (Naccio et al., 2005).
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El mecanisme de formacid de les fractures i el grau de cimentacié controlara el fet de que la

falla actui com una barrera o un conducte (Agosta et al, 2012; Breesch et al, 2009).

Zones de falles

La denominada zona de falla en un context de tectonica extensiva i a nivell de I’escorca
terrestre, es caracteritza per ser una regio deformada, amb diferents plans de lliscament,
fractures i roques de falla resultants de la deformacio (McClay, 1987, Caine et al., 1996, Davis i
Reynols, 1996). Aquest concepte se 1’ha de diferenciar de 1’anomenada zona de cisalla, el qual
fa referéncia a grans zones de deformacid, generades en condicions ductils a ductils-fragils 1 que
engloba el terme de zona de falla. Una zona de cisalla ductil evoluciona a superficie cap a una

zona de cisalla més estreta dins un régim fragil.

En una zona de falla es distingeixen tres arees amb caracteristiques mecaniques i
petrologiques diferents (Sibson, 1977, Caine et al., 1996, Peacock et al., 2000, Borgi, 2007):

i. Cor de la falla (‘Core’), on es concentra la major part del lliscament. Es caracteritza per
estar format per farina de falla, cataclasita i milonita.

il. Zona afectada per la falla (‘Damage zone’), caracteritzada per una malla de fractures i
falles secundaries. Es caracteritza per estar format per falles secundaries, fractures, plecs i
bretxes de falla cohesives i no cohesives.

iii. Protolit, corresponent a la roca encaixant la qual tant sols registra la deformacio prévia a
I’actuaci6 de la falla.

La permeabilitat de les falles-fractures depén de les roques generades durant el seu
moviment: el tipus de fracturacio que hi t¢ lloc, la mida 1 tipus de falla, la litologia del protolit,
les propietats quimiques del fluid que hi circula, I’evolucié pressid/temperatura i els
components de permeabilitat (k) (Caine et al., 2006, Agosta i Aydin, 2006).

La disposicid dels diferents plans de lliscament i la seva continuitat (relleu de falles),
també és un factor que intervé en la circulacié de fluids.

El grau de connexid d’una falla esta controlat per les heterogeneitats que es poden trobar
en el desenvolupament de la falla (variacions litologiques i la poténcia de les diferents unitats
estratigrafiques). Quan més dificil és la seva propagacid, més desconnectada esta i més dificil

sera la circulaci6 del fluid.

Les roques de falla es classifiquen per criteris texturals. En aquesta tesi es va comencar a
utilitzar la classificacio proposada per Sibson (1977) basat en el tipus de textures, cohesivitat, i
la mida de fragments de les bretxes com també¢ la quantitat de recristal-litzacié de la matriu. No
obstant aix0, es va canviar la classificacié de les bretxes per la classificaciéo de camp proposada

per Morrow (1982). Aquesta classificacid es basa en el tipus de textura i la quantitat de
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cristal-litzacid de la matriu (Fig. 2) ja que algunes de les bretxes reconegudes dins de les zones
de falla presenten processos de carstificacio, sent problematica 1'as de la terminologia proposada

per Sibson.
2. MARC GEOLOGIC

La Mediterrania occidental (Fig. 3) inclou un sistema de conques extensives d’edat
Oligocena a Miocena inferior (Solc de Valéncia, la conca Provencal i la conca de Ligaria) les
quals registren el sistema evolutiu primerenc de la Mediterrania occidental (Roca et al., 1999).
El marge nord-oest del Solc de Valenciana inclou un sistema de horsts i grabens formats durant
el Neogen els quals constitueixen la Serralada Costanera Catalana (SCC). La SCC, situada al
NE de la Peninsula Ibérica, representa 1'expressio en terra (onshore) de la part NE del marge
continental que separa I’escor¢a aprimada del Solc de Valéncia de I’escorga Varisca de la Placa
Ibérica (Dafiobeitia et al., 1992; Vidal et al., 1995). Estan formades per diversos blocs de
direccid6 ENE-OSO a NE-SO delimitats per falles de 50 a 150 km de profunditat els quals
mostren un arrenjament dextre en echelon amb una direcci6 ENE-OSO (Fig. 3). A la part
central de les SCC, aquestes falles corresponen a les falles del Vallés-Penedés, Montmell, Baix
Penedes, El Camp i Barcelona, totes elles de direccio NNE-SSO a NE-SO i inclinades cap al
SE.

A partir de les dades estructurals de les zones de falla, juntament amb les dades estructurals
de I’estructura interna dels blocs delimitats per les falles, es determina una evolucié complexa

caracteritzada per tres esdeveniments tectonics principals.

El primer esdeveniment tectonic correspon a la fase extensional Mesozoica que es divideix
en dos episodis de rift:

Un primer, que tingué lloc des del Pérmic fins al Triasic i es relaciona amb 1’obertura dels
Neotethys. El segon tingué lloc des de 1’Oxfordia tarda fins 1’ Aptia, relacionat amb 1’obertura de
la part central-nord de 1'Ocea Atlantic i el Golf de Biscaia (Salas i Casas, 1992; Salas et al.,
2001), originant-se la individualitzacié de la Placa Ibérica durant I'Albia-Santonia tempra
(Srivastava et al., 1990; Sibuet et al., 2004).

Durant el darrer episodi de rift mesozoic, es van desenvolupar diverses conques extensionals
al llarg de I’actual SCC (Montmell-Garraf, Barcelona, el Perello i el Maestrat (Salas, 1987)) les
quals constitueixen el limit NO d’un sistema de conques extensionals ampli que s’estenia cap al

sud-est al llarg de 1’actual Mediterrani Occidental.

El segon esdeveniment tectonic correspon a una fase compressiva ocorreguda des del

Paleoce a 1'Oligocé mitja. Va generar el Cintur6 d’Intraplaca Catala (CIB) a partir de la inversio
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de les conques de rift mesozoiques, mitjancant lamines encavalcants de direccio ENE a NE
delimitades per encavalcaments, cabussant cap el SE amb una certa component lateral sinistra

(Ashauer i Teichmiiller, 1935; Llopis-Llado, 1947; Anadon et al., 1985; Guimera, 2004).

El tercer esdeveniment tectonic correspon a la fase extensional Oligocé tarda — Neogen. Va
reactivar en extensio, les principals falles inverses Paledogenes de la SCC (Fontboté, 1954;
Gaspar-Escribano et al., 2004), tot dividint el CIB en un conjunt de blocs de direcci6 ENE-OSO
inclinats cap al NO, constituint l'actual sistema de horsts i grabens de la Mediterrania nord-

occidental (Bartrina et al., 1992; Roca i Guimera, 1992).

La costa actual és gairebé paral-lela a les falles de basament. Altres falles menors orientades,
NO-SE, transversals a les falles majors, també influencien en I’estructura actual de les CCR
(Guimera, 1988).

Les zones deprimides relacionades amb les falles de basament inclouen les conques del
Vallés-Penedés, del Camp i de Barcelona.

Diversos alts estructurals importants que envolten les conques son: el bloc de Prades,
Bonastre i el complex de Garraf-Montnegre, el que al seu torn inclou conques menors
delimitades per falles (Vilanova i el Baix Llobregat). Aquestes depressions tectoniques mostren
orientacions lleugerament diferents (ENE-OSO i1 SO-NE) a causa de canvis en |’orientacié de

les falles més importants.

La conca del Penedés, esta situada en el sector central de la SCC i es divideix en la sub-
conca de Alt Penedgs i la sub-conca del Baix Penedés (Fig. 4). Dos alts estructurals importants
envolten aquesta conca: ’alt de Montmell-Gaia i el horst del Garraf, que al seu torn inclouen
depressions més petites limitades per falles menors (Vilanova i el Baix Llobregat).

Els alts estructurals estan formats per calcaries, dolomies, evaporites i roques siliciclastiques
d’edat Mesozoica, tots ells discordants sobre del basament Varisc.

La conca té 50 km de llarg i més de 14 km d'ample, i el seu marge NO esta limitat per la falla
del Vallés-Penedes, amb un lliscament vertical de més de 4 km (Bartrina et al., 1992) (Fig. 5).
Falles menors, de fins a uns centenars de metres de lliscament, formen el limit sud-est, separant
la conca del hosrt del Garraf.

Les relacions entre les falles del Neogen i els materials que reomplen la conca permeten
definir quatre grans etapes en I’evolucio tectono-estratigrafica de la conca des de 1'Oligocé tarda
fins I'actualitat (Cabrera i Calvet, 1996; Roca et al., 1999) (Fig. 6):

i. Una etapa syn-rift, que va durar des de finals de 1'Oligocé fins al Mioc¢ inferior (principis
del Burdigalia), caracteritzada per una forta activitat extensional que va donar lloc a I’estructura
en horsts i grabens de la SCC. L'origen d'aquest sistema extensiu, cap al SO esta relacionat amb

I’inici de la propagacid del sistema extensiu de 1’Europa Occidental (Oligocé-Miocé inferior)
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(Sérrane et al., 1995, Benedicto, 1996) i 1’acrecid oceanica Burdigaliense associada a la deriva
cap al sud-est del bloc de Corsega-Sardenya (Burrus, 1984; Roca et al, 1999).

ii. Una etapa post-rift, que va durar des del Mioce¢ mitja (Languia) fins al Miocé superior
(Tortonia), durant la qual, la tectonica extensional va ser atenuada i només les falles del Valles-
Penedes i Barcelona restaren actives. Dins d’aquesta etapa, durant el Languia tarda Serraval-lia
tempra, va tenir lloc un esdeveniment compressiu menor amb un camp regional d’esforcos
orientat NNE-SSO que reactivaren direccionalment algunes de les falles preexistents (Bartrina
et al., 1992). Aquesta compressio es relaciona amb I’emplacament dels encavalcaments Bétics a
Mallorca i al SE del Solc de Valéncia.

iii. Un esdeveniment compressiu durant el Mioce superior (Messinia) que va invertir la falla
del Vallés-Penedés. Aquesta inversio va aixecar i1 plegar els diposits de la conca en un suau
sinclinal (Roca et al., 1999).

iv. Una etapa final en qué els estrats horitzontals del Pliocé fins a 1’actualitat recobreixen
discordantment els materials que omplen la conca, indicant la fi del desenvolupament del
sinclinal 1 la manca d’activitat significativa en les falles principals que afecten la conca del
Valles-Penedes.

Una discontinuitat carstica pre-rift, associada a diferents productes de la meteoritzacio
(paleosols), marca el limit inferior de I’ompliment Neogen de la conca (Cabrera et al., 1991). La
conca esta reblerta per 4 km de sediments els quals es divideixen en tres complexes
sedimentaris (Agusti et al., 1985; Cabrera i Calvet, 1996):

i.  Els complexes continentals inferiors (CCI), d’edat Aquitaniana- Burdigaliana inferior,
que consisteix en seqiiéncies potents de red beds dipositats en un medi de ventall
al-luvial.

ii. Els complexos marins a transicionals (CMT), d’edat Burdigaliana superior-
Serraval-liana, amb facies tipus sabhka, facies de plataformes carbonatiques i facies
siliciclastiques.

iii. Els complexos continentals superiors (CCS), d’edat Serraval-liana superior-Tortoniana,
que consisteix en seqiliéncies potents de red beds dipositades en ambients de ventalls
al-luvials (Agusti et al., 1985).

Aquests tres complexos estan deformats i coberts per les unitats al-luvial-fluvials del Pliocé

inferior (Gallart, 1981) i/o marines (Martinell, 1988), que onlapen una superficie erosiva

molt marcada d’edat Messiniana que afecta tant les roques del basament com les seqiiéncies

nedgenes anteriors.
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3. METODOLOGIA

Per dur a terme la relacio entre les fractures i la migracio de fluids és necessari establir la
paragénesi dels diferents esdeveniments diagenctics i establir el lligam entre els diferents
processos diagenétics i la historia tectonica de la zona.

Per aconseguir els objectius d’aquesta tesi s’ha utilitzat un enfoc multidisciplinar i integrat

mitjangant observacions de camp, petrografiques i les analisis geoquimiques.
Treball de camp

El treball de camp ha permés identificar les arees més favorables per a realitzar les
observacions de les fractures i els ciments.

Al camp s’han pres les dades estructurals i s’establiren les seves relacions temporals. De
manera sistematica es van mostrejar els ciments i sediments que reomplen les fractures, aixi
com les respectives roques encaixants. Les mostres van ser orientades acuradament per tal de
poder fer la restitucid de I’orientacio de les fractures al laboratori. S’han estudiat un total de

dinou afloraments i 180 mostres situades a les zones de deformacidé més rellevants.
Treball de laboratori

Després de seleccionar les mostres es van fer més de 240 lamines primes no cobertes per
poder fer I'estudi mineralogic, petrologic i geoquimic. Moltes d'aquestes mostres es van tenyir
amb Alizarin Red-S i ferrocianur potassic per distingir entre calcita (de color rosa), dolomita

(incolora), calcita ferrosa (de color violeta) i dolomita ferrosa (turquesa) (Dickson, 1966).
La microscopia optica

Les lamines primes es van examinar usant un microscopi de transmissié de llum polaritzada
(Zeiss) equipat amb una camera (Axiophot) i un ordinador amb un programa per capturar les

imatges del microscopi.
La microscopia de catodoluminiscéncia

Es va dur a terme en un dispositiu Technosyn Cold Catodoluminiscencia Model 8200 MKII,

operant entre 151 18 kV i entre 150 1 350 pA de corrent.

Quan una mostra de roca polida es bombardeja amb un feix d'electrons, la mostra emet [lum
de catodoluminiscencia. La longitud d'ona i per tant, el color i la intensitat de la llum emesa per
una fase mineral determinada dependra dels inhibidors i activadors. Per als carbonats, el Mn*" és
un important activador i el Fe*" és un dels major inhibidors (Machel i Burton, 1991). Els canvis

en la luminiscéncia pot proporcionar informacié qualitativa sobre les variacions en les propietats
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quimiques durant la precipitacio. A més d'aixo, la catodoluminiscéncia és una eina per
determinar la cronologia relativa dels esdeveniments diagenctics, de fracturacio, estilolititzatio i
cimentaci6 a través de les relacions de tall. També pot ajudar a distingir les fases de ciment que
eren indistingibles en la microscopia de llum transmesa (estratigrafia dels ciment, Meyers,
1978). Les interpretacions de les imatges de catodoluminiscéncia mai s'han d'utilitzar per

separat, sino en combinaci6 amb altres analisis petrografiques i geoquimiques.
Microscopia electronica de rastreig (SEM) i EDX

Sis fragments de roca i vuit lamines primes varen ser examinades emprant el microscopi
electronic de rastreig (SEM). El microscopi utilitzat va ser un Quanta 200 Model ESEM (FEI
Company, XTE 325/D8395), connectat a un espectrometre d’energia dispersiva (EDS), i
equipat amb tecnologia d’imatge d’electrons retrodispersats (BSE), per tal de determinar la
morfologia dels productes diagenétics i, especialment, per a I’estudi de la textura i composicio
quimica qualitativa en elements majoritaris de la fraccid no carbonatica. Per fer que la superficie
de la mostra sigui conductora les mostres es van recobrir amb carboni, quan es voliem realitzar
analisis quimiques o es van recobrir d’or quan voliem obtenir imatges de la mostra d'alta

resolucio.
Difracci6 de raigs X

Per a I’estudi en detall dels rebliments carstics es varen realitzar extraccions quimiques del
carbonat sobre mostres de roca total, mitjangant atac amb HCI al 10% i a 25°C. La fraccio no
carbonatica resultant va ser analitzada per difraccid de raig X, amb un difractometre de pols
Siemens D-500, operant a 40 kV i a 30 mA, i equipat amb un monocromador de grafit. La
composicid mineralogica total es va obtenir per difraccidé de mostra en pols no orientada (DRX);
la composicio mineralogica de la fraccio lutitica s’estudia per difraccio d’agregats orientats

(DAO), amb tractament normal, etilenglicol (ETG) i escalfat a 550°C.
Fluorescéncia de raigs X

Deu mostres dels sediments carstics i quatre mostres de les roques encaixants varen ser
molturades 1 analitzades per fluorescéncia de raig X (FRX), mitjancant un espectrofotometre
seqiiencial de raig X per dispersi6 de longituds d’ona (WDXRF) Philips PW2400. Es va
determinar el contingut d’elements majoritaris i minoritaris en la roca total (Fe, Mn, Ti, Ca, K,

P, Si, Al, Mg, i Na).
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Elements majoritaris, minoritaris i traces

Per tal de determinar el contingut en elements majoritaris, minoritaris i traga dels diferents
productes diagenétics, s’han analitzat al voltant de 100 lamines primes. Les lamines varen ser
polides metalograficament i analitzades mitjan¢ant una microsonda electronica Cameca S-50,
equipada amb quatre espectrometres de longitud d’ona dispersiva (WDS) i un espectrometre
EDS. Opera a 20 kV de potencial d’excitacid, 10 um de diametre de raig incident, i a 10 nA
d’intensitat de corrent per I’analisi de Ca i Mg, i 50 nA per a I’analisi de Mn, Fe, Sr i Na. Els
limits de deteccio son 99 ppm per al Mn, 144 ppm per al Fe, 103 ppm per al Na, 386 ppm per al
Mg, 89 ppm per al Sr ppm i 497 ppm per al Ca. La precisio de les analisis dels elements

majoritaris va donar una mitja d’error estandard al 6,86 % amb un 3o de confidéncia d’error.

Quan els ciments de carbonat precipiten, els elements traca son incorporats en la seva
estructura segons la proporcidé en que es troben en el fluid. Aquests elements principalment
substitueixen el Ca®" a la xarxa cristal-lina (Banner, 1995). El coeficient de distribucié és el
factor de control i es pot determinar experimentalment per precipitacio d’una fase solida a partir
d’una soluci6 amb concentracié coneguda. No obstant aixo, la incorporacié d'elements traca
entre els fluids i la calcita és també funcié de la velocitat de precipitacio. El coeficient de
distribucié per als diferents elements de la dolomita, pero, és encara més problematic perque
ningu ha aconseguit encara inorganicament precipitar dolomita a temperatures i pressions que
normalment prevalen en condicions poc profundes. Els elements traca en els carbonats pot
donar bons resultats encara que s’ha d’utilitzar amb precaucioé. Les concentracions en elements

traga pot donar una idea de les condicions ambientals durant la precipitacié (Banner, 1995).
Geoquimica d'isotops estables

Les roques encaixants i els ciments de calcita i dolomita de les fractures es van mostrejar per
a les analisis d'isotops de carboni i oxigen emprant un microtaladre dental de 500 um de gruix
per extreure 60 + 10 g de pols de les mostres. L’extraccio del CO, té lloc en el Carbonate Kiel
Device 11, fabricat per Thermo Finnigan, que reprodueix de manera automatitzada el métode de
McCrea (1950). El carbonat ¢s atacat amb acid fosforic al 103%, a una temperatura de 70°C. El
temps de reacci6 és de 3 minuts per mostra (calcita) o de 15 minuts (dolomita). El Carbonate
Device esté acoblat a un espectrometre de relacié de masses isotopiques MAT-252 fabricat per
Thermo Finnigan, on té lloc 1’analisi del CO, produit. Per controlar la qualitat dels resultats es
fa servir I’estandard internacional NBS-19, amb un valor de 8"°C (PDB) = +1,95%0 i 8'°0
(PDB) = -2,20%o certificat per la IAEA. La desviacio estandard dels patrons (parametre G, que
normalment es fa servir per indicar la reproductibilitat del métode) és de £0,02%o per la 8"°C i

de £0,06 %o per la 3'0. Els resultats es van corregir usant la técnica estandard de Craig i
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Gordon (1965) i1 Claypool et al. (1980) i s'expressen en %o pel que fa al estandard Vienna Pee
Dee Belemnite (VPDB).

Geoquimica d'isotops d'estronci

La cromatografia de I’Sr es va realitzar utilitzant el métode descrit per Pin i Bassin (1992)
utilitzant resina comercialment coneguda com Sr-Spec i elaborat per Eichrom. Les mesures de
es van realitzar en un espectrometre de masses Finnigan MAT-262 del Departament de
Geocronologia i Geoquimica Isotopica de SGlker (Universitat del Pais Basc). Les mostres es
van carregar en un filament de Ta (99,95%) préviament desgasificat en dues etapesa2 A 14,5 A
durant 30 minuts. La mesura de les relacions isotopiques es va realitzar en les segilients
condicions: intensitat del feix **Sr aproximadament 4V, adquirint 20 blocs de 10 escombrats, i
usant ¥Rb com a control de possibles interferéncies isobariques. Les dades analitiques van ser
corregides pel fraccionament de massa llei lineal utilitzant com a relacié constant *’Sr/*Sr =

0,1194 (Steiger i1 Jager, 1977).
4. RESULTATS

En aquesta seccid s'inclouen els resultats dels treballs ja publicats (vegeu I’apéndix 1 1 2),
juntament amb les noves dades de dinou afloraments, els quals estan repartits en diferents punts
de la conca del Penedés (Fig. 4). Els resultats ens permeten analitzar el paper de:

i.  La profunditat de la falla.

ii.  La litologia.

iii.  El tipus de fluid i les roques de falla resultants en cada esdeveniment tectonic.

iv. Les relacions entre el desenvolupament de les falles a poca profunditat i els processos

de carstificacio.
4.1. Dominis estudiats

Per tal de simplificar les descripcions estructurals, petrografiques i geoquimiques hem dividit

l'area en tres dominis (Fig. 5):

(1) El domini de Gaia-Montmell esta limitat al NO per les falles del Vallés-Penedes i la
del Montmell i al SO per la falla Baix Penedes. Aquestes falles posen en contacte les dolomies i
calcaries del Jurassic Inferior i Cretaci Superior amb els diposits del Mioce que rebleixen la

conca sedimentaria.

La falla del Vallés-Penedés és una falla de basament amb 2 a 4 km de desplagament normal
acumulat durant I’extensié Neogena (Roca et al., 1999). Correspon a una falla de llarga historia

que, abans d'aquest moviment extensional, va controlar el limit nord-oest de la conca Jurassica
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tardana-Cretacica (ex. conca del Garraf-Montmell) (Salas, 1987). Aquesta falla es va invertir
durant la compressio Paledgena com a un encavalcament vergent cap el NO (Fontboté, 1954).
Les geometries de creixement d’estrats dels sediments del Mioce, aixi com el plegament de les
roques jurassiques subjacents, denoten que el moviment principal extensional de la falla Valles-

Penedes que tingué lloc durant el Mioce (Roca et al., 1999).

La falla del Montmell és una falla de basament que va tenir un moviment extensional atribuit
al Jurassic-Cretaci (coetania a la formacié de la conca del Montmell-Garraf) i posteriorment fou
reactivada/invertida durant el Paleogen (Marin et al., 2008; Baqués et al., 2012a, Roca, pers.

comm.).

La falla del Baix Pened¢s té una orientacié NE-SO cabussant cap al SE i té un desplagament
normal acumulat de fins a 1 km. Aquesta falla normal es va formar durant I’extensio Neogena a
conseqiiéncia de l'obertura del Solc de Valéncia (Marin et al., 2008, Baqués et al., 2010a, Roca,

pers. comm.).

Set dels afloraments estudiats es troben dins d’aquest domini (Fig. 4): un a la falla del
Vallés-Penedés (Guardiola de Font-Rubi (GFR)), dos a la falla del Montmell (Riera de
Marmellar (RM) i Pla de Manlleu (PM)) i quatre a la falla del Baix Penedés (Juncosa del
Montmell (JM), Casetes de Gomila (CG), Castellvi de la Marca (CV) i Vilobi (Vi)). Les
mostres d’estudis previs dins situades d'aquest domini (Travé et al., 1998) es troben en els
afloraments de La Principal (PR) i Pacs (PA), ambdos situats dins d'un horst individualitzat al
centre de la conca el qual es correlaciona amb la prolongacié de la falla del Baix Penedes

(Bartrina et al., 1992).

(2) El domini Penedés Central comprén el sector central del la conca del Penedés. Aquest
domini inclou diverses falles extensives de direccid NE-SO 1 N-S que generen l'actual estructura
de horst i grabens. Nou afloraments es situen dins d'aquest domini (Fig. 4): tres es troben en els
complexos continentals inferiors del syn-rift Neogen (Arbogar de Dalt (AD), les Gunyoles (LG)
i Vilobi (VI)), cinc es troben en els complexos marins i de transicié (Pedrera Juliana (PJ),
Calafell (CF), Arbogar (ARB), Cantallops (CT) i Can Mata (CM)), i un darrer aflorament esta

situat en els complexos continentals superiors del post-rift tarda (Juncosa del Montmell (JM)).

(3) El domini del Garraf conté diversos horsts i grabens desenvolupats durant el Neogen
(ex. la depressid de Vilanova). La falla de Mas Farreny, amb una direccio NE-NO cabussant cap
el NO té pocs centenars de metres de desplagament normal acumulat i correspon a una de les
falles que separen el horst del Garraf de la conca del Penedes juxtaposant les calcaries
cretaciques contra les calcaries i margues del Mioceé. Un aflorament es troba a la falla de Mas

Farreny (Mas Farreny aflorament (MF)), un altre prop de la depressio menor de Vilanova (Sant
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Pere de Ribes (SP)) i un altre dins el horst del Garraf (Olérdola (Ol) (Fig. 4). Les mostres
d’estudis previs dins d'aquest domini es troben en els afloraments de la Font del Torrent (FT),
Ordal (OR) i el Garraf (GA) (Travé et al., 1998), tots ells localitzats al sector central del horst
del Garraf.

4.2. Etapes de deformacié

A partir de les dades estructurals preses al camp i determinades a partir de 1’estudi
microscturctural s’han definit nou estadis de deformacid. La cronologia d’aquests estadis s’ha
fet a partir de les relacions de tall entre les fractures. La figura 7 mostra les projeccions

estereografiques de les dades preses al camp i també s’indica el domini on s’han pres les dades.

* La primera etapa de deformacié inclou dos tipus de fractures. El primer tipus (Sla)
corresponen a micro-fractures sub-paral-leles a l'estratificacio. El segon tipus (S1b) caracteritzat

per micro-fractures les quals tallen 1’estratificacié a 30 a 45°.

* La segona etapa de deformacid inclou dos tipus de fractures. El primer tipus (S2a) es
caracteritza per fractures de tensio de direccio NE-SO i NO-SE i cabussament 50-90 ° cap al
nord-est i1 sud-est. El segon tipus (S2b) esta representat per falles normals i falles normals
basculades, de direccio NE-SO i NO-SE i cabussament 60-80° cap al nord-oest i sud-est amb un

pitch de 80-90°.

* La tercera etapa de deformacio (S3) es caracteritza per fractures de tensio de direccidé NNE-

SSO i cabussaments 50-80° cap al sud-est i nord-oest.

* La quarta etapa de deformacié inclou dos conjunts d'estructures. La primer (S4a) es
caracteritza per falles inverses subvertical de direccid NE-SO que mostren estries de calcita amb
pitch entre 75 1 90 ° cap a l'est i l'oest, i, localment, per un segon joc de falles inverses de
direccio NE-SO i cabussament de 25° cap el nord-oest amb un pitch de 54° cap al E. El segon
(S4b) es caracteritza per estilolits principalment oberts i orientats a l'atzar (d’orientacions

subhoritzontals a subverticals).

* La cinquena etapa de deformacio inclou dos tipus de fractures (S5a i S5b) les quals
corresponen en un sistema de micro-fractures sense orientacié preferent que formen una xarxa

complexa entre les roques Mesozoiques.

* La sisena etapa de deformaci6 inclou dos tipus de fractures: el primer (S6a) es caracteritza per
fractures de tensid subverticals de direcci6 NE-SO a NO-SE, les quals, de manera local,

presenten morfologia sigmoidal. El segon (S6b) es caracteritza per falles extensionals de
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direccio NE-SO i cabussament 60 a 80° cap al sud-est i nord-est les quals separen els horsts

mesozoics de les conques miocenes.

» La setena etapa de deformacio inclou dos tipus de fractures: el primer (S7a) es caracteritza
per falles extensionals de direccid NE-SO i cabussament cap al sud-est i nord-est les quals es
troben afectant als diposits del Mioce. El segon (S7b) es caracteritza per la reactivacidé en

moviment dextre, amb un pitch entre 10 1 35° cap al NE 1 SO, de les falles anteriors (S7a).

* La vuitena etapa de deformacio inclou dos tipus de fractures: el primer (S8a) esta representat
per falles extensionals subverticals de direccié N-S i cabussaments 80-90° cap a I'est i l'oest. El
segon (S8b) esta representat per fractures de tensido de direcci6 NNO-SSE a NNE-SSO amb
cabussament de 60-88° cap a l'est i l'oest. En general, aquestes fractures han estat obertes

posteriorment per dissolucid.

* La novena etapa de deformacié inclou dos tipus d'estructures: la primera (S9a) es caracteritza
per reactivacions sinistres de les falles de direccid NE-SO o per reactivacions dextres de les
falles de direccido N-S. El segon tipus (S9b) esta representat per les fractures obertes de direccid

NE-SO i cabussament 20-55° cap al nord-oest i sud-est.

4.3. Petrologia i Geoquimica

En els seglients apartats es resumeixen les caracteristiques petrografiques i geoquimiques de
les roques encaixants i els ciments relacionats amb cada una de les fractures descrites a 1’apartat
anterior. A les taules 1 1 2 es sintetitzen els resultats geoquimics (isotops estables i radiogeénics 1
les dades de la geoquimica elemental) de les roques encaixants, els sediments i els ciments

descrits en cadascun dels dominis estudiats.
Les roques encaixants

Els dominis del Gaia-Montmell i el Garraf estan constituits per dolomies del Jurassic

superior-Cretaci inferior i per calcaries marines i lacustres del Cretaci inferior.

Les dolomies afloren a la part sud-oriental del domini Gaia-Montmell, als afloraments JM,
CG i CV (Fig. 4). Aquestes dolomies corresponen a les Dolomies Superiors del Garraf d’edat
Titonic-Berriasia (Salas, 1987). Les roques es distribueixen en estrats de 0,3 a 1,5 metres de
gruix de dolomies grises, amb una direccio de les capes de N40 i cabussant 10° cap al nord-oest.
Estan constituides per dolomicrites i dolosparites de reemplacament de fabrica penetrativa
destructiva o no destructiva (Fig. 8A-B). Localment es distingeixen fantasmes d’oolits de la

roca calcaria original. Els cristalls de dolomia s6n anhédrics a subhédrics, de mida entre 10 i
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150 um i mostren una luminiscéncia porpra opaca (Fig. 8B). Les figures 9 i 10 mostren les

analisis isotopiques de les dolomies encaixants.

Les calcaries marines afloren tant al domini de Gaia-Montmell com al domini de Garraf
(afloraments RM, PM, Vi, SP, Ol i MF) (Fig. 4). Aquestes calcaries pertanyen a la Formacio
Polacos (d’edat Valanginiana als afloraments RM i PM), a la Unitat de la Morella (d'edat
barremiana als afloraments Vi i SP) i a la Formacid de les calcaries del Farreny (d’edat aptiana
inferior als afloraments MF i Ol) (Salas, 1987; Albrich et al., 2006;. Salas i Moreno, 2008). Les
calcaries es disposen en estrats de 1-4 metres de gruix cabussant 30° cap al nord-oest i estan
formades per grainstones, wackestones i packstones d'algues vermelles, bivalves (rudistes,
ostreids 1 chondrodonta), foraminifers (miliolids, orbitolines, nautiloculina i paleodyctioconus),
gasteropodes, plaques i pues d’equinoderms, coralls, briozous i peloids (Fig. 8C). Els bioclastos

mostren luminiscéncia vermella a taronja.

Les calcaries lacustres afloren al domini del Gaia-Montmell (aflorament GFR) (Fig. 4). Les
calcaries corresponen a la Formacié Cantaperdius d’edat Barremiana (Salas, 1987) i estan
disposades en estrats de 1 a 3 metres de gruix, constituides per wackestones i packstones de
fragments carofites, ostracodes i gasteropodes (Fig. 8D). La luminiscéncia dels carbonats és de
color taronja. A sostre de les capes hi ha marques marques d’arrels i precipitacio d’oxids,

donant una coloraci6 groguenca a la roca.

En ambdos tipus de carbonats del Cretaci inferior, s’han observat envoltes micritiques (5 a
50 micres de gruix), majoritariament desenvolupades al voltant de fragments de bivalves,
peloides i oides, que s’atribueixen a micro-perforacions d’organismes prop de la interfase aigua-
sediment (Pruser, 1969; Pittman, 1971). S’han identificat dos tipus de ciments de calcita: un
primer corresponent a un ciment sintaxial de calcita (CcOa) sobrecreixent els fragments
d'equinoderms i un segon (CcOb) corresponent a una calcita de cristalls anhédrics i mides entre
4110 um que es troba reomplint la porositat interparticula. Ambdds ciments mostren un color
de luminiscencia variant de vermella a taronja. A causa de la dissolucié de I’aragonita, es va
formar porositat moldica i vacuolar. Aquesta porositat esta parcialment reblerta per micrita i un
ciment de calcita CcOc en disposicio geopetal (Fig. 8E-F). El ciment CcOc correspon a cristalls
euhédrics, de mida entre 100 i 250 um, amb textura mosaic blocky i mostren un color de
luminiscéncia zonat de vermell a taronja. Les calcaries estan bretxificades (probablement per
una pérdua de fluid intersticial molt precog), donant lloc a la variacié de la luminiscéncia en
diferents zones de la bretxa. La roca encaixant esta afectada per un procés incipient de
dolomititzacio (D1). Aquesta dolomititzacid es caracteritza per la preséncia de cristalls
romboedrics aillats no luminiscents de mida entre 100 i 200 um (Fig. 8E-F). A nivell local, el

nucli dels cristalls rombohédrics mostra una luminiscéncia opaca de color taronja. Les analisis
XXIV



Resum extens en catala

geoquimics (Taula 2) mostren que els cristalls de dolomita s'han calcititzat posteriorment.
Finalment s’han observat plans estilolitics, sub-paral-lels a l'estratificacid els quals s’atribueixen

a la compactacio progressiva del sediment durant aquesta etapa primerenca.

El domini del Penedés Central esta constituit per roques detritiques i roques carbonatiques
miocenes corresponents als complexos continentals inferiors, als complexos marins i de

transicio 1 als complexos continentals superiors (Fig. 6):

Els complexos continentals inferiors (CCI) estan constituits per conglomerats clast-suportats
disposats sub-horitzontalment. Els clastos son heteromeétrics, sub-arrodonits i tenen mides entre
1 1 60 cm. Aquests clastes estan constituits per wackestones i packstoness d’orbitolinids,
miliolids, peloids i bivalves erosionats del Cretaci inferior i clastes dolomitics erosionats del
Jurassic superior. La matriu dels conglomerats conté Microcodium (Fig. 8G) i1 esta cimentada
per cristalls de calcita d’anhédrics a euhedrics, de mides entre 50 i 500 um, no luminiscents i

amb una textura mosaic blocky (Cg 1).

Els complexos marins i transicionals (CMT) han estat estudiats en 5 afloraments localitzats
en tres facies diferents (Permanyer, 1982; Macpherson, 1994) (Fig. 6): les facies Bellvei
consisteixen en mudstones, wackestones i packstones dels coralls, rodolits, ostreids, bivalva i
gasteropodes (Fig. 8H-I), distribuits en estrats de 2 a 4 metres de gruix, direccid N25 i
cabussament 10° cap al nord-oest. Aquesta roca es caracteritza per tenir un color blanc, un 20 a
30% de porositat i baixa permeabilitat (Permanyer, 1982). L’aspecte chalky d’aquestes roques
s'ha relacionat amb el diposit de Chalk d’Amposta (Klimowitz et al., 2005.). Les facies Castellet
consisteixen en wackestones i packstones blancs de coralls, rodolits, ostreids, bivalves i
gasteropodes, distribuits en estrats de 2 a 3 metres de gruix, de direccido N55 i cabussament 10°
cap al nord-oest. Les facies Torrelletes consisteixen wackestones i packstones cementats, de
color des de groc fins a gris constituits per ostreids, bivalves i gasteropodes amb abundants
components detritics. Les calcaries estan disposades en estrats de 0,5 a 3 metres de gruix i de
direccio N85, cabussant 15° cap al sud. Les porositats vacuolars estan cimentades per una
primera generacio d'0xids de ferro seguit per una altre de calcita. El ciment de calcita esta
format per cristalls euhédrics, de mides de 50 a 150 pum, que formen una textura mosaic drusy i
mostren una luminiscéncia zonada de color taronja brillant a no luminiscent a vermell (Cml)

(Fig 87-K).

Els complexos continentals superiors (CCS) consisteixen en conglomerats clast-suportats
disposats en estrats de 0,5 a 3 metres de gruix i de direccié N20, cabussant 44° cap al nord-oest.
Els clastos son heterometrics, sub-angulosos, de mides 0,1 i 2 cm, els quals corresponen a

fragments retreballats de les dolomies del Jurassic superior-Cretaci inferior. Dos tipus de
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dolomita formen els fragments, el 60% dels clastos dolomitics estan formats per cristalls de
dolomita anhedrics i subhédrics que mostren luminiscéncia porpra opaca i el 40% restant estan
formats per cristalls de dolomita subhédrics i euhédrics, de mides entre 10 i 100 um, que
mostren luminisceéncia taronja brillant a vermell. La matriu vermella del conglomerat esta
formada per dolomita, ankerita, quars, hematita, caolinita, illita, illita / esmectita i clorita. El
conglomerat esta cimentat per cristalls no-luminiscents de calcita, de morfologia euhédrica amb

textura mosaic blocky i de mides entre 100 i 300 um (Cg 2) (fig. 8L).
Ompliment de les fractures

Relacionat amb les fractures existeixen diverses generacions de ciments, sediments interns,
estilolits i bretxes que aporten informacio sobre els diferents fluids que han circulat durant
I’evolucio de la conca (Taula 3). S’han identificat dos tipus de bretxes, unes relacionades amb
les zones de falles i unes relacionades amb els processos de dissolucid carstica. Ambdues

bretxes s’han descrit seguint la classificacié de Morrow (1982) (Fig. 2).
Estadi de deformacio 1: ciment Ccl

Les microfractures Sla tenen les parets irregulars i sén entre 25 1 50 pum d'ample. Estan
repblertes pel ciment Ccla constituit per cristalls subhédrics, de mides entre 5 1 10 um, amb
luminiscéncia zonada des de no luminiscent a luminiscent taronja brillant i mostren una

disposicio tipus rim, de fins a 10 pm de gruix en una de les parets de la fractura (Fig. 11A).

Les microfractures S1b son de 25 a 100 um d'ample i tenen parets rectes. Estan reblertes pel
ciment Cclb constituit per cristalls euhédrics, de mides entre 10 i 15 um, luminiscéncia taronja

opaca 1 mostren una textura en mosaic blocky (Fig. 11A).
Estadi de deformacio 2: ciment Cc2

Les fractures de tensié S2a (Fig.7) son entre 500 um i 5 cm d'ample, amb parets rectes i
estan totalment cimentades per dues generacions de ciments de calcita: la primera generacio
(Cc2a) consisteix en cristalls de color blan lletds, subhédrics, de mides entre 300 pm i 1 mm. La
segona generacio (Cc2b) consisteix en cristalls translucids, euhédrics, de mides entre 300 i 500
um (fig. 11B-C). En tots dos casos, els cristalls mostren una textura drusy, de luminiscéncia
vermella opaca i una aparenga térbola causada per I’abundancia d’inclusions solides, macles

mecaniques.

Les falles extensionals S2b (Fig. 7) desenvolupen nuclis de falla de fins a 0,5 metres de
gruix, formades per una ‘craclke packbreccia’ (B1) (Fig. 11D). Els plans de falla principal

presenten estries de calcita (Cc2c) constituides per cristalls subhédrics amb textura blocky,
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mides entre 100 i 500 um i luminiscéncia vermella pal-lid fins a vermella brillant. A prop dels
plans de falla aquesta calcita es converteix en un microesparita, de mida entre 70 i 100 pm,

degut a la cataclasis dels cristalls de calcita Cc2c (Fig. 11E).
Estadi de deformacio 3: ciment Cc3

Les fractures de tensio S3 (Fig. 7) tenen entre 500 pm fins a 1 cm d'ample, les parets son
sub-angulars i es troben obertes per dissolucid. Aquestes fractures estan parcialment reblertes
per cristalls de calcita euhédrics amb textura drusy, de mides entre 70 um i Imm i luminiscéncia

zonada negre-taronja brillant (Cc3) (figura 11B-C).
Estadi de deformacio 4: ciment Cc4 i estilolits

Les falles inverses S4a (Fig. 7) poden desenvolupar fins a 1 metre de gruix de zones de falla
(Fig. 11F). El nucli de les falles esta constituit per una ‘rubble floatbreccia’ de color groc (B2).
Els fragments de la bretxa tenen una mida entre 0,1 i 0,5 cm 1 consisteixen en fragments
retreballats de les calcaries encaixant i dels ciments anteriors. Aquesta bretxa tectonica conté
dues generacions de ciments de calcita: la primera generacid (Cc4a) consisteix en cristalls
anhédrics no luminiscents, de mides entre 4 i 10 um, mentre que la segona generacio (Cc4b)
consisteix en cristalls euhédrics no-luminiscents, de mides entre 10 i 100 um. Ambdoés ciments
mostren una textura mosaic blocky (Fig. 11G). Els ultims moviments de les falles van generar la
cataclasi de les bretxes anteriors. Al llarg dels plans de falla s’hi troba una calcita estriada sin-
cinematica (Cc4c). Els cristalls d’aquest ciment son euhédrics, de mides entre 200 1 500 um, no
luminiscents i tenen una textura mosaic blocky. En aquest cas els cristalls estan molt deformats 1

contenen abundants macles mecaniques.

Degut a la orientacio aleatoria dels estilolits S4b la roca de caixa presenta una textura
pseudo-nodular descrita per Stewart i Hankock (1990) com stylobreccia (B3) (Fig. 11H). Els
plans estilolitics contenen Oxids de Fe i acumulacions dels materials insolubles resultants de la

dissolucio de la roca encaixant (Fig. 111I).
Dissolucio i sediments Dsl i Csl

Una dissolucidé generalitzada va ocorrer entre etapes de deformacio 4 i 5. Aquesta dissolucio
fou afavorida per les discontinuitats estratigrafiques generant porositat vacuolar i de caverna
sub-paral-lela a la estratificacié (Fig. 12A-B). Quan la dissolucid es produeix en les dolomies
del Jurasic superior-Cretaci inferior, la porositat esta reblerta per un sediment groc (Dsl)
constituit per cristalls anhédrics de dolomita, de mides entre 10 i 75 um i en menor proporcid

per grans de calcita, caolinita, quars, illita, clorita i interestratificats de clorita-esmectita. En cas
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contrari, quan la dissolucid es produeix dins de les calcaries del Cretaci Inferior, la porositat és
omplerta per un sediment groc (Csl) constituit per grans de quars, calcita, goethita caolinita i

clorita.
Estadi de deformacio 5: dolomia D2, ciments Dcl, Dc2, Cc5 i sediments Ds2, Ds3, Cs2, Cs3

Les micro-fractures sense orientacid preferent S5a només s’han observat afectant les
dolomies Jurassiques (Fig. 12C). Aquestes fractures tenen de 10 a 75 micres de gruix, les parets
son sub-angulars i estan reblertes per un ciment dolomitic Dcl. Aquest ciment esta constituit per
cristalls anhédrics, de mides entre 51 10 um i luminiscéncia vermella opaca. Els cristalls creixen
en continuitat Optica amb els cristalls de la roca encaixant (Fig. 12D-E). A causa de l'alta
densitat de fractures, la roca encaixant esta fortament bretxificada (‘crackle to mosaic
packbreccia’ B4a), el ciment dolomitic es va fent cada cop més abundant, arribant a reemplagar
la dolomia encaixant (dolomia D2). Aquesta dolomia de reemplagament D2 esta formada per
cristall dolesparitics, de mides entre 100 i 300 um amb una luminiscéncia vermella que varia

d’opaca a brillant.

Les fractures sense orientacid preferent S5b son des de 75 pm fins a 2 cm de gruix. Les
seves parets son irregulars i estan reobertes per dissolucid. Aquestes fractures son omplertes per
diferents ciments i sediments (Fig. 12C). Com s’ha esmentat anteriorment, existeix una
influéncia de la roca encaixant vers la mineralogia dels sediments que reomplen les fractures.
Quan la roca esta constituida per les dolomies del Jurassic superior les fractures estan reblertes
per dos tipus de sediment intern i un tipus de ciment (Fig. 12D-E). La primera fase d'ompliment
és un sediment de dolomita taronja Ds2, constituit per micro-fragments de la dolomita
encaixant, de mides entre 4 i 10 um. Aquest sediment esta cimentat per una dolomia Dc2,
disposada en posici6 rim a les parets de les fractures o bé envoltant els fragments del sediment
dolomitic Ds2. El ciment esta format per cristalls euhédrics, de mides entre 10 i 100 um i
presenta una luminiscéncia zonada no-luminiscent a taronja. La segona etapa de rebliment és un
sediment dolomitic de color rosa a vermell localment laminat Ds3. Aquest sediment esta
constituit per cristalls euhédrics, de mides entre 50 1 100 um i luminiscéncia de color taronja
brillant (Fig. 12D-E). El sediment conté abundants oxids de ferro. Els processos de dissolucio
afavoriren el col-lapse de les parets de les fractures, formant una ‘floatbreccia’ B4b. Aquesta
bretxa esta formada per clastos mil-limétrics a decimétrics de la dolomia encaixant i dels
sediments anteriors. Els clastos estan envoltats pel sediment dolomitic Ds3. Per sobre de la zona
carstificada s’hi diposita un segon tipus de bretxa de col-lapse (‘floatbreccia’ B4c). Aquesta
bretxa esta formada per clastos angulosos, de mida mil-limétrica a centimétrica, procedents del

la dolomia encaixant i dels diferents rebliments carstics Ds2 i Ds3. La matriu presenta una alta
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proporcié de ciment d’hematites donant lloc a la bretxa un aspecte lateritic (Baqués et al. en

revisio).

Quan la roca encaixant son les calcaries del Cretaci inferior, les fractures estan reblertes per
dos tipus de sediment intern i dos tipus de ciments. El primer sediment intern (Cs2) és de color
groc 1 esta constituit per cristalls subhedrics de calcita. La mida dels cristalls varia de entre 4 1
150 um i mostren una luminiscéncia zonada desde vermella a taronja (Fig. 12G-H). Associat a
aquest sediment precipita el ciment de calcita Cc5a, constituit per cristalls euhédrics, de mides
entre 50 1 500 pm i luminiscéncia zonada des de no luminiscent a taronja. Els cristalls presenten
disposicio rim a les parets fractures (Fig. 12G-H). El segon sediment intern Cs3 és un sediment
micritic laminat de color vermell. La luminiscéncia de la micrita és vermella brillant a taronja i
conté abundants oxids de ferro. Finalment el darrer ciment Cc5b esta constituit per cristalls
euhédrics de calcita, no luminiscents i de mides entre 100 i 550 um (Fig. 12G-H). Els porcessos
de dissoluci6é localment produiren el col-lapse de les parets de les fractures, formant una bretxa
tipus ‘floatbreccia B4d’. Aquesta bretxa esta formada per clastos de mil-limétrics a decimétrics

de la roca encaixant i esta cimentada per les calcites Cc5a i/o Ce5b.
Estadi de deformacio 6: ciments Cc6, Cc7, Cc8 i sediments Ds4, Cs4 i Cs5

El fractures subverticals S6a (Fig. 7) son de pocs mil-limetres a 5 cm de gruix i tenen les
parets rectes. En l'aflorament RM, és possible reconé¢ixer la formacié inicial d’aquestes
fractures, les quals tenen una morfologia sigmoidal disposades en geometria esglaonada (en
échelon) (Fig. 13A). Les fractures estan reblertes per un tipus de ciment de calcita i un tipus de
sediment intern de calcita. El ciment (Cc6) esta constituit per cristalls translucids, euhédrics a
subhedrics, de mides entre 50 pm i 1 mm i mostren una textura tipus mosaic drusy. La
luminiscéncia dels cristalls és zonada de no luminiscent a groc-brillant (Fig. 13B-C). El limit
entre el ciment i el sediment intern és irregular i probablement correspon a una superficie de
microcorrosio. El segon tipus d'ompliment és un sediment laminat de color taronja a rosa Cs4,
constituit per cristalls no luminiscents, anhédrics a euhédrics, de mides entre 10 i 50 pm i que
mostren una textura tipus mosaic blocky. El sediment conté grans de quars, calcita, peloids i

fragments retreballats de la roca encaixant.

Les falles extensives que limiten el vorell nord-occidental de la conca del Vallés-Penedés
(S6b, Fig. 7) mostren diferents caracteristiques diagenétiques en funcid de la roca encaixant.
Quan les falles tenen lloc entre les dolomies Jurassiques es generen zones de falla de 10 a 20
metres de gruix (Fig. 14B), amb una zona afectada per la falla de 10 a 15 metres de gruix i un
nucli entre 1 i 5 metres de gruix. La zona afectada per la falla esta constituida per bretxes de

falla del tipus ‘mosaic to rubble packbreccia’ (B5a) (Fig. 14B). Aquesta bretxa esta formada per

XXIX



Resum extens en catala

clastes subangulosos de mides entre 0,5 i 4 c¢cm retreballats de la dolomia encaixant. La bretxa
conté dos tipus de rebliments: el primer és un sediment dolomitic (Ds4) constituit per cristalls
subheédrics a euhédrics, de mida entre 10 1 100 um i de luminiscéncia de taronja brillant a groc
brillant. Aquest sediment procedeix del retreballament dels sediments dolomitics formats durant
I’etapa de deformacio S5b (Baqués et al., en revisio) (Fig. 14C). El segon tipus de rebliment
correspon al ciment de calcita Cc7a, constituit per cristalls subhédrics, de mides entre 50 i 750
pum i no-luminiscents. Al microscopi Optic s’oberven les linies de creixement dels cristalls (Fig.
14C). La zona del nucli de la falla esta constituida per dues capes paral-leles al pla de falla
principal (Fig. 14D): la capa inferior esta formada per una bretxa tipus ‘rubble floatbreccia’ B5b
formada per fragments sub-angulosos i sub-arrodonits, de mides entre 1 i 3 cm procedents de la
dolomia encaixant i els rebliments carstics anteriors. La capa superior esta constituida per
pisolits carstics cimentats per dos tipus de ciments. El primer és un ciment laminat de calcita
Cs5 constituit per cristalls anhédrics, de mida entre 4 1 10 um, no luminiscents amb textura tipus
mosaic blocky. La segona generacio de rebliment consisteix en ciment de calcita format per
cristalls euhédrics, de mida entre 50 pum a 1 mm, no luminiscents amb textura mosaic drusy
(Cc7b). Durant els ultims moviments de les falles extensionals es va produir el cataclasi dels

pisolits carstics (Cc7c) generant una bretxa tipus ‘rubble floatbreccia’ B5c.

Quan les falles afecten les calcaries del Cretaci inferior es generen zones de falla entre 11 5
metres de gruix, amb una zona afectada per la falla de fins a 4,5 metres de gruix i un nucli de
fins a 0,5 metres de gruix (Fig. 14E-F). Les zones afectades per la falla estan formades per una
bretxa de falla tipus ‘mosaic to rubble packbreccia’ (B6a). Aquesta bretxa esta formada per
fragments subangulosos procedents del retreballament de la roca encaixant de mides entre 100
um fins a 5 cm. La bretxa esta cimentada per cristalls de calcita euhédrics, de mida entre 50 1
500 um, no luminiscents que mostren una textura mosaic drusy (Cc8a) (Fig. 14G (i)). El nucli
de les falles estan formades per una bretxa de falla tipus ‘rubble floatbreccia’ B6b (Fig. 14G
(i1)), que es caracteritza per una reduccio dels fragments (100-700 um) i estan cimentades per
cristalls anhédrics, de mida entre 25 i 200 um, no luminiscents i que mostren una textura mosaic
blocky (Cc8b). A nivell local, dins de les zones del nucli de les falles precipiten pisolits de color
taronja (Baqués et al., 2012a), els quals mostren una interferéncia dels sistemes carstics al llarg

dels plans de falles normals.
Estadi de deformacio 7: oxids i ciment Cc9

Les falles menors extensives S7a que afecten els diposits del Mioc¢ (Fig. 7) generen plans de
falla continus i que afloren al llarg de centenars de metres perd que generen zones de falla poc
desenvolupades (Fig. 14E-F). L’extensio transversal de la zona de falla és de pocs centimetres

de gruix (de 10 a 40 cm) i es caracteritza per una bretxificacio incipient (B7) associada a
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estilolits. Al llarg dels plans de falla s’observen estries d’oxids de ferro i calcita indiquen un
moviment extensional de les falles (Fig. 14H). Els oxids de ferro estriats estan constituits
principalment per goetita amb petites proporcions de quars, paligorskita, psilomelana, hematites
i illita. La calcita estriada (Cc9a) esta constituida per cristalls de subhédrics, de mida entre 50 i
75 pm, luminisceéncia zonada no-luminiscent a vermell opac i mostren una textura tipus mosaic
blocky. El mateix tipus de ciment es troba omplint la porositat de la roca encaixant carbonatica

(facies Bellvei) sent més abundant prop del pla de falla.

La reactivaci6 dextra relacionada amb ’etapa S7b (Fig. 7) es caracteritza per la precipitacio
de calcita estriada horitzontalment al llarg dels plans de les falles anteriors. El ciment de calcita
(Cc9b) esta constituit per cristalls subheédrics, de mida entre 10 i 50 pm, luminiscéncia zonada

de no-luminiscent a vermell opac i mostren una textura mosaic blocky.
Estadi de deformacio 8: dolomia D3, ciment Ccl10i Ccll

Les falles extensionals S8a (Fig. 7) estan constituides per una zona de nucli, centimétrica a
métrica de gruix, reblertes per ciments de dolomita i de calcita (Fig. 15A). En I’aflorament FT,
la dolomititzacid s’estén en un cos hectomeétric en el bloc superior de la falla normals N-S. En
aquest bloc, els complexos continentals inferiors estan completament dolomititzats (dolomia
D3) prop del pla de falla principal i menys dolomititzats cap a I’exterior fins aproximadament a
una distancia de 50 m de la falla (Calvet et al, 2001). En I’aflorament Vi (Fig.4), la
dolomititzacio és un procés incipient i s’estén en un cos métric que afecta a les bretxes de falla
relacionades amb 1’estadi S6b. La dolomia D3 es caracteritza per cristalls rombohedrics aillats i
calcititzats, de mides entre 100 i 300 pm i de luminiscéncia taronja brillant a no-luminiscent
(Fig. 15B). Els cossos de dolomia estan afectats per fractures mil-limétriques a centimétriques,
de direccio N-S reblertes d’una primera generacio de ciment de dolomita i una segona generacio
de ciment de calcita. El ciment de dolomita (Dc3) esta constituit per cristalls euhédrics, de mida
entre 100 i 500 um, de luminiscéncia zonada de color marré-taronja que creixen l'eix ¢
perpendicular a les parets de les fractures. En els afloraments CV i CG, aquest ciment es troba
també omplint porositat fractura residual de les fractures S5b. En aquests casos, el ciment de
dolomita Dc3 recristal-litza els micro-fragments del sediment dolomitic Ds2 (Fig. 15C-D). El
ciment de calcita (Cc10) esta constituit per cristalls transltacids euhédrics a subhédrics, de mida
entre 100 1 500 um, que mostren una textura mosaic blocky (Fig. 15B). Els cristalls séon no-
luminiscents i mostren extincio ondulant. El limit entre el ciment de dolomita i el ciment de

calcita correspon a una superficie de microcorrosio.

Les fractures S8b (Fig. 7) tenen un gruix de 1 a 10 cm i les parets son sub-anguloses obertes

per dissolucié. Aquestes fractures estan reblertes per dos tipus de ciments de calcita que creixen
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en les dues parets de la fractura (Fig. 15E): el primer ciment (Cclla) correspon cristalls
euhedrics, de mides entre 200 i 500 um i mostren una textura tipus mosaic blocky. Els cristalls
presenten luminiscéncia vermella opaca i sovint contenen macles mecaniques (Fig. 15F). El
segon ciment de calcita (Ccl1b) correspon a cristalls euhédrics, de mides entre 200 i 750 um en
palissada amb disposicio laminar al llarg de les parets de fractura. Els cristalls tenen una
luminiscéncia vermella opaca a no-luminiscent i tenen extincidé ondulant. Quan aquestes
fractures afecten els complexos continentals superiors estan reblertes per una bretxa tipus
‘rubble packbreccia’ (B8) constituida per fragments retreballats dels conglomerats del Mioce
cimentats per ciment de calcita Ccllc. Aquest ciment esta format per cristalls euhédrics, de
mida entre 50 i 100 um no-luminiscents. Paral-lelament a les parets de les fractures i posterior a
la bretxa B8 precipita una micrita blanca laminada d’aspecte terros Cclld barrejada amb
caolinita. Aquesta micrita blanca probablement correspon a calcretes desenvolupades en la

porositat fractura.
Estadi de deformacio 9: ciment Ccl2 i sediment Cs6

El moviment en direccié relacionat amb 1’etapa S9a (Fig. 7) produeix la precipitacié de la
calcita Cc12a al llarg de les falles NE-SO formades anteriorment. Aquest ciment esta constituit
per cristalls de calcita de subhédrics a euhédrics, de mides entre 100 i 200 um, no-luminiscents
amb abundants macles mecaniques i mostren una textura mosaic blocky. En 1’aflorament GFR,
aquest ciment conté estructures de crack-seal amb inclusions dels pisolits taronges préviament
precipitats al llarg dels nuclis de les falles S6b (Baqués et al., 2012a). Degut a aquesta etapa de
deformaci6 les fractures S8b també son reactivades i/o reobertes. L’extincid ondulant i les
macles mecaniques dels ciments Cc11a son testimonis d’aquest moviment direccional. Aquestes
fractures soOn extensament obertes per dissolucido i es troben parcialment reblertes per un
sediment intern i un ciment de calcita (Fig. 15F): el sediment intern (Cs6) esta format per
sediment laminat de color rosa constituit per cristalls subhédrics, de mides entre 10 i 55 pm, no-
luminiscents que mostren una textura mosaic blocky. Les laminacions corresponen a les
variacions de mida dels cristalls de calcita, i en alguns casos inclouen cristalls de goetita i
dolomita. L’ultima fase de rebliment es correspon al ciment de calcita Ccl12b constituit per
cristalls euhédrics bladed, de mides entre 300 um i 1 mm, no luminiscents. Aquest ciment forma
tapissos tipus espeleotema en les parets de les fractures 1 pot desenvolupar gruixos de més de 30
cm. A la figura 15G es mostra les fractures obertes S9b que afecten els plans de falles NE-SO

desenvolupats durant I’etapa S7a.
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5. DISCUSSIO I INTERPRETACIONS

5.1. Diagénesi de les roques encaixants
Carbonats Mesozoics

Els valors de 80 de la dolomia encaixant, des de -2,1 fins a 1,2 %o VPDB, mostra una
influéncia marina durant el procés de dolomititzacio (Budd, 1997) (Fig. 16). Aquests valors,
juntament amb els resultats de *’Sr/**Sr (Taula 1 i Fig. 17) indiquen que la dolomititzacio
ocorregué durant el Cretaci Inferior (Veizer et al.. 1999) i son coherents amb els valors de les
dolomies analitzades per Nadal (2001). Aquesta autora atribueix aquesta dolomititzacid
associada a les falles normals que afectaren aquests materials durant el segon estadi del rifting
Mesozoic (Oxfordia tarda a Aptid) i proposa un edat de dolomititzacié post-Berriassiana i pre-

Hautevriviana.

Els valors 80 i 8"°C de les diferents mostres de les calcaries del Cretaci Inferior analitzats
en aquest treball, juntament amb els ja publicats (Travé et al., 1998) dels afloraments
circumdants (Pa, PR, O, Ga, SP, Vi) mostren una clara correlacid positiva (Fig. 16). Els valors
més negatius corresponen a roques Valanginianes i Barremianes i els valors més positius
corresponen a roques de 1I’Aptia. Aixo és consistent amb la tendéncia observada per Veizer et
al., 1999, on els valors de les roques del Valanginia i Barremia varien entre -1,5 i +0,3 %o
VPDB per 3'°0 i entre -1,2 i +1,8 %o VPDB per 8"°C, mentre que els valors per les roques de
I’ Aptia varien des de -2,9 fins a -1,6 %o VPDB per 8'°0 i des de +2.2 fins a +5,5 %o VPDB per
3'"°C. D'altra banda, els valors *'Sr/*Sr d'aquestes roques son consistents amb els publicats en la
literatura pels carbonats marins (Jones, 1994a. Jones et al., 1994b), on les roques Valanginianes
mostren una relacid *’St/**Sr de 0,70729 i les roques Barremianes mostren una relacio *'Sr/*°Sr
de 0,70749 (Fig. 17). No obstant aixo0, els valors de les calcaries del Valanginia-Barremia
trobats en aquest estudi mostren valors lleugerament empobrits en 5'°0 (Fig. 16). Aquest
empobriment en 5'*0 pot atribuir-se amb la posicié estructural d’aquests afloraments respecte a
la distribucio de les falles durant el Mesozoic (Fig. 18), on les roques del Valanginia i del
Barremia (afloraments RM, Ga, Vi, LP, Pa, Ol i SP) foren més enterrades que les roques de
1’Aptia (aflorament MF). Per tant, s'infereix control deposicional dels valors de 5'°0 d'aquests

sediments durant 1’extensié Mesozoica.

Per altre banda, els valors geoquimics de les calcaries lacustres del Barremia (8'*0 que van
des -5,3 fins -3 %o VPDB i §"°C variable des de -6 fins a -4 VPDB %o) son consistents amb el

seu diposit en un ambient deposicional continental (Moore, 2001) (Fig. 9).
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Roques encaixants Miocenes

Els valors isotopics de les facies marines del Miocé (facies de Bellvei, Castellet i
Torrelletes), presenten un empobriment en 3'°0 i 8"°C respecte als valors esperats per els
carbonats marins del Mioc¢ (Veizer et al., 1999). Aquest fet suggereix que les calcaries marines
foren re-equilibrades en el medi digenétic meteoric (Lohmann, 1988; Moore, 2001) (Fig. 19).
Per altre banda, 1'aspecte ‘chalky’ d'aquestes calcaries també indica canvis diagenctics sota la
influéncia de les aigiies metedriques (Jenkyns et al., 1994). La similitud entre els valors
isotopics de la calcaries del Mioce i les del ciment Cgl que cimenta els conglomerats dels
complexos continentals inferiors, suggereix que el mateix fluid meteoric fou el responsable de la
precipitacio del ciment i el re-equilibrament de la calcaria marina encaixant. Els valors isotopics
del ciment Cg2 dels complexos continentals superiors indiquen que aquest ciment va precipitar
a partir d'un fluid meteoric diferent, en aquest cas un fluid més influenciat pel CO, derivat del

sol (Moore, 2001).
5.2. Relacié entre etapes de deformacio i les fases tectoniques regionals

Les caracteristiques de les diferents fractures presents a la conca del Pened¢s, ens permeten
correlacionar cada estadi de deformacié amb els principals esdeveniments tectonics que van
tenir lloc al sector central de la Serralada Costanera Catalana, des del Mesozoic fins a

I’actualitat (Fig. 20).

La geometria irregular de les parets de les fractures Sla i S1b s’interpreta com a fractures
formades en sediments poc litificats (Travé et al., 1997; Kosa i Hunt, 2006). Les relacions de
tall també indiquen que cronologicament aquestes fractures son les més joves i que estan
afectant als materials carbonatats dipositats durant el syn-rift Mesozoic. No obstant, aquestes
fractures son sub-paral-leles a ’estratificacio i per tant no tenen la orientacidé que correspon en
un context extensiu, sind que corresponen a un tensor compressiu (6; horitzontal) (Ramsay,
1967). Aquesta variacid de 1’esfor¢ 61 es podria explicar com a una compressidé menor
emplagada dins de I’extensio Mesozoica, la qual no ha estat definida fins ara, o bé com el

resultat d’una rotacid sinsedimentaria (i.e. slumps).

Les fractures subverticals relacionades amb 1’estadi S2a es poden atribuir a fractures que
foren formades durant la compactacié del sediment (Ramsay, 1967). El falles normals
basculades S2b poden es correlacionar amb 1’extensio syn-rifi Mesozoica (Fig. 20). Els plans de
les falles estudiades no tenen indicis de reactivacié posterior i el seu basculament s’atribueix a
la posterior compressi6 Paleogena. L’orientacio de les falles normals indica que el tensor
principal durant 1’extensi6 era de direccid6 NO-SE en el domini del Gaia-Montmell, coherent

amb el tensor principal de les falles del Montmell, Vallés-Penedés i de Barcelona durant el
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Mesozoic (Salas et al. 1987, 2001, Roca et al., 1999) i de direccio NE-SO en el domini del
Garraf. Aquests segon tensor pot ser atribuit a les fractures transversals generades en una zona
de relleu entre dues falles extensionals (Rowland i Sibson, 2004), essent el horst del Garraf la

zona de relleu entre les falles del Valles-Penedés i la falla de Barcelona (Roca, com. Pers.) (Fig.

18).

Les fractures de tensio S3 tallen les fractures extensionals anteriors. L’orientacio de S3 és
consistent amb el tensor de N-S principal de la compressio Paledgena en aquesta area (Guimera,
1988). No obstant aixo donada la similitud de la geoquimica dels ciments d’aquestes fractures
¢és molt similar als rebliments associats a les falles Mesozoiques (Baqués et al., 2012a), per
aquest motiu podrien atribuir-se a una etapa de transicido entre 1’extensié Mesozoica i la

compressio Paleogen (Fig. 20).

Les falles inverses S4a tallen, inclinen i localment reactiven les falles normals anteriors (Fig.
7). Aquest tipus de falles s’han atribuit a la compressido Paleogena (Roca i Guimera, 1992;
Gomez i Guimera, 1999) (Fig. 20). Durant aquesta etapa compressiva és quan es van generant

els estilolits d’orientacions variables definits en 1’estadi de deformacid S4b.

La dissolucio a gran escala que es defineix entre etapes de deformacid 4 i 5 és coherent amb
I’aixecament de la Serralada Costanera Catalana durant el Paledogen (Roca i Guimera, 1992).
Aquesta dissolucid ha estat descrita per nombrosos autors a nivell de la Mediterrania oriental

(Cabrera, 1981, Albaigés et al., 1985, Esteban, 1991).

Les fractures sense orientacid preferent S5a i SS5b s’han relacionat amb les fractures
associades a I’inici de la propagacidé d’una falla extensiva (Withjack et al., 1986, Steward i
Hancock, 1988 1 1990), en aquest cas correspondria al inici de la propagacid de la falla del Baix
Penedés (afloraments JM, CV i JM) (Baqués et al., 2010a), i la falla de Mas Farreny (aflorament
MF) (Fig. 20).

Les fractures subverticals S6a de direccidé NE-SO i NO-SE, les quals localment tenen
morfologies sigmoidals, son coherents amb 1’inici de 1’etapa de syn-rift neogena (Smith, 2000).
Les falles majors extensives S6b, les quals limiten el vorell NE i SO de la conca del Penedés
corresponen a 1’estadi principal del syn-rift Neogen (Fontboté, 1954; Roca et al., 1999; Gaspar-
Escribano et al., 2004) (Fig. 20). Les falles menors extensives S7a, les quals involucren els
sediments que rebleixen la conca del Penedés, es correlacionen amb I’estadi del post-rift tempra
(Cabrera et al., 1991; Bartrina et al., 1992; Roca et al., 1999). La reactivacidé en strike-slip
d’aquestes falles menors (S7b) s’atribueix a 1’etapa compressiva que tingué lloc a ’area
estudiada entre el Languia superior i el Serraval-lia inferior (Bartrina et al., 1992; Roca i

Guimera, 1992; Roca et al., 1999; Gaspar-Escribano et al., 2004).
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Les fractures S8a i S8b que involucren els complexos continentals superiors, s’atribueixen al
post-rift tarda (Bartrina et al., 1992; Roca et al.,, 1999). La reactivacié sinistra o inversio
d’aquestes fractures, juntament amb les falles majors S6b, s’atribueix a la compressio
Messiniana descrita en aquesta conca per Bartrina et al., 1992; Roca, 1994 i Roca et al., 1999

(Fig. 20).
5.3. Circulacio de fluids a través de les fractures

La figura 21 mostra el resum de la seqiiéncia diagenética establerta per la conca del Penedés.
L’ampli rang de composicié dels ciments de calcita Ccla (Taula 2) juntament amb les parets
irregulars d'aquestes fractures indica que fluids de diferents composicions, no interaccionats
amb la roca de caixa, van circular durant els primers estadis de deformacid. La precipitacid
d'aquest ciment pot atribuir-se a una precipitacio en la franja d’oscil-lacio de la lamina d’aigua,
prop de la interfase aigua-sediment (Moore, 2001). Les caracteristiques petrologiques i
geoquimiques dels ciments de calcita Cclb i els ciments Cc2 sén molt similars, suggerint que
aquests van precipitar a partir d'un fluid amb la mateixa composicio i per tant d’origen similar.
Les relacions molars Mg/Ca, Sr/Ca i Ca/Fe (Taula 2) d'aquests ciments son consistents amb la
precipitacio a partir de les aigiies de formacioé que circularen durant l'enterrament progressiu
dels sediments associat a l'extensid syn-rift Mesozoica. Els valors més negatius de 80 dels
ciments localitzats al domini Gaia-Montmell (Fig. 18A-B) suggereixen que aquests ciments
formen precipitats a major profunditat d'enterrament (Choquette i James, 1990). La similitud
entre els valors de 5"°C dels ciments i la roca encaixant pot atribuir-se al re-equilibri del carboni
de I'aigua intersticial i les roques encaixants (Marshall, 1992). Les relacions *'Sr/**Sr juntament
amb els valors 5"°C dels ciments de calcita indiquen alta interacci6 fluid-roca en un sistema

hidrologic tancat (Travé et al., 2004).

Les variacions en la luminiscéncia del ciment de calcita Cc3 reflecteix canvis del contingut
en Mn/Fe del fluid durant la seva precipitaci6 (Taula 2). Els valors 8'*0 son consistents amb les
aigiies de formacio (Fig. 22A), mentre que la relacio *’Sr/*Sr i els valors 5"°C indiquen una alta

interaccio fluid-roca en un sistema hidrologic tancat (Travé et al., 2009; Breesch et al., 2009).

Les relacions molars de Mg/Ca i Ca/Fe (Taula 2), aixi com el 3'*0 i "°C dels ciments Cc3a,
Cc4b i Cc4c (Taula 1, Figura 22B) son consistents amb la precipitacio a partir d'aigua metedrica
en una sistema hidrologic obert (Travé et al., 1998). D’aquesta manera, durant la compressio

Paleogena es caracteritza per la circulacié d’un fluid de caracter metedric.

La porositat vacuolar lligada creada durant els estadis de deformacio 4 i 5 esta reblerta per
sediments amb caracteristiques petrografiques i valors de 8'*O similars als de la roca encaixant.

Aquest fet suggereix que aquest sediment prové de l’erosio i el retreballament de la roca
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encaixant. No obstant aixd, els valors més empobrits de 8"°C s’atribueixen a una major

influéncia de CO, derivat del sol (Lohmann, 1988; Moore, 2001).

L'evolucid dels fluids a través de les fractures formades durant el rifting Neogen del Penedeés
esta sintetitzat a la figura 23. Els valors 8'°0, que varien entre -2,3 i -1,3 %o VPDB, dels ciments
de dolomita que omplen les fractures sense orientacié preferent S5a i S5b, indiquen una
temperatura baixa de precipitacié. Aquest fet és coherent amb els resultats termocronologics
realitzats en aquest sector de la Serralada Costanera Catalana, els quals suggereixen una
exhumaci6 dels blocs inferiors de les falles normals de fins a 2 km (Juez-Larré i Andriessen,
2006). La petrografia i geoquimica de la dolomia de reemplagament D2 formada durant aquesta
etapa indiquen que la dolomititzaci6é ocorregué durant el progressiu enterrament de les roques
jurassiques (Tucker i Marshall, 2004). Aquest reemplagament es pot atribuir a la connexié de
dos segments de falla en una zona de relleu (Rowland i Sibson, 2004, Cantarero et al.,
submitted). Les fractures orientades sense orientacio preferent i la seva posterior dissolucid
(estadi S4b) indiquen que la zona frontal de la propagacio de la falla normal arriba a zones més
superficials (Sharp et al. 2000). Els valors 3'*0 dels sediments de dolomita i les seves relacions
molars de Sr/Ca (Taula 1) son similars a la roca encaixant. En canvi, els valors més empobrits
de 5"°C indiquen una major influéncia de CO, procedents del sol i, per tant, l'obertura del
sistema a aigiies meteoriques externes (Moore, 2001). D'altra banda, els valors de *’Sr/**Sr sén
consistents amb les aigiies marines de Burdigalia tarda-Languia (Veizer et al., 1999) (Fig. 24).
El mateix tipus de sediments i amb valors similars es varen dipositar en el reservori de

Casablanca (Rodriguez-Morillas et al., 2012).

Les variacions en la luminiscéncia relacionada amb [’estadi S6b, juntament amb la fluctuacio
del contingut en Mn/Fe de la calcita Cc6, son consistents amb la seva precipitacié en la zona
meteorica vadosa (Gonzalez i Lohmann, 1988). La geometria del sediment Cs5 juntament amb
els seus valors empobrits en 8"°C, també és coherent amb la seva precipitacid dins el medi

vados.

Durant I’etapa 6b, relacionada amb l'extensio del syn-rift Neogen, diferents fluids meteorics
varen circular a través de les fractures. La no-luminiscéncia dels cristalls, juntament amb el baix
contingut en Fe, Mn, Sr i Na i els valors baixos de 3'°0 i 8" °C son consistents amb la seva
precipitacié en la zona metedrica freatica (Moore, 2001; Travé i Calvet, 2001). No obstant aixo,
els valors de Sr s'ajusten a les seves respectives roques encaixants. Quan I’encaixant son les
dolomies, la quantitat d’Sr en els ciments de calcita és més alt que quan ’encaixant son les
roques calcaries. Aquestes variacions indiquen una influéncia del contingut d'estronci a les
aigiies meteoriques relacionada amb la roca encaixant per on circula (Longman, 1980). D'altra

banda, en funcio6 de la posici6 estructural on precipita aquest tipus de ciment, mostra diferéncies
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de fins a 4 %o respecte als valors de 8'°0, donant diferents trajectories de la linia d’aigiies
meteoriques (Fig. 25). Aquesta variacio es pot explicar o bé per una variacié climatica durant el

Neogena o per un canvi de latitud (Lohmann, 1988).

Durant el principi del post-rift (etapa de deformacié S7), les fractures van ser cimentades
pels fluids que també havien reequilibrat les calcaries encaixants del Miocé, probablement en la
zona metedrica freatica. La precipitacio d'0xids indica que els fluids reductors rics en Fe** van
circular a través de les falles. Quan aquests fluids trobaven condicions oxidants tingué lloc la
precipitacio de les concrecions de goetita i d’hematites (Busigny i Dauphas, 2007). Els valors de
la geoquimica dels ciments que varen precipitar durant la reactivacio dextra de les falles NE-SO
(etapa 7b) son similars als valors de les calcaries del Mioc¢ equilibrades dins el medi meteoric.
Aix0 suggereix un estancament del sistema hidrologic, probablement ocorregut dins el medi

meteoric freatic (Choquette i James, 1990).

E18"0 i 8"°C juntament amb els valors de la relacié Sr/Ca molars del ciment dolomitic Dc3
(Taules 11 2) que omple les fractures S8a son consistents amb precipitacio sota la influéncia de
l'aigua de mar (Budd, 1997). Les dades de 5'°0, 8"°C i de les relacions *’Sr/**Sr suggereixen que
el fluid dolomititzant t€¢ una marina del Burdigalia tarda-Languia (Veizer et al., 1999) (Fig. 24).
S’interpreta que els sediments carstics varen ser dolomititzats a partir de les aiglies marines
ascendents a través de falles S8a (Calvet et al., 2001). Aquestes aigiies podrien provenir de
I’expulsié per compactacid dels fluids intersticials de les margues dipositades al centre de la

conca durant el Languia (Calvet et al., 2001).

Durant la etapa S8b, els ciments de calcita de les fractures van precipitar a partir de fluids,
cada vegada més empobrits en 5"°C, indicant un increment del contingut en CO, derivat del sol i
de la transicié d’un medi freatic a vados. Aquesta evolucid s’observa tant a roques del Mesozoic
com als diposits del Mioce, i es podria correlacionar amb 1’aixecament generalitzat de la conca
Cabrera 1 Calvet (1996) i Juez-Larré i Andriessen, (2006) i/o amb la caiguda del nivell freatic
coherent amb la baixada generalitzada del mar a la Mediterrania durant el Messinia (Julian i
Nicod, 1984; Clauzon et al., 1997, Bini et al., 1978, Bini, 1994). Durant I’estadi de deformacio
S9 romangué la precipitacié d’espeleotemes (Cs6 i Ccl2), cobrint les parets de les fractures

formades en els estadis anteriors (i.e. stage 8b).

L'evolucid dels fluids dins de les fractures durant el 1’evolucid de la conca del Penedés es

resumeix en la figura 26.
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5.4. Litologia i tipus de fluids

El quimisme dels fluids primerencs que intervingueren durant la deformacio syn-rift
Mesozoica, foren fortament controlats per els seus respectius encaixants, on els seus valors de
3'"C i els valors radiogénics de I’estronci sén molt similars respecte a la seva roca de caixa. La
deformacié associada a les fractures del syn-rift mesozoic fou controlada per les dolomies
encaixants del Jurassic superior-Cretaci inferior (afloraments JM, CG, CV) i per tant el flux de
fluid estava restringit intraformacionalment. Aquest control de la roca encaixant en la quimica
dels fluids es perd quan les dolomies encaixants foren plegades i aixecades durant la compressio
Paleogena. Des de llavors, les roques mesozoiques han estat exposades subacriament 1 diferents

fluids meteorics han circulat a través de les fractures.
5.5. Esdeveniments carstics

Existeix un control directe del sistema de fractures respecte 1’augment de la dissolucio i el
desenvolupament carstic. A nivells superficials de I’escorga terrestre, la propagacio inicial de les
falles normals incrementen el procés de la dissolucio carstica, ja que aquest és afavorit per les
fractures formades al voltant del front de la falla (Fig. 27A-B). En aquestes falles incipients, el
nucli de falla esta format per una cataclasita associada al front de propagacioé de la falla la qual
esta reblerta sediment carstics (Fig. 27C). Les fractures reblertes per aquest tipus de sediment
generalment es troben en els blocs superiors d’aquestes falles. Degut a 1’avang del front de
propagacié de les falles es generen bretxes dilatants, les quals permeten una major infiltracié de

les aigiies meteoriques, essent aixi incrementats els processos de dissoluci6 carstica (Fig. 27D).

En un estadi més evolucionat, el continu moviment de les falles afecten als productes carstics
formats préviament. En aquests casos, i degut a la continuacié dels processos de dissolucio, es
produeix el col-lapse de les parets de les fractures, tenint lloc preferentment en els nuclis de les

falles extensives.

En la interseccio entre dues falles normals conjugades existeix un alt grau dels processos de
fracturacio i bretxificacio (Fig. 28A). Aquestes arees es converteixen en zones d’alta
permeabilitat, preferencials per la dissolucid carstica, fet que condueix a la formacié de cavitats

decimétriques a métriques reblertes per espeleotemes (Fig. 28B-C).
S'han diferenciat quatre estadis de carstificacio:

i.  El primer estadi de carstificacio relacionat amb la compressi6 Paledgena, entre les
etapes de deformacié S4 i S5, 1 per tant només afecta les roques mesozoiques. Una

dissolucid generalitzada va generar porositats vacuolars i caverna degut a l'exposicio
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subaéria dels carbonats del Mesozoic. Els sediments que omplen aquestes porositats
provenen de l'erosio i el retreballament de la roca encaixant. Els ompliments carstics
d'aquest primer estadi de carstificacido es veuen clarament afectats per les fractures
extensionals relacionades amb el syn-rift Neogen (estadis 5 i 6). Aquest tipus de karst es
reconeix al llarg de tot el domini de la Mediterrania (Esteban, 1991) i per tant, la
caracteritzacid dels afloraments estudiats poden ser utilitzats com analegs dels diposits
carstics situats al Solc de Valéncia (Esteban, 1991; Playa et al.,, 2010; Morillas-
Rodriguez et al., 2012).

El segon estadi de carstificacié es va produir durant les primeres etapes de 1'extensio
neogena i es relaciona amb l'etapa de deformacié S5 en que fractures sense orientacio
preferent, formades durant la propagacio de les falles neogenes, van afavorir els
processos de dissolucid. Els diferents tipus de sediments dolomitics i calcitics (reblint la
porositat de fractura i la porositat vacuolar) indiquen que van ser dipositades a partir
d'un fluid metedric en un sistema hidrologic obert. No obstant aixo, la relacio *'Sr/**Sr
dels sediments dolomitics indiquen que els processos de dolomititzacidé es van produir
més tard, a partir d’aigiies marines del Burdigalia tarda-Languia.

El tercer estadi de carstificacid va tenir lloc durant I'extensid syn-rift Neogena 1 es
relaciona amb I'etapa de deformacio S6. Els ompliments de calcita, relacionats amb les
falles normals NO-SE, s’associen a una interaccio entre els processos tectonics 1 carstics
degut al moviment multi-episodic de les falles extensives. Els valors de 5'°0, juntament
amb les relacions molars Mg/Ca i St/Ca dels ciments de calcita i els elevats valors
radiogénics dels productes diagenétics, indiquen que aiglies metedriques, no
equilibrades amb les roques de caixa, van ser les responsables de la precipitacio
d'aquests ciments. Els ompliments carstics d'aquest tercer esdeveniment estan clarament
afectats per les falles normals i direccionals desenvolupades durant els estadis syn-rift i
post-rift.

El quart estadi de carstificacio esta relacionat amb la etapa de deformacié S8b i
correspon a fractures NNO-SSE a NNE-SSO obertes per dissolucio. Els sediments i els
ciments de calcita interpretats com espeleotemes, cobreixen les parets de les fractures.
Els valors més negatius en 3"°C dels espeleotemes indica una major implicacié de CO,,
derivats del sol i la precipitacid en l'entorn meteoric vados. El carst probablement va
comengar durant el post-rift tarda, incrementant-se durant la caiguda del nivell del mar
en el Messinia (Clauzon et al. 1997, Bini et al. 1978, Bini 1994). Alguns dels
ompliments carstics d'aquest quart esdeveniment es veuen afectats per fractures

subhoritzontals obertes, relacionades amb la compressié menor del Messinia.
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6. CONCLUSIONS

A partir de les dades macro i microestructurals, juntament amb els resultats geoquimics de
les roques encaixants, roques de falla i els ciments que reomplen les fractures, s’han identificat

els segiients estadis diagenétics:

i. un primer estadi diagenétic tempra caracteritzat per la formacié de microfractures de
morfologies irregulars, formades en un sediment poc litificat i per la precipitaciéo d’un
ciment de calcita poc interaccionat amb la roca de caixa.

ii. un segon estadi d’enterrament caracteritzat per la bretxificacidé i dolomititzacid de la
roca encaixant i la generacid d’estilolits sub-paral-lels a I’estratificacio.

iii. nou etapes de deformacié amb diferents tipus de rebliments associats a les fractures.

iv. quatre estadis de carstificacié caracteritzats per diferents tipus de bretxes de col-lapse,
sediments i ciments que reomplen les porositats tipus fractura i vug, generades a partir

de la dissolucio.

A partir de les dades geoquimiques es dedueix I’existéncia d’un control dels valors §'°0 en
els sediments dipositats durant el syn-rift Mesozoic (Valanginians i Barremians). Segons la
posicié estructural dels afloraments estudiats en relacio a les falles mesozoiques, es pot observar
que roques de la mateixa edat tenen valors més empobrits en §'°0. Aquest fet és atribuible a un
enterrament d’aquests diposits degut a la forta subsidéncia de les falles Mesozoiques. Els valors
isotopics de les facies marines del Mioce, empobrits en §'°0 i 5"°C respecte als valors esperats
per l'aigua marina miocena, juntament amb 1’aspecte de chalk d’aquestes roques, ens indiquen
que aquestes roques van ser totalment reequilibrades dins d’un medi diagenétic meteoric. El
fluid, a partir del que ha precipitat el ciment corresponent als complexes continentals inferiors,
té una senyal geoquimica similar als carbonats marins miocens. Fet que ens indica que fou
precipitat en un mateix ambient diagencétic. En canvi, el ciment corresponent als complexes
continentals superiors t¢ valors més empobrits en 8°C, fet que ens suggereix que el fluid

meteoric era diferent, més influenciat pel CO, derivat del sol.

Dos tensors d’esforcos han estat descrits durant el rifting Mesozoic: un orientat NO-SE
(domini del Gaia-Montmell), corresponent al tensor principal d’aquesta etapa i l'altre orientat
NE-SO (domini del Garraf), que s'atribueix a les falles transversals formades entre les zones de
relleu de la falla Vallés-Penedés i la falla de Barcelona. Els valors geoquimics dels ciments
relacionats amb aquestes falles varen precipitar a partir de les aigiies de formaci6é durant
I'enterrament progressiu dels sediments. Les relacions *’Sr/**Sr juntament amb els valors de §'°C
dels ciments de calcita indiquen una alta interaccid fluid-roca en un sistema hidrologic tancat.
Les fractures d'orientaci6 NNE-SSO s'atribueixen a la transici6 entre l'extensié Mesozoica i la
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compressioé Paleogena. Els valors geoquimics dels ciments indiquen que van ser precipitats a

partir d’aigiies de formacio, en un sistema hidrologic tancat.

Des del Paleocé a 1’Oligocé mig, els fluids que van circular a través de les fractures eren
d’origen fluids meteoric. Associat a 1’aixecament de les roques Mesoziques degut a la
compressio Paledgena, tingué lloc una extensa dissolucio carstica. Les cavitats carstiques foren

reblertes per sediments i ciments precipitats en un medi diagenétic meteoric.

Durant la propagacio de les falles extensionals nedgenes, la deformacio es caracteritza per
fractures sense orientacid preferent reblertes per un ciment de dolomita. Les caracteristiques
geoquimiques d’aquest ciment sén coherents amb fluids de formacié de baixa temperatura. No
obstant aix0, degut a un increment del flux i en menor grau, de la temperatura, la roca encaixant
va ser dolomititzada parcialment. Aquest augment del flux i temperatura s’associa a la connexio

de dos segments de la falla en una zona de relleu.

Durant ’estadi post-rift inicial, a través de les falles extensionals de direccio NE-SO van
circular diferents tipus de fluids meteorics en zones oscil-lants entre el medi freatic i vados. La
precipitacioé d'oxids al llarg dels plans de falla suggereix la circulacid de fluids rics en Fe2 el

qual comporta a la precipitacioé d’oxids de ferro quan aquests troben condicions oxidants.

Les falles normals de direccidé N-S relacionades amb 1’estadi post-rifi, afavoreixen a la
circulaci6 de fluids marins ascendents per les falles, els quals provenen dels fluids intersticials
dels carbonats marins del centre de conca expulsats per compactacié. Aquesta circulacio de
fluid produi la dolomitizacié parcial de les roques encaixants i la precipitacié de ciments de
dolomita. Durant aquest mateix estadi, es van formar les fractures de direccid NNO-SSE i NNE-
SSO. Aquestes fractures afavoriren als processos de dissolucidé podent precipitar espeleotemes
al llarg de les parets de els fractures. Aquest transit al medi vadds es pot associar a I’exhumacio

de la conca i/0 amb la caiguda del nivell del mar durant el Messinia.

Només s’han observat bretxes de falla relacionades amb les falles que afecten a carbonats
Mesozoics. Quan les falles afecten a les dolomies jurassiques la zona de bretxificacio és molt
extensa, fins a varies desenes de metres. En canvi, quan les falles afecten a les calcaries
cretaciques les zones de falla no superen I’ordre métric. D’aquesta manera podem dir que tant la
litologia com el tipus d’estructura juguen un paper important en el tipus de roques de falla que

es forma.

S’ha reconegut un control directe del sistema de fractures en els processos de
desenvolupament carstic. Reciprocament, les falles normals comencen a propagar-se en carsts
incipients permetent que l'aigua meteorica s’infiltri produint la dissolucid. En una etapa més
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evolucionada, les falles poden afectar els productes carstics. A més, en la interseccid entre dues
falles normals conjugades hi ha un increment dels processos de deformacio, com son la
fracturacid tectonica i la bretxificacid. Aquestes zones es converteixen en zones d'alta
permeabilitat i son zones preferents per la dissolucid carstica, creant cavitats decimetriques a

metriques reblertes per espeleotemes.

S’han diferenciat quatre estadis de carstificacid: el primer estadi de carstificacid es va
desenvolupar després de la compressié Paleogena i esta clarament afectat per les fractures
extensives neogenes. El segon i tercer estadi de carstificacio es van desenvolupar durant el syn-
rift Neogen i estan clarament afectats per les falles extensives i direccionals. L’ultim

esdeveniment carstic conté rebliments no deformats i s’atribueix al post-rift Neogen.
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DIAGENESIS AND FLUID-FRACTURE EVOLUTION IN AN
INTRACONTINENTAL BASIN: THE PENEDES HALF-GRABEN,
WESTERN MEDITERRANEAN







1. INTRODUCTION

1.1. Framework

Research on the process of creation and destruction of porosity and permeability in
extensional tectonic settings, has been and remains, of great interest for oil and gas exploration
and mineral deposits prospection (Budai and Wiltschko, 1987; Bethke, 1989). Many of the
reservoirs occur in fractured and karstified rocks, where about half of the oil and gas reservoirs

on Earth are in carbonate rocks.

Numerous national and international research projects focussed on unravelling the diagenesis
and fluid evolution within extensional basins have been initiated in recent years. This PhD
thesis is framed within two national I+D projects led by Dra. Anna Travé, one carried out from
2006 to 2009 entitled ‘Geofluid and deformation interactions within an extensive tectonic
context’ (CGL2006-14860) and the other, in process, entitled ‘Diagenesis, deformation
mechanisms and architecture of the fault zones in the neogene extensive basins of the
northeaeastern Iberian Peninsula. Relationship with the hydrocarbon reservoirs of the Valencia

Trough’ (CGL2010-18260).

This PhD thesis contains three main articles, two of them already published and one under

review, in indexed journals with international prestige (ISI):

1. Baqués, V., Travé, A., Benedicto, A., Labaume, P., Cantarero, I.,, 2010. Relationships
between carbonate fault rocks and fluid flow regime during propagation of the Neogene
extensional faults of the Penedés basin (Catalan Coastal Ranges, NE Spain). Journal of
Geochemical Exploration, 106, 24-33. Impact Factor: 2,125. Position 24/77 (2™
quartile) in GEOCHEMISTRY & GEOPHYSICS.

2. Baqués, V., Travé, A., Roca, E., Marin, M.A., Cantarero, 1., 2012. Geofluid behaviour
in successive extensional and compressional events: a case study from the south-
western end of the Vallés-Penedés Fault (Catalan Coastal Ranges, NE Spain).
Petroleum Geoscience, 18, 17-31. Impact Factor: 1,294. Position 3/24 (1* quartile) in
ENGINEERING, PETROLEUM.

3. Baqués, V., Travé, A., Cantarero, I. Development of successive karstic systems within
the Baix Penedés Fault zone (onshore of the Valencia Trough, NW Mediterranean).
Geofluids (under review). Impact Factor: 1,533. Position: 37/76 (2™ quartile) in
GEOLOGY (2011).
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The work presented in this memory includes a summarized discussion of already published
results (Travé et al., 1998, 2008; Travé and Calvet, 2001; Belaid et al., 2008; Romaire et al.,
2008; Baqués et al., 2008, 2009a, 2009b, 2010a, 2010b, 2010c, 2012a, 2012b and Baqués et al.,
under review (see appendix 1 and 2)) together with new data from nineteen outcrops. This new
data, together with the syntheses of all the results at basin scale will be submitted for publication

in the journal “Basin Research”.

1.2. Objectives

The main objective of this PhD thesis was the reconstruction of the relationship between
fractures and migration of fluids during the evolution of a sedimentary extensional basin.
The study was performed on the Penedés half-graben, located in the central part of the Catalan
Coastal Ranges, an alpine zone on the NW flank of the Valencia Trough (western
Mediterranean). The Penedés basin constitutes a good example to understand the fluid-fracture
systems and allows correlating them with the reservoirs located on the offshore of the Valencia
Trough (Esteban, 1991, Vera et al., 1988; Klimowitz et al., 2005; Playa et al., 2009). In this
thesis we provide for the first time new valuable information on the reservoir evolution with a
complete study of the diagenesis of the host rocks, the palaeofluids circulation through fractures

and the karstic processes associated to extensional fractures.

To reach the main objective our goal is:

-To discern the different tectonic phases and their associated diagenetic processes.

-To characterize the diagenetic processes that took place within the host rocks.

-To characterize different extensional events and their respective diagenetic products.
-To discern between compressive and extensive events.

-To establish the relationships between karstification and fracturation.

-To characterize different karstic events related to different stages of the basin evolution.

-To assess the role of the lithologies and fault displacement on the fault zone architecture.

1.3. The state of the art

Diagenesis of sedimentary rocks

Diagenesis of sedimentary rocks is a very complex process that has been defined
in numerous ways and has been based on different criteria such as the concept of
lithification, cementation, mineral stability, textural change and dissolution. These alterations
can occur at any time from deposition to deep burial (Bathurst, 1971). However, it has long

been restricted to those diagenesis processes that cause lithification of sediments.
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Ginsburg (1957) defined diagenesis as the set of physicochemical processes that modify the
sediments between deposition and their lithification at low temperature and low pressure at the
surface or near it.

Pettijohn (1963) enclosed diagenesis as reactions taking place within the sediment between
minerals and interstitial fluids.

According to Purdy (1968) diagenesis consists of all the changes taking place in the
sediment between its deposition and before metamorphism.

Commonly, diagenesis has been divided into different diagenetic phases (Fairbridge, 1967):

i.  Sindiagenesis.

ii. Anadiagenesis.

iii. Epidiagenesis.

This classification is useful for any type of sedimentary rocks and is based on the origin,
nature and direction of formation water movement.

Choquette and Pray (1970) divide the diagenetic phases based on porosity. This
classification has widespread acceptance because, in general, it is always possible to determine
the origin and evolution of pores. These authors divide the diagenetic evolution into three
stages:

i.  Pre-depositional.

ii. Depositional.

iii. Post-depositional.

The post-depositional stage is sub-divided into three diagenetic zones: eogenetic,

mesogenetic and telogenetic.

In this PhD thesis memory we use the term diagenesis to refer to all of the textural changes
occurred in the rocks since sediment deposition to present. However, we have used the term
fluid-fracture evolution to refer to the palacofluids circulation within fractures during the

formation of the sedimentary basin.

Geofluids and fractures

The study of fracture architecture together with the microstructure, petrology and
geochemistry of the fracture-filling minerals allows the unravelling of the evolution of fluids
during the development of a basin (Van Geet et al., 2002; Rawling et al., 2001; Hooker et al.,
2012). This knowledge includes:

i.  The physico-chemical characteristics of the fluid, and therefore the fluid type and origin

(Bjerlykke et al., 1998; Burley and MacQuaker, 1992).

ii. The degree of fluid/rock interaction (high versus low).
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iii. The type of fluid flow regime (closed versus open) (Calvet et al., 2000; Verhaert et al.,
2009).

iv. The fluid pathways (pervasive versus channelized).

v.  The driving mechanisms for fluid migration (Carter et al., 1990).

vi. The textural features associated with fractures that influence porosity and permeability
(Knipe, 1989; Antonellini and Aydin, 1994; Caine et al., 1996).

vii. The mechanisms and kinematics of fluid-deformation relationships (Sibson et al., 1975).

viii. The fluid flow events and their relative timing (Burruss et al., 1983; Breesch et al.,
2009).

ix. The synchronism, or not, between fracturation and fluid flow (Laubach et al., 2004;

Bussolotto et al., 2005, 2007).

The role played by permeable or impermeable faults in fluid flow depends on its internal
structure (fault zones, fault rocks and/or precipitation of minerals) and also depends on how the
faults are arranged in three dimensions (architecture) (Aydin et al., 1998; Agosta and Aydin,
2006).

Most of the known crustal faults are organized into segments (Micklethwaite and Cox,
2004). Growth, propagation and interaction of these segments lead to a final architecture of the
more or less complex fault.

The flow of fluids through fault segments depends on the connection status of these
segments in every stage of growth and activity of the fault (Micklethwaite and Cox, 2004).
Moreover, the growth of a fault and the organization of segments in three dimensions are tightly
controlled by the presence of horizontal discontinuities present in the stratigraphic series
(Underwood et al., 2003). Often, the segments are confined to specific layers of a given
rheology and its interaction with neighbouring segments depends on the capacity (energy) of
each segment to cross the discontinuities that limit the layer (Naccio et al., 2005).

The mechanism of fracture formation and its subsequent evolution cement precipitation. This

will allow the fracture to act as a barrier or a conduit (Agosta et al., 2012; Breesch et al., 2009).

The study of how fluid migration has taken place through fractures can reveal which
mechanisms of deformation has occurred (Burrus et al., 1985; Knipe and McCaig, 1994;
Labaume et al., 2004). The fluids may be internal or external to the basin (Muchez et al, 1995).
The water system may be open or closed. The fluid flow can be rapid or slow (Bitzer et al.,
1997). All these parameters can change both in time and space (Calvet et al., 2000; Travé et al.,
1997, 1998, 2005; Benedicto et al., 2008; Berwouts et al., 2008).



1. Introduction

Fault zones

The fault zones are lithologically heterogencous and structurally anisotropic discontinuities

in the upper earth crust (Caine et al., 1996), composed by different slip planes, fractures and

fault rocks resulting from deformation (McClay, 1987, Davis and Reynolds, 1996). The fault

zones are included in the term “shear zones”, which refers to large areas of deformation

generated in ductile-brittle conditions. A ductile shear zone evolves to the surface to a narrow

fault zone.

Fault zones are built up by distinct components (Sibson, 1977; Caine et al., 1996; Peacock et

al., 2000; Borgi, 2007) (Fig. 1):

il.

1il.

Fault zone architectural components:

The fault core is the structural, lithologic and morphologic portion of the fault zone
where most of the displacement is accommodated. It contains single slip surfaces (Caine
et al, 1991), unconsolidated clay-rich gouge zones, brecciated and geochemically
altered zones (Sibson, 1977) or cataclasite and milonite zones (Chester and Logan,

1986).

The damage zone is a zone mechanically related to the growth of the fault zone (Sibson,
1977). 1t is characterized by a network of secondary fractures and minor faults, folds,
fault cohesive breccias and veins that cause heterogeneity and anisotropy in the
permeability structure and elastic properties of the fault zone (Bruhn et al., 1994). These
zones may enhance fault zone permeability relative to the core and the undeformed rock

(Chester and Logan, 1986).

The protolith or host rock is the relatively undeformed rock, where fault-related
permeability structures are absent; it is only affected by the regional structures.
Depending on the type of the protolith, the geometry and magnitude of permeability

within the fault core and damage zone will be different (Caine et al., 1996).

Factors controlling permeability:

- Fault core Lithology
Gouge Fault scale
Cataclasite
Mylonite Fault type

|:| Damage zone

[ ] Protolith (host rock)

Deformation style & history
Fluid chemistry

Small faults P-T history

Fractures -
Veins Component of permeability
Folds Component of anisotropy

(magnitude & direction)

Regional
structures

Figure 1: Conceptual model of fault zone with protolith removed generated in ductile-brittle
conditions (modified from Caine et al., 1996). 5



1. Introduction

The permeability in a fault zone is controlled essentially by the type of rocks generated
during the movement: the type and size of fracture, the lithology of the host rock, the chemical
properties of the fluid through fractures, the evolution of pressure/temperature and the
permeability (Caine et al., 2006, Agosta and Aydin, 2006).

The arrangement of the various slip planes and its continuity (fault relay) is also a factor that
controls the movement of fluids.

The degree of the fault connection is controlled by the heterogeneities that can be found in
the development of the fault (lithological variations and thickness of stratigraphic units). When

the propagation and connection of the fault is difficult, the fluid circulation will be poorer.

The fault rocks are classified by textural criteria. In this thesis we started using the
classification proposed by Sibson (1977) based on the type of fabric, cohesivity, fragment size
and the amount of recrystalization in the matrix. However, we have switched to the field
classification proposed by Morrow (1982) based on the type of fabrics and amount of
crystallization in the matrix (Fig. 2) because some of the breccias identified within the fault

zones are highly overprinted by karstification processes, being difficulty the use of Sibson

terminology.
PACKBRECCIA
Crackle Mosaic Rubble
L/ ] -
OPEN or Q ‘%&\“
CEMENTED %ﬁ
Q =
PARTICULATE 4N . . S
FLOATBRECCIA
Not applicable Mosaic Rubble
CEMENTED ?DL_) L\‘ @ Va Q
jﬁ/ u & et
PARTICULATE - @ e l o QZ/ :
1\' T =7

Figure 2: Representation of the breccia classification proposed by Morrow, 1982.




2. GEOLOGICAL SETTING

The western Mediterranean (Fig. 3) includes a system of Oligocene-early Miocene
extensional basins (Valencia Trough, Provengal and Ligurian basins) that records the early
evolutionary system of the western Mediterranean (Roca et al., 1999). The northwestern margin
of the Valencia Trough includes a system of horsts and grabens developed during the Neogene
constituting the Catalan Coastal Ranges (CCR). These Ranges, located in the NE of the Iberian
Peninsula, constitute the onshore expression of the NE part of the continental margin that
separates the thinned crust of the Valencia Trough from the Variscan crust of the Iberian Plate
(Dafiobeitia et al., 1992; Vidal et al., 1995). It consists of several ENE-WSW to NE-SW striking
blocks bounded by a 50-150 km long basement-involving faults which display a right-stepping
en echelon arrangement with an ENE-WSW strike (Fig. 3). In the central part of the CCR, these
faults are the Valles-Penedes, Montmell, Baix Penedes, El Camp and Barcelona faults dipping

south-eastwards and showing a reverse and/or normal motion.

This double motion of the faults, together with the internal structure of the bounded blocks

reflects a complex evolution in which three main tectonic events are differentiated.

The first tectonic event corresponds to the Mesozoic extensional phase which is divided into
two Mesozoic rift episodes:

The first, Late Permian to Triassic in age, related to the opening of the Neotethys; and the
second, latest Oxfordian to Aptian in age, related to the opening of the North Central Atlantic
Ocean and the Bay of Biscay (Salas and Casas, 1992; Salas et al., 2001) leading to the
individualisation of the Iberian Plate during the Albian-early Santonian (Srivastava et al., 1990;
Sibuet et al., 2004).

During the last Mesozoic rift episode, several extensional basins developed along the
present-day CCR (Montmell-Garraf, Barcelona, El Perell6 and Maestrat; Salas, 1987)
constituting the NW boundary of a broad extensional basin system that spreads southeastwards

over the present-day Western Mediterranean.

The second tectonic event corresponds to the period from the Paleocene to the mid-
Oligocene compressional phase that generated the Catalan Intraplate Belt (CIB) from the
inversion of the Mesozoic rift basins by means of ENE-to-NE-trending, thick-skinned thrust
sheets bounded by SE-dipping thrusts with a limited left-lateral strike-slip motion (Ashauer and
Teichmiiller, 1935; Llopis-Llado, 1947; Anadén et al., 1985; Guimera, 2004).

The third tectonic event corresponds to the late Oligocene?- Neogene extensional phase
generating the extensional reactivation of the main Paleogene reverse faults of the CCR

(Fontboté, 1954; Gaspar-Escribano et al., 2004) which split the CIB into a set of ENE-WSW

7



2. Geological setting

blocks mainly tilted toward the NW, constituting the current horst-and-graben system present in

the northwestern Mediterranean (Bartrina et al, 1992; Roca and Guimera, 1992).

The present coastline is nearly parallel to the basement faults. Moreover, other minor faults,
NW-SE-oriented, transverse in relation to the major faults, also influenced the final margin
structure (Guimera, 1988).

The depressed zones related to the basement faults include the Vallés-Penedes, El Camp and
Barcelona half-grabens.

Several major structural highs surround the half-grabens: Prades, Bonastre and the Garraf-
Montnegre horst complex, which in turn includes minor fault-bounded depressions (Vilanova
and Baix Llobregat). The tectonic depressions show slightly different orientations (ENE-WSW

and NE-SW respectively) due to changes in orientation of the major faults.

/ \
\ L'Emporda
g Basin

La Selva

- f Barcelona
halff-graben / / /

® Tarragona, / 5
ND‘
—— Other minor fault

' / / e Ma?n Neogene Fault

Valencia Trough -+—a Main PaleogeneThrust

/ (Mediterranean Sea) l:l Neogene

Ebro Delta - Lower Paleogene
— - Mesozoic
‘r m
/ s v 4 - Variscan basement

Figure 3: Geological map of the Catalan Coastal Ranges with the location of: 1) Figure 4, where the
study area is placed and 2) Figure 5 which corresponds to the section of the central part of the Catalan
Coastal Ranges. VT: Valencia Trough; PB: Provengal basin; LB: Ligurian Basin.

The Penedés half-graben, sub-divided in Alt Penedés and Baix Penedés half-grabens, is
located at the central part of the CCR (Fig. 4). Two major structural highs surround this graben:
Montmell-Gaia high and Garraf horst, which in its turn include minor fault-bounded depressions

(Vilanova and Baix Llobregat).
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2. Geological setting

The horsts are made up of Mesozoic limestones and dolomites and locally siliciclastic and

evaporitic rocks overlaying the Variscan basement.

The basin is up to 50 km long and over 14 km wide and its NW margin is bounded by the

Vallés-Penedes Fault, with a vertical slip larger than 4 km (Bartrina et al., 1992) (Fig. 5). Minor

faults, up to a few hundred meters of slip, make up the present southern boundary, separating

the depression from the Garraf horst.

The relationships between the Neogene faults and the associated basin fillings define four

major stages in the tectonic-stratigraphic evolution of the basin from the late Oligocene to the

present (Cabrera and Calvet, 1996; Roca et al., 1999) (Fig. 6):

il.

1il.

1v.

A syn-rift stage, lasting from the end of the Oligocene until the lower Miocene (early
Burdigalian), with strong extensional activity that gave rise to the present horst-and-
graben structure. The origin of this system is related to the southwestward Oligocene-
early Miocene propagation of the Western European rift system (Sérrane et al., 1995,
Benedicto, 1996) and the Burdigalian oceanic accretion associated with the

southeastward drift of the Corsica-Sardinia block (Burrus, 1984; Roca et al., 1999).

A post-rift stage, lasting from the middle Miocene (late Burdigalian) to the upper
Miocene (Tortonian), during which, extensional tectonics were attenuated and only the
Vallés-Penedés and Barcelona major faults were active. During the late Langhian to
carly Serravallian periods of this stage, a minor compressive event related to the
emplacement of the latest Betic thrusts in Mallorca and in the SE of Valencia Trough,

reactivated some pre-existing faults as strike-slip or reverse faults (Bartrina et al., 1992).

An upper Miocene (Messinian) contractional event that inverted the Vallés-Penedés
fault with a minimum finite stretch direction more or less perpendicular to the main
faults. This inversion uplifted and folded the basin deposits in a gentle syncline (Roca et

al., 1999).

A final stage in which flat lying Pliocene to recent strata that unconformably overlie the
basin-fill deposits, record both, the end of syncline development and a lack of

significant activity in the main faults affecting the Vallés-Pened¢s half-graben.

A karstified pre-rift unconformity associated to different weathering products (scree deposits

and paleosoils) underlies the lowermost Neogene basin infill (Cabrera et al., 1991). The basin is

filled with 4 km of sediments divided into three depositional complexes (Agusti et al., 1985;
Cabrera and Calvet, 1996):

11



2. Geological setting
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Figure 6: Conceptual sketch of Neogene infill in the Penedés half-graben and the four major
stages during the tectonic evolution of the basin from Late Oligocene to present. The round points
show the location of the studied outcrops (modified from Cabrera and Calvet, 1996; Roca et al.,
1999). AD: Arbogar de Dalt; LG: Les Gunyoles; Vi: Vilobi del Penedés; PJ: Pedrera Juliana; CF:
Calafell; ARB: I’ Arbogar; CT: Cantallops; CM: Can Mata; JM: Juncosa del Montmell road.

i. The lower continental complexes (LCC), Aquitanian to early Burdigalian in age,
consisting in thick red bed sequences deposited in alluvial fan environment.

ii. The marine to transitional complexes (MTC), late Burdigalian to Serravallian in age,
with sabhka facies, carbonate platforms facies and siliciclastic and bay facies.

iii. The upper continental complexes (UCC), late Serravallian-Tortonian in age, consisting
of thick red bed sequences deposited in alluvial fan environments (Agusti et al., 1985).

These three deformed complexes are covered by alluvial-fluvial (Gallart, 1981) and/or

marine (Martinell, 1988) lower Pliocene units onlapping a deeply entrenched Messinian erosive

surface which affected both the basement rocks and the earlier Neogene sequences.
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3. METHODOLOGY

To reconstruct the relationship between fractures and migration of fluids it is necessary to
establish the paragenesis of the different diagenetic events, including those responsible of the
sediment lithification and those related to fluids circulation through fractures and associated to
tectonic events.

An integrated approach using field and petrographic observations as well as geochemical

analyses has been used to accomplish the objectives of this thesis.
Field work

Field work has allowed identifying the best areas to perform the work on fractures and

cements.

In the field, the fracture orientations were mapped, measured and their relative timing have
been established by means of crosscutting relationships. The fracture infillings and respective
host rocks were systematically sampled. The samples have been accurately oriented in order to
be able to carry out the fracture restitution in the laboratory. Nineteen outcrops located within

the main deformation areas were selected and around 180 samples were collected.
Laboratory work

After selecting the rock samples more than 240 thin sections without cover were prepared to
do the mineralogical, petrological and geochemical study. Many of these samples were stained
with Alizarine Red-S and potassium ferricyanide to distinguish between calcite (pink coloured),
dolomite (no colouring), ferroan calcite (purple coloured) and ferroan dolomite (turquoise)

(Dickson, 1966).
Optical microscopy

The thin sections were examined using a plane-polarised transmitted light microscope
(Zeiss) equipped with a camera (Axiophot) and a computer with a program to capture the

microscope images.
Cathodoluminescence microscopy

Cathodoluminescence  petrography was carried out on a Technosyn Cold
Cathodoluminescence device Model 8200 MKII, operating between 15 and 18 kV gun potential
and between 150 and 350 pA beam current.

13



3. Methodology

When a polished rock sample is bombarded by an electron beam, it emits
cathodoluminescent light. The wavelength and hence the colour and the intensity of the light
emitted by a certain mineral phase depend on the inhibitors and the activators. For carbonates,
Mn®" is an important activator and Fe’" the greatest inhibitor or quencher (Machel and Burton,
1991). Changes in luminescence can give qualitative information about variations in chemical
properties during precipitation. Besides this, cathodoluminescence is a tool to determine the
relative timing of the diagenetic events of fracturing, stylolitisation and cementation by means
of crosscutting relationships. It can also help to distinguish cement phases that were
indistinguishable in transmitted light microscope (cement stratigraphy; Meyers, 1978).
Cathodoluminescence interpretations should never be used separately but always combined with

other petrographic and geochemical analyses.
Scanning electron microscopy (SEM) and EDX

Six rock fragments and eight thin sections were studied under the Scanning Electron
Microscope (SEM). The microscope used was a QUANTA 200 Model ESEM (FEI Company,
XTE 325/D8395) coupled with an Energy Dispersive X-Ray Spectroscopy (EDX) used for
semi-quantitative chemical analyses. SEM provides 3D images at much higher magnifications
than a conventional microscope. The intensity of high-energy backscattered electrons (BSE) is
processed to obtain an image that reflects contrasts in chemical composition. To make the
samples’ surface conductive was used carbon coating was used when chemical analyses were

done or gold coating was used when we wanted to get high resolution images of the sample.
X-ray diffraction

To study the non-carbonate portion of the host rocks and karstic sediments we carried out
chemical extractions of the bulk rock reacting HCI 10 % at 25°C. The non-carbonate portion
was analysed by X-Ray diffraction (XDR) using a Siemens D-500 diffractometer operating at
40 kV and 30 mA, coupled with a graphite monochromator. The total mineralogical
composition was obtained by diffraction of non oriented powdered sample (XDR) and the
mineralogical composition of the mud size portions were studied by diffraction of oriented
powdered samples (DAO), with normal treatment, etilenglicol (ETG) and heated at 550° C. The

percentages of the minerals present were quantitatively determined with the XPert program.
X-ray fluorescence

Ten samples of the karstic sediments and four samples of the host rocks were grinded and
analysed for the quantification of trace elements by X-ray fluorescence (XDF). The equipment
used was the sequential X-ray spectrophotometer by dispersion of wave length (WDXRF)
Model Philips PW2400.

14



3. Methodology

Major and trace element geochemistry

Carbon-coated polished thin-sections were used for analysing minor and trace element
concentrations on a CAMECA SX-50 electron microprobe coupled with four spectrometers of
dispersive wave length (WDS) and one XRay Microanalysis device (EDX). The microprobe
was operated using 20 Kv of excitation potential, a current intensity of 15 nA and a beam
diameter of 10 um. The detection limits are 99 ppm for Mn, 144 ppm for Fe, 103 ppm for Na,
386 ppm for Mg, 89 ppm for Sr ppm and 497 ppm for Ca. Precision on major element analyses

averaged 6.86 % standard error at 3o confidence levels.

When carbonate cements precipitate, trace elements are built in, in proportion to their
concentration in the fluid. These trace elements mostly substitute Ca®" in the crystal lattice
(Banner, 1995). The distribution coefficient is the controlling factor and can be determined
experimentally by precipitation of a solid phase out of a solution with known concentration. On
the other hand, the partitioning of trace elements among fluids and calcite appears to be a
function of precipitation rate as well. The distribution coefficient for different elements in
dolomite, however, is even more problematic because no one has yet succeeded in inorganically
precipitating dolomite at temperatures and pressures that normally prevail in the shallow
subsurface. Trace elements in diagenetic calcites can yield promising results although this
should be done with caution since different sets of data for distribution coefficients of most
common trace elements in calcite are reported in literature. Trace element concentrations can

give an idea about the environmental precipitation conditions (Banner, 1995).
Stable isotope geochemistry

The host-rocks and calcite and dolomite cements from fractures were sampled for carbon-
and oxygen-isotope analysis employing a 500 pum-thick dental drill to extract 60+10 pg of
powder from samples. The extraction of CO, is analysed using the dispositive Carbonate Kiel
Device III, made up by Thermo Finnigan, reproducing the method of McCrea (1950). The
carbonate powder was reacted with 103% phosphoric acid for 10 min at 70°C. The reaction time
is 3 minutes for calcite and 15 minutes for dolomite. The carbonate device is attached to a mass
spectrometer of isotopic mass relation MAT-252 made up by Thermo Finnigan, where the
extracted CO, is analyzed. To control the quality of the results the international standard NBS-
19, with 8°C (PDB) = +1.95 %o and 5'°0 (PDB) = -2.20 %o values, certificated by IAEA is
used. The standard deviation of the patterns (o pattern), are £0.02%o for 8"°C and +0.06%o for
3'0. The results were corrected using the standard technique of Craig and Gordon (1965) and
Claypool et al. (1980) and are expressed in %o with respect to the Vienna Pee Dee Belemnite

(VPDB) standard.
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Strontium isotope geochemistry

Sr chromatography was performed using the method described by Pin and Bassin (1992)
employing Sr-resin commercially known as Sr-Spec and elaborated by Eichrom. Sr isotope
measurements were carried out in a mass spectrometer Finnigan MAT-262 from the Department
of Isotope Geochronology and Geochemistry of SGlker (Universidad del Pais Vasco). Samples
were loaded onto a Ta filament (99.95%) previously degassed in two stages at 2 A and 4.5 A for
30 minutes. The measurement of isotopic ratios was made in the following conditions: **Sr
beam intensity approx. 4V, acquiring 20 blocks of 10 sweeps, and **Rb being used to monitor
potential isobaric interferences. The analytical data were corrected by linear law mass

fractionation using as a constant ratio *’Sr/**Sr = 0.1194 (Steiger and Jager, 1977).
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4. RESULTS

This section includes the results of already published manuscripts (see appendix 1 and 2)
together with new data from nineteen outcrops that cover the different locations of the basin
(Fig. 4). The results allow the discussion of the role of: i) lithology of host rocks versus the
early diagenetic processes; ii) lithology influence versus the deformation; iii) fluid type and
resulting fault rocks in each tectonic event and iv) the relationships between fault development

and the karstification processes at shallow surface domains.
4.1. Studied domains

In order to simplify the descriptions, we have divided the area in three structural domains
following the cross-section though the central part of the Catalan Coastal Ranges (Figs. 4 and
5):

(1) The Gaia-Montmell domain is bounded to the NW by the Vallés-Penedés and
Montmell faults and to the SE by the Baix Penedés fault. These faults juxtapose the Upper
Jurassic and Lower Cretaceous dolomites and limestones against the Miocene deposits that fill

the basin.

The Vallés-Penedés fault is a basement fault with 2 to 4 km of normal displacement

accumulated during the Neogene extension (Roca et al., 1999). It belongs to a long-lived fault
that controlled the northwestern boundary of the Late Jurassic-Early Cretaceous Garraf-
Montmell Basin (Salas, 1987) and during the Paleogene was reactivated as a NW-directed thrust
(Fontboté, 1954). Growth strata geometries of the Miocene sediments, as well as the fold
geometry of the underlying Jurassic rocks, denote that the main extensional motion of the

Vallés-Penedés fault occurred during the Miocene (Roca et al., 1999).

The Montmell fault is a basement fault which had an extensional motion attributed to the
Late Jurassic-Cretaceous (coeval to the formation of the Montmell-Garraf Basin) and a
compressional motion attributed to a reactivation/inversion during the Paleogene (Marin et al.,

2008; Baqués et al., 2012a, Roca, pers. comm.).

The Baix Penedés fault is NE-SW oriented and SE-dipping and has a normal displacement of

up to 1 km. This normal fault was formed during the Neogene extension related to the Valencia

Trough opening (Marin et al., 2008, Baqués et al., 2010a, Roca, pers. comm.).

Seven of the studied outcrops are located within the Gaia-Montmell domain: one in the
Valleés-Penedes fault (Guardiola de Font-Rubi (GFR)), two in the Montmell fault (Riera de
Marmellar (RM) and Pla de Manlleu (PM)) and four in the Baix Penedes fault (Juncosa del
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4. Results

Montmell (JM), Casetes de Gomila (CG), Castellvi de la Marca (CV) and Vilobi (Vi)). Previous
studies within this domain (Travé et al., 1998) are located at La Principal (PR) and Pacs (PA)
outcrops, both located within an individualised horst which correlates to the prolongation of the

Baix Penede¢s fault (Bartrina et al., 1992).

(2) The Central Penedés domain comprises the central part of the Penedes half-graben
filled by Neogene (Miocene) deposits. This domain includes several major transverse and
longitudinal faults that generate the actual horst and graben structure. Nine outcrops are placed
within this domain: three are located on the Miocene syn-rift lower continental complexes
(Arbogar de Dalt (AD), Les Gunyoles (LG) and Vilobi (Vi)), five are located on the early post-
rift marine to transitional complexes (Pedrera Juliana (PJ), Calafell (CF), Arbogar (ARB),
Cantallops (CT) and Can Mata (CM)), and one is located on the late post-rift upper continental
complexes (Juncosa del Montmell (JM) outcrop). On each outcrop we have studied minor faults

affecting the Miocene deposits.

(3) The Garraf domain comprises a group of small syn-depositional tectonic horsts and
half-grabens developed in the Garraf horst during its Neogene evolution (i.e. the Vilanova

depression). The NE-striking and NW-dipping Mas Farreny fault, up to a few hundred meters of

slip, is one of the faults that separates the Garraf Horst from the Penedes half-graben
juxtaposing Cretaceous limestones against Miocene limestones and marls. One outcrop is
located along the Mas Farreny fault (Mas Farreny outcrop (MF)), one near the minor Vilanova
depression (Sant Pere de Ribes (SP)) and another within the Garraf Horst (Olérdola (Ol) (Fig.
1B)). Previous studies within this domain are focussed in the La Font del Torrent (FT), Ordal
(OR) and Garraf (GA) outcrops (Travé et al., 1998), all of them localised within the Garraf

horst.
4.2. Deformation stages

Nine different deformation stages are identified from structural data acquired in the field and
from the thin section microstructural study. The different stages are defined according to their
cross-cutting relationships. Figure 7 shows the stereo-plots of the outcrop structural data

indicating in which domain the measured fractures are placed.

e The first stage of deformation includes two types of fractures. The first type (Sla)
corresponds to micro-fractures sub-parallel to bedding and the second type (S1b) is

represented by micro-fractures cutting the bedding at 30 to 45°.

e The second stage of deformation includes two types of fractures. The first type (S2a) is

characterised by NE-SW and NW-SE trending tensional fractures dipping 50 to 90° towards
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the northeast and the southeast. The second type (S2b) is represented by NE-SW and NW-SE
trending normal and reverse faults dipping 60 to 80° towards the northwest and the southeast.
When both sets of faults are back-rotated to balance the dip of the stratification, the reverse

faults restore themselves as normal faults with no evidence of reactivation.

The third stage of deformation (S3) is characterised by NNE-SSW trending tension
fractures dipping 50-80° towards the southeast and the northwest.

The fourth stage of deformation includes two sets of structures. The first (S4a) is
characterized by subvertical reverse NE-SW trending faults that show calcite slickenlines
with pitches between 75 and 90° dipping towards the east and the west, and, locally, by a
second set of reverse NE-trending faults, dipping 25° to the northwest with a pitch of 54° E.
The second (S4b) is characterised by mostly-open and randomly-oriented stylolites (from

subhoritzontal to subvertical).

The fifth stage of deformation includes two types of fractures (S5a and S5b). Both are

randomly oriented fractures and form a complex network within the Mesozoic rocks.

The sixth stage of deformation includes two types of fractures: the first (S6a) is
characterised by NE-SW to NW-SE subvertical tensional fractures, locally displaying
sigmoidal morphology and the second (S6b) is characterised by NE-SW trending extensional
faults dipping towards the southeast and the northeast that separate the Mesozoic horsts from

the Miocene half-graben.

The seventh stage of deformation includes two types of fractures: the first (S7a) is
characterised by NE-SW trending extensional faults dipping 60 to 80° towards the southeast
and the northeast within the Miocene deposits and the second (S7b) corresponds to the
reactivation as dextral strike-slip of the previous NE-SW generating striations of calcite with

pitches dipping between 10 and 35° towards the northeast or the southwest.

The eighth stage of deformation includes two types of fractures: the first (S8a) is
represented by subvertical N-S trending normal faults dipping 80-90° towards the east and
the west and the second (S8b) is represented by NNW-SSE to NNE-SSW trending tensional
fractures dipping 60 to 88° towards the east and the west. In general these fractures are

highly enlarged by dissolution.

The ninth stage of deformation includes two types of structures: the first (S9a) is
characterised by sinistral strike-slip reactivations of the previous NE-SW faults or dextral
reactivation of the previous N-S faults. The second type (S9b) is represented by open
fractures trending NE-SW and dipping 20-55° towards the northwest and the southeast.
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4.3. Petrology and geochemistry

In the followings sections the petrographic and geochemical characteristics of the host rocks
and fracture-related cements are summarized. In table 1 and table 2 the geochemical results
(stable and radiogenic isotopes and elemental data) of the host rocks, sediments and cements

described along the different studied domains are synthesized.
The host rocks

The Gaia-Montmell and Garraf domains are constituted by Upper Jurassic-Lower
Cretaceous dolomites and Lower Cretaceous marine and lacustrine limestones. The dolomites
crop out at the south-eastern part of the Gaia-Montmell domain, on the JM, CG and CV
outcrops (Fig. 4). These dolomites correspond to the Garraf Upper Dolomites Formation of
Thitonian-Berriasian age (Salas, 1987). The rocks are distributed in 0.3 to 1.5 meter-thick beds
of grey dolomites, trending N40 and dipping 10° to the northwest. They are constituted by
replacive dolomicrite to dolosparite (DO) with penetrative and destructive or non-destructive
fabrics (Fig. 8A-B). Ooids ghosts of the original limestone are locally recognised. The crystals
are anhedral to subhedral, 10 to 150 um in size and show dull purple luminescence. The figures

9 and 10 show the cross-plots of stable and radiogenic isotopes of the host dolomites.

The marine limestones crop out in both the Gaia-Montmell and Garraf domains, on the RM,
PM, Vi, SP, Ol and MF outcrops (Fig. 4). They belong to the Polacos Formation (Valanginian
in age at RM and PM outcrops), the Morella Unit (Barremian in age at Vi and SP outcrops) and
the Farreny limestone Formation (Lower Aptian in age at MF and Ol outcrops) (Salas, 1987;
Albrich et al., 2006; Salas and Moreno, 2008). 1 to 4 meter-thick beds, dipping 30° to the
northwest, constituted by grainstones, packstones and wackestones of calcareous red algae,
bivalva (rudist, ostreids and chondrodonta), foraminifera (miliolids, orbitolines, nautiloculina
and paleodyctioconus), gasteropoda, plates and spikes of echinoderm, corals, bryozoans and

peloids (Fig. 8C). The bioclasts show red to orange luminescence.

The lacustrine limestones crop out at the Gaia-Montmell Domain, on the GFR outcrop (Fig.
4). The limestones correspond to the Barremian Cantaperdius Formation (Salas, 1987) and are
arranged in 1 to 3 meter-thick beds, constituted by wackestone-packstone of charophyta,
ostracoda and gasteropoda fragments displaying an orange luminescence (Fig. 8D). The strata
are subvertical and in nearly each strata top there are roof brands and oxides, giving a yellowish

tinge to the rock.

In both types of Lower Cretaceous carbonates, micrite envelopes (5 to 50 um thick), mostly

developed around bivalve shells, peloids and ooids, are attributed to microboring of organisms
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4. Results

500 um

Figure 8: Microphotographs of the host rocks: (A and B) Dolosparite with penetrative and
destructive fabric constituting the Upper Jurassic Lower Cretaceous host dolomite under (A) optical
and (B) cathodoluminescence microscope; (C) Grainstone of foraminifera, bivalve, corals plates and
spikes of echinoderms cemented by CcOb calcite cement constituting the Lower Cretaceous marine
host limestones; (D) Packstone of charophyta, gasteropoda and ostracoda constituting the Lower
Cretaceous lacustrine host limestones; (E and F) Moldic and vug porosity filled by micrite and the
calcite cement CcOb showing geopetal disposition; Romboedral crystals (D1) related to an incipient
process of dolomitization under (E) optical and (F) cathodoluminescence microscope; (G)
Microcodium within the matrix of the lower continental complexes and blocky calcite Cgl cementing
the conglomerates; (H and I) Wackestone of rodoliths constituting the Bellvei Facies under (H)
optical and (I) cathodoluminescence microscope; (J and K) Torrelletes facies cemented by Cm1 under
(J) optical and (K) cathodoluminescence microscope; (L) Upper continental complexes cemented by

the non-luminescent blocky calcite cement Cg2.
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Figure 9: 5'°0 and 5"°C cross-plot of the host rocks and fracture filling sediments and cements.

(A) Values within the Jurassic host dolomites; (B) Values within the Lower Cretaceous marine host

limestones; (C) Values within the Lower Cretaceous lacustrine host limestones; (D) Values within the

Miocene host carbonates and siliciclastics. The grey boxes show the litherature 3'*0 and 8"°C values

of marine carbonates reported by Jones, 1992 and Jones et al., 1994.
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Figure 10: *’Sr/*Sr values of host rocks and fracture fillings.

living near the sediment-water interface (Pruser, 1969; Pittman, 1971). Two early calcite
cements precipitated: syntaxial cement (CcOa) overgrowing the echinoderm fragments and
anhedral crystals, 5 to 10 pm in size, filling interparticle porosity (CcOb). Both cements show
red to orange luminescence. Due to the aragonite dissolution, moldic and vug porosity was
formed. This porosity was partially filled by micrite and the remaining porosity was occluded
by the calcite cement CcOc showing geopetal disposition (Fig. 8E-F). This cement corresponds
to euhedral crystals, 100 to 250 um in size, featuring a blocky texture and show a zonated red to
orange luminescence. The limestones are brecciated (probably during the initial fluid leak of the
sediment) giving weak differences in luminescence and are affected by an incipient process of
dolomitization (D1). The dolomitization process is characterized by the presence of
individualized non-luminescent rombohedral crystals, 100 to 200 um in size (Fig. 8E-F).
Locally the nucleus of rombohedral crystals show a dull orange luminescence. The dolomite
crystals have been calcitized. Stylolites, sub-parallel to the stratification, are attributed to the
progressive compaction during this early stage. Figures 9 and 10 show the cross-plots of stable

and radiogenic isotopes of the host limestones.

The Central Penedés domain is constituted by Miocene detritic and carbonate rocks
corresponding to the lower continental complexes, marine to transitional complexes and upper

continental complexes (Fig. 6):

The lower continental complexes (LCC) consist of subhoritzontal stratified clast-supported
conglomerates. The clasts are heterometric, 1 to 60 cm in size, sub-rounded, and consist of
wackestones and packstones of orbitolinids, miliolids, peloids, bivalves and dasycladacea
eroded from the Lower Cretaceous and dolomitic clasts eroded from the Jurassic. The
conglomerate matrix contains microcodium (Fig. 8G). The conglomerates are cemented by non-
luminescent anhedral to euhedral calcite crystals, 50 to 500 pm in size, featuring a blocky

texture (Cg 1).
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The marine to transitional complexes (MTC) have been studied on 5 outcrops located on
three different facies deposited in reef, proximal slope and ramp environments (Permanyer,
1982; Macpherson, 1994): 1) The Bellvei facies consist of mudstone, wackestone and packstone
of corals, rodoliths, oysters, bivalva and gastropoda (Fig. 8H-I), distributed into 2 to 4 meters-
thick beds, trending N25 and dipping 10° to the northwest. This rock is characterized by a white
colour, from 20 to 30% of vug porosity and low permeability (Permanyer, 1982), displaying a
chalky aspect which has been related to the Amposta Chalk reservoir (Klimowitz et al., 2005);
2) The Castellet facies consists of white wackestones and packstones of corals, rodoliths,
oysters, bivalva and gastropoda, distributed into 2 to 3 meter-thick beds, trending N55 and
dipping 10° to the northwest; 3) The Torrelletes facies consist of cemented yellow to grey,
locally reddish, wackestone and packstone of oysters, bivalva and gastropoda with abundant
detritic components, distributed into 0,5 to 3 meter-thick beds, trending N85 and dipping 15° to
the south. The vug porosities are filled by a first generation of ferroan oxides followed by
euhedric calcite crystals, 100 to 550 um in size, showing a zoned luminescence from bright

orange to non-luminescent to red-zoned luminescent (Cm1) (Fig. 8J-K).

The upper continental complexes (UCC) consist of clast-supported conglomerates arranged
into 0,5 to 3 meter-thick beds, trending N20 and dipping 44° to the northwest. The clasts are
heterometric, sub-angular, 0,1 to 2 c¢cm in size and correspond to reworked fragments eroded
from the Upper Jurassic-Lower Cretaceous dolomites. Two types of dolomites form the
fragments: 60% of the dolomitic clasts are anhedral to subhedric dolomite crystals, 10 to 100
pm in size, showing dull purple luminescence and 40% are subhedric to euhedral dolomite
crystals, 100 to 200 um in size, showing bright orange to red luminescence. The red matrix
consists of dolomite, ankerite, quartz, hematite, kaolinite, illite, illite/smectite and chlorite. The
conglomerate is cemented by non-luminescent euhedral calcite crystals, 100 to 300 um in size,

featuring a blocky texture (Cg 2) (Fig. 8L).
Fracture fillings

Related to the fractures several generations of cements, internal sediments, stylolite planes
and breccias attest to different fluids circulating at different deformation stages of the basin
development (Table 3, Fig. 9 and 10). Based on the field descriptive classification of Morrow
(1982) (Fig. 2), two types of breccias have been identified, those related to the fault zones and

those related to karstic dissolution, collapse and cavity infilling.
Deformation stage 1: cement Ccl

The micro-fractures Sla display irregular walls and are between 25 and 50 pm in width.

They are filled by the cement Ccla constituted by subhedral, non-luminescent to bright orange
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= m m ¥ Bedding
—¢— Slickenlines

— Fault traces
v

Figure 11: Field photos and microphotographs of deformation stages 1 to 4: (A) Sla, S1b and S3
fractures filled by Ccla, Cclb and Cc3 respectively; (B and C) S2a and S3 fractures filled by Cc2b
and Cc3 respectively under (B) optical and (C) cathodoluminescence microscope; (D) Slip surface on
outcrop of S2b fractures, corresponding to tilted extensional faults; (E) Optical photo of the cataclasis
of Cc2c calcite cement; (F) Field photo of Pla de Manlleu outcrop (PM) showing the main
compressional faults (S4); (G) Optical microphotograph of cemented rubble floatbreccia B2 cemented
by Cc4a and Cc4b; (H) Hand-specimen photo of randomly-oriented stylolites giving a pseudo-nodular
texture to the rock (stylobreccia, B3); (I) Optical microphotograph showing the S2a fractures affected
by stylolites.
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luminescent zoned crystals, 5 to 10 pm in size, forming up to a 10 um thick rim in one of the

fracture walls (Fig. 11A).

The micro-fractures S1b are 25 to 100 um in width with straight walls. They are filled by the
cement Cclb constituted by euhedral, dull-orange luminescent crystals, 10 to 15 pm in size,

forming a mosaic fabric (Fig. 11A).
Deformation stage 2: cement Cc2

The tension fractures S2a (Fig. 7) are 500 um to 5 cm wide, with straight walls and are
totally occluded by two generations of calcite cements: the first generation (Cc2a) consists of
milky subhedric crystals, 300 um to 1,5 mm in size and the second generation (Cc2b) consists
of translucent euhedral crystals, 100 um to 1,5 mm in size (Fig. 11B-C). In both cases the
crystals are red dull luminescent, show a cloudy appearance due to abundant solid inclusions

and mechanical twin planes and display a drusy texture.

The extensional faults S2b (Fig. 7) develop fault cores up to 0.5 meter-thick constituted by
an incipient cemented crackle packbreccia (B1) (Fig. 11D). The cement (Cc2c¢) is constituted by
subhedric crystals, 100 to 500 um in size, with dull red to bright red luminescence featuring a
blocky texture. The main fault planes present calcite slickenlines constituted by the Cc2¢ which
became a microsparite, 70 to 100 um in size, due to the cataclasis of the bigger crystals (Fig.

11E).
Deformation stage 3: cement Cc3

The tension fractures S3 (Fig. 7) are 500 um to 1 cm wide, with sub-angular walls enlarged
by dissolution. They are partially cemented by euhedral calcite crystals, 70 um to 1 mm in size,
showing black-bright orange-black luminescence zonation and featuring a drusy texture (Cc3)

(Fig. 11B-C).
Deformation stage 4: cement Cc4 and stylolites

The reverse faults S4a (Fig. 7) develop up to a 1 meter-thick fault without damage zone (Fig.
11F). The core zone is constituted by a yellow cemented rubble floatbreccia (B2). The
fragments of the breccia are 0,1 to 0,5 cm in size and consist of reworked fragments of the host
limestones and earlier cements. The tectonic breccia is cemented by two generations of calcite
cements: the first generation (Cc4a) consists of anhedral non-luminescent crystals, 4 to 10 pm in
size, whereas the second generation (Cc4b) consists of euhedral non-luminescent crystals, 10 to
100 um in size, both featuring a blocky texture (Fig. 11G). Latest movements of the faults
generated the cataclasis of the earlier breccias and cements and a syn-kinematic striated calcite

was precipitated (Cc4c). The striated calcite is constituted by euhedral non-luminescent crystals,
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Figure 12: (A and B) Field photo of the strata bound vug porosity filled by Ds1 (Castellvi outcrop)
and Csl (Guardiola de Font-Rubi ourcrop) respectively; (C) Field photo of the randomly oriented
fractures S5a and S5b filled by the different dolomite cements and sediments (Castellvi outcrop); (D
and E) Microphotographs of host dolomites affected by S4a fractures filled by Dcl and S4b fractures
filled by Ds2, Dcl and Ds3 under (D) optical and (E) cathodoluminescence microscope; (F) Field
photo of S5b fractures with pinky and yellow calcite sediments Cs2 and Cs3 (Olérdola outcrop).
Initiation of fracture walls collapse and formation of breccia B4c; (G and H) Microphotographs of S5b
fractures filled by Cs2, Cc4a, Cs3 and Cc4b under (G) optical and (H) cathodoluminescence

microscope.

200 to 500 um in size, featuring a blocky texture. The crystals are highly deformed and contain

abundant mechanical twin planes.

The randomly-oriented stylolites S4b give to the rock a pseudo-nodular texture described by
Stewart and Hankock (1990) as stylobreccia (B3) (Fig. 11H). The stylolite planes contain Fe-

oxides and insoluble elements coming from the dissolution of the limestones (Fig. 111).
Dissolution and sediments Ds1 and Csl1

A generalized dissolution occurred between deformation stages 4 and 5. This dissolution was
favoured by stratification discontinuities and generated strata bound vug porosity (Fig. 12A-B).

When dissolution occurs within the Upper Jurassic-Lower Cretaceous dolomites, the porosity is
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filled up by a yellow sediment (Ds1) constituted by anhedral dolomite crystals, 25 to 100 pm in
size, calcite, kaolinite, quartz, illite, chlorite and interstratified chlorite-smectite. Otherwise,
when the dissolution occurs within the Lower Cretaceous limestones, the porosity is filled by a
yellow sediment (Cs1) constituted by subhedral calcite crystals, 200 to 300 um in size, quartz

grains, kaolinite, goethite and chlorite.

Deformation stage 5: dolomite D2, cements Dcl, Dc2, Cc5 and sediments Ds2, Ds3, Cs2 and
Cs3

The randomly oriented micro-fractures S5a are only recognised affecting the Jurassic host
dolomites (Fig. 12C). These fractures are 10 to 75 pm thick, with sub-angular walls and are
cemented by dolomitic cement Dcl which is constituted by anhedral dull red luminescent
crystals, 5 to 10 um in size, growing in optical continuity with the host rock crystals (Fig. 12D-
E). Due to the high density of fractures, the host rock is highly brecciated (cemented crackle to
mosaic packbreccia B4a), the dolomitic cement became more abundant and the host dolomite
can be totally replaced by a dolosparite with penetrative and destructive fabric (D2). The

dolomite crystals are euhedral, 100 to 300 pm in size, and show dull to bright red luminescence.

The randomly oriented fractures S5b are 75 um to 2 cm thick, with irregular walls enlarged
by dissolution and filled by different cement and sediment (Fig. 12C). As mentioned above,

there is a host rock influence in front of the mineralogy of the fillings.

When the host rock is constituted by the Upper Jurassic dolomites the random fractures are
filled by two types of dolomite internal sediment and one type of dolomite cement (Fig. 12D-E).
The first filling stage is an orange dolomite sediment Ds2, constituted by micro-fragments of the
host dolomite, 4 to 100 um in size. This sediment is cemented by dolomitic cement Dc2,
constituted by subhedral to euhedral non-luminescent to bright orange luminescent crystals, 10
to 100 um (Fig. 12D-E). These crystals precipitated arranged in a rim position at the fractures’
walls or surrounding the host dolomite fragments. The second filling stage is a pink to red
locally laminated dolomitic sediment Ds3, constituted by bright orange luminescent euhedral
crystals, 50 to 100 um in size (Fig. 12D-E). This sediment contains abundant iron oxides.
Dissolution processes locally produced the collapse of the fractures’ walls, forming the
cemented rubble floatbreccia B4b. This breccia is formed by millimetre to decimetre clasts of
host dolomite and previous sediments. The clasts are surrounded by a dolomitic sediment Ds3.
Overlying the fractures and karstified zone occur a particulate rubble floatbreccia B4c. This
breccia is formed by angular milimetric to centimetric reworked fragments of host dolomite and
karstic fillings. The matrix contains reworked fragments of the dolomite sediments Ds2 and Ds3
which in its turn are surrounded by hematite cement H1 giving a lateritic aspect to the breccia

(Baqués et al., under review).
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When the host rock corresponds to the Lower Cretaceous limestones, two types of internal
sediment and two types of cements are present (Fig. 12F). The first internal sediment is a yellow
calcite sediment Cs2, constituted by subhedral microsparite crystals, 4 to 150 pm in size,
showing zoned red to orange luminescence (Fig. 12G-H). Associated to this sediment the calcite
cement Cc5a precipitated. This cement is constituted by non-luminescent to orange luminescent
zoned euhedral crystals, 50 to 500 um in size, arranged in a rim position at the fractures’ walls
(Fig. 12G-H). The second internal sediment is a locally laminated red calcite sediment Cs3
constituted by bright red to orange luminescent micrite and abundant iron oxides (Fig. 12G-H).
The last filling corresponds to the calcite cement Cc5b constituted by non-luminescent euhedral
crystals, 100 to 450 pum in size (Fig. 12G-H). Dissolution processes locally produced the
collapse of the fractures’ walls, forming the particulate to cemented rubble floatbreccia B4d.
This breccia is formed by millimetre to decimetre clasts of reworked host limestone and is

cemented by the calcite cement Cc5a and/or Cc5b.
Deformation stage 6: cements Cc6, Cc7, Cc8 and sediments Ds4, Cs4 and Cs5

The widespread subvertical tensional fractures S6a (Fig. 7) are from few millimetres to 5 cm
thick with straight walls. On RM outcrop, it is possible to recognize the initial formation of the
fractures. They display sigmoid morphology arranged in en echelon geometry (Fig. 13A). They
are filled by one type of cement and one type of internal sediment. The cement (Cc6) is
constituted by euhedral to subhedral translucent calcite crystals, 50 pym to 1 mm in size,

featuring drusy texture. Under cathodoluminescence the crystals show a non-luminescent-

Figure 13: (A) Optical microphotograph of S4c fractures displaying sigmoid morphology arranged

in en echelon geometry; (B and C) Microphotographs of S4c fractures with Cc4c and Cs4 fillings

under (B) optical and (C) cathodoluminescence microscope.
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yellow-bright zoned luminescence (Fig. 13B-C). The boundary between the cement and the
internal sediment is irregular and probably corresponds to a micro-corrosion surface. The
second type of filling is a laminated orange to pink sediment Cs4, constituted by non-
luminescent anhedral to euhedral calcite crystals, 10 to 50 um in size featuring blocky texture.
The sediment contains small quantities of silt-sized quartz grains, fragments of calcite cement,

peloids and reworked host rock fragments.

The major extensional faults S6b (Fig. 7) that bound the north-western border of the Valles-
Penedes half-graben show different patterns depending on the host rock involved. When the
faults occur within the Jurassic dolomites they generate a 10 to 20 meter-thick fault zones (Fig.
14A), with damage zone between 10 and 15 meters thick and a core zone between 1 and 5
meters thick. The damage zone is constituted by cemented mosaic to rubble packbreccia (B5a)
(Fig. 14B) formed by subangular fragments 0,5 to 4 cm in size of reworked host dolomite and
cemented by two generations of fillings. The first filling is an internal dolomitic sediment (Ds4)
constituted by subhedral to euhedral bright orange to bright yellow luminescent dolomitic
crystals, 10 to 100 um in size, reworked from the dolomitic sediments of stage 5b (Baqués et al.,
under review) (Fig. 14C). The second filling corresponds to the calcite cement Cc7a, constituted
by subhedral non-luminescent bladed to blocky calcite crystals, 50 to 750 um in size. Under
optical microscope the lines of growing crystals is observed (Fig. 14C). The core zone is
constituted by two layers parallel to the main fault plane (Fig. 14D): the lower layer consist of a
cemented rubble floatbreccia B5b formed by sub-angular to sub-rounded fragments, 1 to 3 cm
in size, of host dolomite, previous fillings and goethite crystals cemented by non-luminescent
subhedric calcite crystals featuring blocky texture. The upper layer is constituted by karstic
pisoliths cemented by two types of cements. The first one consists of a laminated cement Cs5
constituted by a blocky non-luminescent anhedral calcite crystals, 4 to 10 um in size and the
second cement consists of non-luminescent drusy euhedral calcite crystals, 50 to 1 mm in size
(Cc7b). Latest movements of the extensional faults produced the cataclasis of the karstic

pisoliths (Cc7c) generating the cemented rubble floatbreccia B5c.

When the faults involve the Lower Cretaceous limestones they generate a 5 meter-thick fault
zone with an up to 4,5 meter-thick damage zone and up to 0,5 meter-thick core zone (Fig. 14E-
F). The damage zones are constituted by cemented mosaic to rubble packbreccia (B6a),
consisting on subangular fragments of the host rock, 100 um to 5 cm in size, cemented by
euhedral non-luminescent calcite crystals, 50 to 500 um in size featuring a drusy texture (Cc8a)
(Fig. 14G (i)). The core zones are constituted by a cemented rubble floatbreccia B6b (Fig. 14G
(i1)), characterized by a reduction of the host fragments (from 100 to 700 um) cemented by

anhedral non-luminescent calcite crystals, 25 to 200 um in size, featuring blocky texture (Cc8b).
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Figure 14: (A) Field photo of the Baix Penedés Fault cropping out at Castellvi de la Marca
outcrop (CV) showing the damage zone constituted by the cemented mosaic to rubble packbreccia
B5a and the core zone with different types of karstic breccias (B5b and B5c) both related to the major
normal faults that bounds the Penedés basin (S6b fractures); (B) Field photo of the cemented mosaic
to rubble packbreccia B5a; (C) Optical photo of Ds4 and Cc7a cementing the breccia B5a; (D) B5b
and B5c karstic breccias arranged in layers parallel to the main fault plane (S5a); (E and F) Field
photo of the Baix Penedés Fault cropping out at the Vilobi outcrop (Vi). The S6b fractures affect the
host limestones with the related breccia B6a and the S7a fractures affect the lower continental
complexes; (G) Breccia B6a and B6b cemented by Cc8a and Cc8b respectively; (H) Striated oxides

within the S7a extensional faults.
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Locally, within the core zones are precipitated orange pisoliths (Baqués et al., 2012a), showing

also the interference of the karstic systems along the normal faults planes.
Deformation stage 7: oxides and cement Cc9

The minor extensional faults within the Miocene deposits S7a (Fig. 7) generate well
developed striated fault scarps and poorly developed fault zones (Fig. 14E-F). The fault zones
are characterized by an incipient brecciation (B7) associated to stylolitisation and striated iron
oxides and calcite cements along the fault plane indicating a normal movement (Fig. 14H). The
striated iron oxides are mainly constituted by goethite with small proportions of quartz,
palygorskite, psilomelane, hematite and illite. The striated calcite (Cc9a) is constituted by non-
luminescent to dull red luminescent subhedral calcite crystals, 50 to 75 um in size, featuring a
blocky texture. The same type of cement is occluding the porosity of the white host limestones

(Bellvei Facies) being more abundant close to the fault plane.

The dextral reactivation related to the S7b (Fig. 7) stage is characterized by the precipitation
of horizontal striated calcite along the previous fault planes. The calcite cement (Cc9b) is
constituted by non-luminescent to dull red luminescent subhedral calcite crystals, 10 to 50 um

in size, featuring a blocky texture.
Deformation stage 8: dolomite D3, cements Dc3, Ccl0 and Ccll

The extensional faults S8a (Fig. 7) are constituted by a centimetric to metric-thick core zone
filled by dolomite and calcite cements (Fig. 15A). In FT outcrop, dolomitization extends as a
hectometric body on the hangingwall block of the N-S trending normal faults affecting the
lower continental complexes which are completely dolomitized near the main fault plane and
less dolomitized outwards up to approximately 50 m far from the fault (Calvet et al., 2001). In
Vi outcrop, dolomitization extends as a metric body on the hangingwall of the N-S trending
normal faults affecting the fault-related breccias resulting from the S6b fractures. The
dolomitization is characterized by individualized orange bright to non-luminescent rombohedral
calcititzed crystals, 100 to 300 pm in size (D3) (Fig. 15B). The dolomite bodies are affected by
milimetric to centimetric fractures filled with a first generation of dolomite cement and a second
generation of spar calcite cement. The dolomite cement (Dc3) is constituted by brown-orange
zoned luminescent euhedric crystals, 100 to 500 pum in size, growing with the c-axis
perpendicular to the fracture walls (Fig. 15C-D). In CV and CG outcrops, this cement is also
filling the remaining fracture porosity of S5b fractures. In these cases the dolomite cement Dc3
is overgrowing the micro-fragments of the dolomite sediment Ds2 (Fig. 15C-D). The calcite
cement (Ccl0) is constituted by euhedral to subhedral translucent crystals, 100 to 500 um in

size featuring blocky texture (Fig. 15B). The crystals are non-luminescent and
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Figure 15: (A) Field photo of the S8a fractures affecting host dolomites (CV outcrop); (B) Optical
microphotograph of rombohedral calcititzed crystals (D3) growing within the breccias B6a. Late
calcite cement Ccl0 is occluding the breccia porosity; (C and D) Microphotographs of Dc3 cement
filling the fractures S8a. The micro-fragments of the dolomitic sediment Ds2 are dolomitic cement
Dc3 overgrowth. The microphotographs were taken under (C) optical and (D) cathodoluminescence
microscope; (E) Field photo of fractures S8b filled by Cclla and Ccllb cements. These fractures
were reopened and enlarged by dissolution during the deformation stage S9a; (F) Microphotograf of
S8b fractures filled by Ccl1b cement. After the precipitation of Ccll cements, these fractures were
reopened, enlarged by dissolution and partially filled by Cs6 and Cc12b; (G) field photo of S9b open

fractures within the NE-SW minor normal faults related to S6a deformation stage.

exhibit growing lines under optical microscope and locally undulant extinction. The boundary

between dolomite cement and calcite cement is a microcorrosion surface.

The tensional fractures S8b (Fig. 7) are from 1 to 10 cm wide, with sub-angular walls
enlarged by dissolution and partially filled by two types of cements growing at both fracture
walls (Fig. 15E): the first cement (Ccl1a) corresponds to euhedral calcite crystals, 200 to 500
pum in size featuring blocky texture. The crystals show dull red luminescence and often present
mechanical twin planes (Fig. 15F). The second cement (Ccllb) corresponds to palisade

morphology calcite crystals, 200 to 750 pm in size displaying a laminar disposition along the
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fracture walls. The crystals show dull red to non-luminescence and present undulating
extinction. When these fractures affects the upper continental complexes they are filled by a
cemented rubble packbreccia (B8) constituted by reworked fragments of the Miocene
conglomerates cemented by the calcite cement Ccl 1c, constituted by non-luminescent euhedral
crystals, 50 to 100 pm in size featuring blocky texture. Laminated white micrite Ccl1d mixed
with kaolinite covers the fractures walls. This white micrite probably corresponds to calcretes

developed within the fractures porosity.
Deformation stage 9: cement Ccl2 and sediment Cs6

The strike-slip movement related to the stage 9a (Fig. 7) produced the precipitation of the
calcite cement Ccl12a within the NE-SW previous formed faults. This cement is constituted by
non-luminescent subhedral to euhedral calcite crystals, 100 to 200 pm in size, with abundant
mechanical twin planes featuring a blocky texture. In GFR outcrop, this cement fills crack-
sealed structures with inclusion bands of the previously precipitated orange pisoliths (Baqués et
al., 2012a). In contrast, related to the previously formed N-S fractures the already precipitated
cements were deformed. The undulant extinction, mechanical twin planes and horizontal
striations of the cements Ccl1 are witnesses of this movement. Also due to this deformation
stage, some of the previous fractures were reopened (i.e. fractures related to stage 8b) and where
highly enlarged by dissolution. Along the fractures’ walls of these reopened fractures an internal
sediment and one calcite cement were precipitated (Fig. 15F): the internal sediment is
constituted by pink laminated sediment Cs6 constituted by subhedral non-luminescent crystals,
10 to 75 um in size, featuring a blocky texture. The laminations correspond to size variations of
the calcite crystals, and in some cases include goethite and dolomite crystals. The last filling
phase corresponds to the Cc12b calcite cement constituted by bladed non-luminescent crystals,
300 to 3 mm in size. This cement has a palisade texture which can develop up to a 30 cm
thickness. Sometimes this cement is present filling the remaining fracture porosities form earlier
stages. Figure 15G shows the open S9b fractures affecting the NE-SW fault planes developed
during S7a stage.
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5.1. Diagenesis of host rocks
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The 80 and 8"C values of the different samples from the Lower Cretaceous limestones
analysed in this work together with those already published in (Travé et al., 1998) from
surrounding outcrops (Pa, PR, Or, Ga, SP, Vi) show a clear positive correlation (Fig. 16). The
more negative values correspond to Valanginian and Barremian rocks and the more positive
values correspond to Aptian rocks. The §"°C values are consistent with the trend reported by
Veizer et al, 1999, where the values for Valanginian and Barremian rocks range from -1.2 to
+1.8 %o VPDB, whereas the values for Aptian rocks range from +2.2 to +5.5 %o VPDB for §'"°C
(Fig. 16). Moreover, the *’Sr/*Sr values of these rocks, a *’Sr/**Sr ratio of 0.70729 for
Valanginian rocks and a ¥’Sr/**Sr ratio of 0.70749 for Barremian rocks, are consistent with those
reported in literature (Jones, 1994a; Jones et al., 1994b) (Fig. 17). However, the values of
Valanginian and Barremian limestones reported in this study show slightly depleted values in
3'%0 (Fig. 16). This depletion seems to be correlated with the structural position of the different
outcrops with respect to the Mesozoic normal faults (Fig. 18), where the Valanginian and

Barremian carbonates (RM, Ga, Vi, LP, Pa, Ol and SP outcrops) were more buried than the
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Figure 17: Correlation of strontium isotopes values from analysed host rocks with those
reported to the literature. (A and B) Strontium isotopes in sedimentary rocks throughout
Phanerozoic time (data from Veizer, 1999); (C) Cross-plot of strontium versus oxygen isotopes

data from the studied host carbonates.

Aptian carbonates (MF outcrop). Thus, a depositional depletion of the 3'*O values of these syn-

rift Mesozoic sediments is inferred.

On the other hand, the geochemical values of the lacustrine Barremian limestones (3'°0
ranging from -5.3 to -3 %o VPDB and §"°C ranging from -6 to -4 %o VPDB) are consistent with

its deposition in a continental depositional environment (Moore, 2001) (Fig. 9).

Miocene materials

The isotopic values of the Miocene marine facies (Bellvei, Castellet and Torrelletes Facies),
depleted in 8'*0 and 5"C respect to the expected values for the Miocene seawater (Veizer et al.,
1999), indicate that the marine limestones were re-balanced into the meteoric diagenetic
environment (Lohmann, 1988; Moore, 2001) (Fig. 19). The chalky appearance of these
limestones also indicates diagenetic changes under meteoric waters (Jenkyns et al., 1994). The

similarity between the isotopic values of the Miocene limestones and those of the Cgl cement
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Figure 18: Paleogeographic map and conceptual cross-section of the central part of the Catalan
Coastal Ranges during the Mesozoic extensional motion of the Montmell, Vallés-Penedés and
Barcelona faults. The different studied outcrops have been projected to their equivalent structural
position in order to represent the differences in 8'*0 values observed on the syn-rift sediments related
to the Mesozoic normal faults. RM: Riera Marmellar; Ga: Garraf; Pa: Pacs; LP: La Principal; Vi:
Vilobi; Or: Ordal; Ol: Olérdola; SP: Sant Pere de Ribes; MF: Mas Farreny. Modified from Roca,

Pers. Comm.

from conglomerates of the lower continental complexes suggests that the same meteoric fluid
responsible of precipitation of this early cement diagenetically altered the marine host
limestone. The isotopic values of the Cg2 cement from the upper continental complexes indicate
that this early cement precipitated from a different meteoric fluid more influenced by soil-

derived CO, (Moore, 2001).
5.2. Relationship between deformation stages and the regional tectonic phases

The characteristics of the different fractures present in the Penedés basin allow us to
correlate each deformation stage with the main tectonic events that occurred in the central part

of the Catalan Coastal Ranges from Mesozoic to present (Fig. 20).

The irregular geometry of the fractures’ walls in Sla and S1b micro-fractures is interpreted
as formed during early openings in poorly lithified sediments (Travé et al., 1997; Kosa and
Hunt, 2006). The cross-cutting relationships also indicate that Sla and S1b micro-fractures are
the earliest fractures present within the Mesozoic syn-rift deposits. However, the orientations of
these micro-fractures, sub-parallel to Sy, are not the expected orientations for an extensional
setting and are more consistent with a compressional tensor (6, horizontal) (Ramsay, 1967). The
variation of the s; expected orientations could be the result of a minor compressive event within
the Mesozoic extension, which has not been reported till now, or the result of syn-sedimentary

rotations (i.e., slumps).

The subvertical tension fractures S2a, with straight walls are interpreted as formed during the
compaction of the sediment (Ramsay, 1967). The back-rotated normal faults S2b are clearly

related to the Mesozoic syn-rift extension (Fig. 20). Afterwards they were tilted and uplifted
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Barcelona faults (Fig. 18) (Roca et al., pers.

Figure 19: 80 and 8"°C cross-plot of the
comm.).

Miocene host rocks showing the depletion in both

The tension fractures S3 cross-cut the isotopes with the expected values for the Miocene
previous  extensional  fractures.  The marine limestones (Veizer et al., 1999).
orientation of S3 is consistent with the main
N-S tensor of the Paleogene compression in this area (Guimera, 1988). However, the similarity
of the geochemistry of the cements filling these fractures with those related to the Mesozoic
extension (Baqués et al., 2012a), lead us to attribute these fractures to a transition regime

between the Mesozoic extension and Paleogene compression (Fig. 20).

The reverse faults S4a cross-cut, tilt and locally invert the previous normal faults (Fig. 7).
These types of faults have been attributed to the Paleogene compression (Roca and Guimera,
1992; Goémez and Guimera, 1999). During this compressional stage the randomly oriented

stylolites S4b and the subsequent stylobreccia B3 was generated (Stewart and Hankock, 1990).

The general karstic type dissolution that occurred between stages 4 and 5 can be correlated to
the uplift of the Catalan Coastal Ranges during the Paleogene (Roca and Guimera, 1992). This
extensive dissolution has been recognised along the Mediterranean area (Cabrera, 1981;

Albaigés et al., 1985; Esteban, 1991, Klimowitz, 2005, Baqués et al., under review).

The randomly oriented S5a and S5b fractures are related to the initial upward propagation of

a normal fault (Withjack et al., 1986, Steward and Hancock, 1988 and1990), and in this case,
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Figure 20: Relationship between deformation stages and the regional tectonic phases in the

studied area. The paleogeographic maps are modified from Cabrera et al., 2001 and Roca, pers.comm.

S: Fracturing stage; K: Karstic event; LCC: lower continental complexes; MTC: marine to transitional

complexes; UCC: upper continental complexes.
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are attributed to the initial propagation of the Baix Penedés fault (JM, CG, and CV outcrops)
(Baqués et al., 2010a) and the Montmell fault (MF outcrop).

The subvertical S6a fractures, locally with sigmoidal en echelon morphology, correlate well
with the initial stages of the Neogene syn-rift (Smith, 2000). The major extensional faults S6b
are the main expression of the syn-rift Neogene extension (Fontboté, 1954; Roca et al., 1999;
Gaspar-Escribano et al., 2004) (Fig. 20). The minor extensional faults S7a, involving Miocene
sediments, are correlated to the early post-rift stage (Cabrera et al., 1991; Bartrina et al., 1992;
Roca et al., 1999) (Fig. 20). The dextral strike-slip reactivation (S7b) is correlated to the late
Langhian-early Serravallian minor compression occurred in the study area during the post-rift
stage (Bartrina et al., 1992; Roca and Guimera, 1992; Roca et al., 1999; Gaspar-Escribano et al.,
2004).

The normal faults S8a and tension fractures S8b that involve the upper continental
complexes are attributed to the late post-rift stage (Bartrina et al. 1992; Roca et al., 1999).
Finally, fractures S9a and S9b which reactivated in strike-slip movement some of the previous
fractures and created some low-angle new fractures, are attributed to the Messinian compression

(Roca, 1994; Roca et al., 1999) (Fig. 20).
5.3. Palaeofluids circulation through the fractures

The figure 21 shows the complete diagenetic sequence of fracturing linked to the geological
evolution of the study area. The wide compositional range of calcite cement Ccla (Table 2)
together with the irregular walls of these fractures indicates that fluids of different
compositions, not interacted with the host limestone, circulated during the early openings
through poorly lithified sediments (Travé et al., 1997). Precipitation of this cement could have

occurred under the water table oscillation, near the water-sediment interface (Moore, 2001).

The similar petrological and geochemical characteristics of the calcite cements Cclb and
Cc2 indicate that they precipitated from a fluid with the same composition and therefore similar
origin. The molar ratios Mg/Ca, Sr/Ca and Ca/Fe of these cements (Table 2) are consistent with
precipitation from formation waters during the progressive burial of the sediment associated
with the syn-rift Mesozoic extension. The more negative 8'*O values of the calcite cements in
the outcrops located at the Gaia-Montmell domain (Fig. 22A-B) are interpreted as having been
precipitated at deeper burial depth (Choquette and James, 1990). The similarity between the
3"C values of the cements and the host rock is probably due to the buffering of pore-water
carbon isotopic composition by extensive dissolution of the host limestones (Marshall, 1992).
The *’Sr/*Sr ratios together with the §"°C values of the calcite cements indicate high fluid-rock

interaction in a closed palacohydrological system (Travé et al., 2004).The variations in
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Figure 22: 80 and 8"C cross-plot of the host rocks and cements related to stages 1, 2 and 3
located within the Gaia-Montmell domain. The values of Ccl and Cc2 agree with precipitation during
progressive burial of the sediment; the values of Cc3 agree with precipitation from meteoric waters

(Choquette and James, 1990; Veizer et al., 1999).

luminescence of calcite cement Cc3 refer to changes in Mn/Fe of fluid composition during its
precipitation (Table 2). The 80 values are consistent with formation waters (Fig. 22A),
whereas the *’St/*’Sr ratio and 3"°C values indicate high fluid-rock interaction in a closed
palacohydrological system (Travé et al., 2009; Breesch et al., 2009) related to the transition

between the Mesozoic extension and Paleogene compression.

The Mg/Ca and Ca/Fe molar ratios (Table 2) as well as the §'*0 and §"°C of cements Cc4a,
Cc4b and Cc4c in fractures of deformation stage S4a (Table 1, Fig. 22B) are consistent with
precipitation from meteoric water in an open hydrological system (Travé et al., 1998). This

episode of meteoric fluid circulation occurred during the Paleogene compression.

The strata bound vug porosity created between stages 4 and 5 and filled by sediments is
related to the subaerial exposure of the Mesozoic carbonate rocks. The sediments Ds1 and Csl
filling the vug porosity in host dolomites or in host limestones, respectively, have similar
petrographic characteristics and 8'*O values as the host rock indicating that this sediment comes
from the erosion and reworking of the host rock. However, the more depleted 8"°C indicates a

higher influence of soil-derived CO, (Lohmann, 1988; Moore, 2001).
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S5a Initial of syn-rift (Aquitanian ?): dolomitization D2 & S5b Initial of syn-rift (Aquitanian ?): cements Dc1, Cc5 &
cement Dc1 sediments Ds2, Ds3, Cs2 Cs3

S$6 Syn-rift (Aquitanian ? to early Burdigalian): cements Cc6, Cc7, S7a Early post-rift (late Burdigalian to Langhian): oxides & cement
Cc8 & sediments Ds4, Cs4, Cs5 Cc9a

<2 &
§ o
\J

S7b Early post-rift (late Langhian to early Serravallian): cement S8a Late post-rift (Serravallian to Tortonian): dolomitization D3,
Cc9b & meteoric reequilibration of MTC cement Dc3, Cc10

Q ol
Yo /

S8b & 9 Late post-rift (Tortonian to present): cements Cc11,
Cc12& sediment Cs6

Upper continental complexes (late Serravallian-Tortonian)

EEZ Marine to transitional complexes (late Burdigalian-Serravallian)

EEE] Lower continental complexes (Aquitanian-early Burdigalian)
- Mesozoic carbonates

- Dolomite D3

B8 Breccias B5, B6

- Random fractures & breccias B4b, B4c
- Random fractures & breccia B4a

<= Formation waters

<= Meteoric waters
<= Marine waters

Figure 23: Conceptual fluid-flow model within the Neogene Penedés half-graben. S: fracturing

stage.
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| | | |
related to the initial upward propagation of 0.7076 | | | |
the Neogene extensional faults suggest low L e : :
0,7073 o ! !
temperature, which are consistent with JeenenaasEEn ! |
|
thermochronological results which show 0,707 J — | ‘
Host  Jurassic pDs2 Ds3 D3
dolomite dolomite Travé et al., 1998

that maximal burial of the exhumed normal Nodia, 2001,

fault footwalls was 2 km (Juez-Larré and . . L
Figure 24: Correlation of strontium isotopes

Andriessen, 2006). The petrography and values from host dolomites and dolomite cements

geochemistry of the replacive dolomite D2 ;4 sediments with the values reported to literature
formed during this stage indicate that the  (Veizer et al., 1999).

dolomitization occurred during progressive

burial of the Jurassic rocks (Tucker and Marshall, 2004). This replacement can be attributed to
the connection of two fault segments in a relay zone (Rowland and Sibson, 2004, Cantarero et

al., under review).

The widespread randomly oriented fractures S5b and the later extensive dissolution indicate
that the tip of the deformation due to the propagation of the fault was reaching the surface
(Sharp et al., 2000). The 30 values of the dolomite sediments and their Sr/Ca molar ratios
(Tables 1 and 2) are similar to the host rock. In contrast, the more depleted values of §"°C
indicate higher influence of CO, derived from the soil and therefore, the opening of the system
to external meteoric waters (Moore, 2001). On the other hand, the *’Sr/**Sr values are consistent
with the marine waters of late Burdigalian-Langhian (Veizer et al., 1999) (Fig. 24). Similar
values are reported for the same type of sediments deposited in the Casablanca oil reservoir

(Rodriguez-Morillas et. al., 2012).

Related to the deformation stage S6a, the calcite cement Cc6 shows a variation in
luminescence that together with the fluctuant ratios of Mn/Fe content is attributed to
precipitation in the meteoric vadose zone (Gonzalez and Lohmann, 1988). Deposition of Cs4,

that fills the remaining fracture porosity, could have occurred also in this environment.

During the stage 6b, related to the syn-rift Neogene extension, different meteoric fluids
circulated through these fractures. The non-luminescence of the crystals, together with the low

content in Fe, Mn, Sr and Na and the low 80 and 8"C values are consistent with their
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precipitation under meteoric phreatic
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1980). Furthermore, depending on the
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s
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(Fig. 25) and suggesting differences in @ Lacustrine host-limestones ® €85 ¥ Ccl2a

climatic or latitudinal variations 4 €9’ © Cere ¢ Celta
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(Lohmann, 1988). v Castellet Facies o© Cc8p < Cel1d
<« Torrelletes Facies V Cc9a B> Cs6

Related to the early post-rift » Cg2 ® Ccob < Ccl2b

(deformation stage 7), the fractures Figure 25: 3'*0 and §"°C cross-plot of the calcite

were cemented by fluids that also re-  cements precipitated during the Neogene extension
equilibrated ~ the Miocene  host  showing different trends of meteoric water lines due to
limestones, probably in the phreatic differences in §'*0 values (Lohmann, 1988).

meteoric zone. The precipitation of

oxides within the S7a fractures indicates that reduced Fe*"-rich fluids circulated through the
faults. When these fluids encountered oxidizing conditions goethite and hematite concretions
precipitated (Busigny and Dauphas, 2007). The geochemistry values of the cements
precipitating during the dextral reactivation of the NE-SW faults (deformation stage 7b) are
similar to the Miocene host limestones equilibrated under meteoric environment. This suggests
a closed hydrological system, without inputs of fresh water, probably under the phreatic

meteoric environment (Choquette and James, 1990).

The §'®0 and 3"C together with the Sr/Ca molar ratio values of the dolomite cement Dc3
(Tables 1 and 2) filling the S8a fractures are consistent with precipitation under marine seawater
influence (Budd, 1997). The similarity of the 5'°0, 8"°C and the *’Sr/**Sr ratios indicates a

similar dolomitizing fluid with late Burdigalian-Langhian marine signature (Veizer et al., 1999)
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5. Discussion and interpretation

(Fig. 24). Thus, the karstic sediments were dolomitized due to the upflowing marine waters

through S8a faults (Calvet et al., 2001).

During the stage 8b, the calcite cements in the fractures precipitated from fluids
progressively more depleted in 8'"°C indicating increasing involvement of soil-derived CO, and
the change from phreatic to the vadose meteoric zone. This evolution from phreatic to vadose
cements, both in the Mesozoic rocks and in the Miocene deposits, agree with the uplift of the
entire area suggested by Cabrera and Calvet (1996) and Juez-Larré and Andriessen (2006)
and/or with the fall-down of the meteoric water table related with a generalized sea level fall in
the Mediterranean area during the Messinian (Julian and Nicod, 1984). The calcite cement Cc11
that covers the fractures’ walls is interpreted as speleothems formed in the vadose meteoric

environment, similar to those described in Miocene materials (Travé and Calvet, 2001).

The prevailing of the vadose meteoric environment from Tortonian to present is attributed to
the Messinian drop of sea level (Clauzon et al., 1997, Bini et al., 1978, Bini, 1994). During this
stage (S9) the precipitation of speleothems continued (Cs6 and Ccl12), covering the fractures

walls formed in earlier stages.

The evolution of fluids within fractures during the Penedés half-graben evolution is

summarized in figure 26.
5.4. Lithology and fluid types

The chemistry of the early fluids involved in the deformation associated to the Mesozoic
syn-rift fractures was controlled by the host Upper Jurassic—Lower Cretaceous dolomites (JM,
CG, CV outcrops) and therefore the fluid flow was ‘bed restricted’ or ‘intraformational’. This
host control of the fluid chemistry ended when the host dolomites where faulted, folded and
uplifted during the Paleogene compression. Since then, the Mesozoic rocks remained

subaerially exposed and meteoric fluids percolated through the fractures.

On the Miocene lower continental complexes, the fluids circulating through the
conglomerates, precipitating the earliest cements, were meteoric fluids with slightly different
compositions, among them. Changes from vadose to phreatic environments are clearly

observed.

On the Miocene marine to transitional complexes, the earlier fluids circulating through the
limestones, precipitating the earlier cements, were marine fluids. This marine influence
disappeared during the early post-rift stage, when the meteoric fluids completely re-equilibrated

the host limestone and percolated through fractures.
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S$1(?), S2 & S3: Second Mesozoic rifting (Late Jurassic to
Early Cretaceous)

AV

Montmell-Garraf Basin

K1: End of Paleogene

S7: Neogene early post-rift (late Burdigalian to early
Serravallian) x

Ebro basin

S8b, S9 & K4: Tortonian to present

Ebro basin

S3 & S4: Paleogene compression (Paleocene to middle
Oligocene)

o\

Ebro basin

85, $6, K2 & K3: Neogene syn-rift (Aquitanian ? to early

Burdigalian)

Ebro basin

S8a: Neogene late post-rift (Serravallian to Tortonian)

Ebro basin

V Karstic dissolution

|:| Neogene

- Lower Paleogene  [}$<2|Process zone
- Upper Jurassic- 7257 Karstic breccia
Lower Cretaceous
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. <= Meteoric fluids percolation
Variscan basement

0 Formation waters
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Figure 26: Evolution of fluids from Mesozoic to recent within the Vallés-Penedés Alpine System.

MF, Montmell Fault; FPT, Frontal Paleogene Thrust; BPF, Baix Penedes Fault; S: fracturing stage; K:

Karstic event.
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5. Discussion and interpretation

On the Miocene upper continental complexes, the fluid cementing both, the host conglomerates
and fractures, was a highly depleted 8"°C meteoric fluid within a vadose meteoric environment

(Gonzalez and Lohmann, 1988).
5.5. Karstic events

A direct control of the fracture system exists on increasing dissolution and karst development
during the Neogene extension. The initial propagation of the normal faults coincided with
incipient karsts followed by rock collapse (Fig. 27A-B). In those incipient normal faults, the
fault core is formed by a cataclasite associated to the propagation front of the fault and is filled
up by a pinky laminated karstic infilling (Fig. 27C). Fractures filled by a first karstic infilling
constituted by red sediment, develop within the hanging-wall of these faults. The brecciation of
the rock due to tectonic collapse at the fault tip allows meteoric water to infiltrate producing

karst dissolution (Fig. 27D).

FAULT PROPAGATION FRACTURES, BRECCIAS AND KARSTIC FILLINGS
x A. Random fractures related to the inital propagation of faults. Incipient karst
AR N formation.

CN

B. Damage zones with collapse breccias due to the increased intensity of
karstic dissolution.

TIME

D. Collapse breccias at fault's tip with extensive karstic dissolution and
meteoric waters percolation.

Figure 27: Model of evolution of fractures, breccias and cements during the upward propagation of
an extensional fault and their relationship with the karstic processes (modified from Steward and

Hancock, 1988, 1990 and Labaume et al., 2004).
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5. Discussion and interpretation

Figure 28: Field examples of the control of the fracture system on increasing dissolution and karst

development. Example of the Neogene extensional faults cropping out along the Gaia-Montmell

domain.

In a more evolved stage, the faults can move again and affect the karstic products. On these
more developed faults, the karstic fillings are present within the fractures of the damage zone
and also acting as a matrix in the core zone. In these cases, dissolution processes leading to
breccias due to the collapse of the hangingwall and karstic precipitation are also observed. The

karstic processes increase towards the fault core.

In the intersection between two conjugate normal faults there is a high degree of deformation
processes, such as tectonic fracturation and brecciation (Fig. 28A). These areas became high
permeable areas and are preferential zones for karstic dissolution leading to the formation of

decimetre to metric cavities filled with speleothems (Fig. 28B-C).
Four different events of karstification have been differentiated (Figs. 21 and 26):

i. The first karstification event is related to the Paleogene compression between
deformation stages 4 and 5 and therefore only affects the Mesozoic rocks. A widespread
dissolution generated vug and cavern porosities due to subaerial exposure of the
Mesozoic carbonates. The sediments filling these porosities come from the erosion and

reworking of the host-rock. The karstic fillings of this first event of karstification are
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62

il.

1ii.

1v.

clearly affected by the extensional fractures related to the Neogene syn-rift tectonics
(stages 5 and 6). This Mesozoic/Tertiary unconformity is recognized along the whole
Mediterranean domain (Esteban, 1991) and therefore the characterization of the studied
outcrops can be used as onshore analogues for the karstic reservoirs placed in the
offshore of the Valencia Trough (Esteban, 1991, Playa et al., 2010, Morillas-Rodriguez
et al., 2012).

The second karstification event occurred during the early stages of the syn-rift Neogene
extension and is related to the deformation stage 5 in which the random fractures related
to the early propagation and evolution of the Neogene faults favoured the dissolution
processes. The different types of dolomitic and calcitic sediments filling the fracture and
vug porosity indicate that they were deposited from a meteoric fluid in an open
hydrological system. However the *’Sr/*’Sr ratio of the dolomitic sediments indicate
that the dolomitization processes occurred later from marine late Burdigalian-Langhian

waters.

The third karstification event occurred during syn-rift Neogene extension and is related
to deformation stage 6. The calcite fillings related to the NW-SE normal faults are
mixtures of tectonic and karstic processes and resulted from multi-stage movement of
the faults during the rifting. The §'*0 values together with the Mg/Ca and Sr/Ca molar
ratios of the calcite cements, and the high radiogenic values of the cataclasite of karstic
pisoliths indicate that meteoric waters, not equilibrated with the host-limestone, were
responsible for precipitation of these cements. The karstic filling of this third event is
clearly affected by normal faults and by strike-slip faults developed during the syn- and
post-rift stages.

The fourth karstification event is related to deformation stage 8b and corresponds to
NNW-SSE to NNE-SSW trending fractures largely enlarged by dissolution. Calcite
sediments and cements interpreted as speleothems covers the fractures walls. The low
8"C of the speleothems indicates a higher involvement of soil-derived CO, and
precipitation in the vadose meteoric environment. The karst probably started during the
late post-rift stage and was further developed during the Messinian drop of sea level
(Clauzon et al., 1997, Bini et al., 1978, Bini, 1994). Some of the karstic fillings of this
fourth karstic event are affected by subhoritzontal open fractures related to the
Messinian minor compression, indicating that the earlier stages of the karst were

previous to the Messinian compression.



6. CONCLUSIONS

Based on the macro and microstructural analysis combined with geochemical results from
host rocks, fault rocks and fracture cements, the following diagenetic events have been

identified:

i. Very early stages characterized by micritization, early irregular micro-fractures
resulting from opening in poorly-lithified sediments and early calcite cement
precipitations.

ii. Progressive burial stages characterized by brecciation, stylolization and dolomitization.

iii. Fracturing and cementations characterized by ninth major deformation stages with their
related cements, breccias and stylolites.

iv. Four Kkarstification events with associated collapse breccias, sediments and cements

filling the fracture, vug and cavern porosities.

A depositional control of the "0 values of the syn-rift Mesozoic sediments (Valanginian,
Barremian and Aptian) related to the position of the different outcrops with respect to the
Mesozoic normal faults is inferred from the values reported in this study. The isotopic values of
the Miocene marine facies, depleted in 8'*0 and 8'"°C respect to the expected values for the
Miocene seawater, together with the chalky appearance of these limestones, indicate that the
Miocene marine limestones were re-balanced under the meteoric diagenetic environment. The
meteoric fluid precipitating the calcite cement in the conglomerates of the lower continental
complexes was responsible for diagenetically altering the marine host limestone. A different
meteoric fluid, more influenced by soil-derived CO,, precipitated the calcite cement present

within the upper continental complexes.

Two extensional tensors are attributed to the Mesozoic rifting: one oriented NW-SE in the
Gaia-Montmell, corresponding to the main stress during this stage and the other oriented NE-
SW in the Garraf domain, attributed to the transversal faults formed due to a soft-linkage
between the relay zone of the Vallés-Penedés and the Barcelona faults. The geochemical values
of the cements related to these faults were precipitated from formation waters during the
progressive burial of the sediment. The *’Sr/*Sr ratios together with the 3"°C values of the
calcite cements indicate high fluid-rock interaction in a closed palacohydrological system. The
fractures oriented NNE-SSW are attributed to the transition between the Mesozoic extension
and the Paleogene compression. The geochemical values of the cements filling the fractures

were also precipitated form formation waters circulating in a closed palaeohydrological system.

From the Paleocene to the mid-Oligocene the fluids circulating through the compressional

fractures had a meteoric origin. Due to the Paleogene compression, Mesozoic rocks were
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uplifted, subaerially exposed and extensively karstified. Different types of sediments and

cements were deposited filling the karstic cavities under the meteoric diagenetic environment.

During the initial upward propagation of the Neogene extensional faults, deformation was
characterized by random fabric fractures filled by dolomitic cement with geochemical
characteristics of low temperature formation waters. However, the host-rock was partially
dolomitized due to an increase in fluid flow and to a less degree, to the temperature of fluids.

This replacement can be attributed to the connection of two fault segments in a relay zone.

Related to the syn- and early post-rift stage, the NE-SW extensional fractures were sealed by
meteoric fluids under both, phreatic and vadose zones. The precipitation of oxides within the
minor extensional faults cropping out at the central Penedés domain suggest that reduced Fe**
rich fluids circulated through the faults and precipitated the iron oxides when these fluids

encountered oxidizing conditions.

The N-S normal faults attributed to the late post-rift stage favoured the upflowing of marine
fluids expelled from the compaction of the late Burdigalian to the early Serravallian marine
sediments producing the dolomitization of the host rocks and the precipitation of dolomite
cements within the fractures. During the late post-rift and related to NNW-SSE and NNE-SSW
tensional fractures different types of meteoric fluids circulated through the fractures. These
fluids were precipitated from phreatic to vadose cements, agreeing with the uplift of the entire
basin and/or with the falling-down of the meteoric water table related to a generalized sea level

fall in the Mediterranean area during the Messinian.

Fault breccias have only been recognised related to the major normal faults when the
footwall is represented by Mesozoic rocks. When the faults affect the Jurassic dolomites the
fault breccia occurs in decametre-thick zone whereas when the faults affect the Cretaceous
limestones the fault breccia is represented by a meter-thick zone. Therefore we can say that

both, lithology and type of structure play an important role in the type of fault rocks.

On the studied outcrops, a direct control of the fracture system exists on increase dissolution
and karst development. Reciprocally, normal faults start to propagate on incipient karsts
allowing meteoric water to infiltrate producing dissolution. In a more evolved stage, the faults
affect the karstic products; the karstic fillings are present within the damaged zone and also
acting as a matrix in the core zone. Dissolution processes also create breccias due to the collapse
of the hangingwall. Furthermore, in the intersection between two conjugate normal faults there
is a high degree of deformation processes, such as tectonic fracturation and brecciation. These
areas became highly permeable areas and are preferential zones for karstic dissolution leading to

the creation of decimetre to metric cavities filled with speleothems.
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6. Conclusions

Four different events of karstification have been differentiated: a first karstification event
developed after the main phase of the Paleogene compression, clearly affected by the
extensional fractures related to the Neogene syn-rift, two karstification events developed during
the Neogene syn-rift stage, clearly affected by the normal and strike-slip faults, and a late

karstification event, with undeformed karstic fillings, attributed to the Neogene post-rift.
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