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ABSTRACT 

This PhD thesis examines the fracture-fluid interactions across different compressional 

structures affecting both Paleozoic basement and Mesozoic-Cenozoic cover lithologies in 

the Southern Pyrenees in order to investigate the relationships between fluid flow and 

deformation. The studied structures, from two different domains, include the Estamariu 

thrust in the Pyrenean Axial Zone and the Sant Corneli-Bóixols anticline along the front 

of the Bóixols thrust sheet in the Southern-Central Pyrenees. These structures are very 

well exposed in the study area and could provide exceptional field analogues for the 

exploration of equivalent subsurface systems or for selection of potential storage sites in 

complex fold-and-thrust belts worldwide. The proposed methodology integrates field data 

with U- 18 13C, 87Sr/86Sr, clumped 

isotopes and elemental composition) analyses of vein cements, fault rocks and host rocks 

present in the study area. 

The Estamariu thrust resulted from a multistage late Paleozoic to Neogene tectonic 

evolution. Despite this thrust is known to be Variscan in origin, in the study area it places 

a Devonian pre-Variscan unit on top of a Stephano-Permian late to post-Variscan 

sequence, indicating that the structures within this thrust zone have to be post-Variscan. 

In this regard, the contractional structures found at the contact between Devonian and 

Stephano-Permian units have been attributed to the Alpine reactivation of the Estamariu 

thrust. This Alpine-related deformation is consistent with the transposition of the 

Variscan regional foliation within the main thrust zone and with the formation of a 

subsidiary thrust zone in the footwall of the Estamariu thrust. Other structures found in 

the study area, such as extensional fractures, shear bands and normal faults, postdate the 

reverse structures and have been attributed to the Neogene extension.  

In the Sant Corneli-Bóixols anticline, the folded units involve Jurassic-mid Upper 

Cretaceous pre-compression and latest Cretaceous-Paleocene syn-orogenic sedimentary 

successions detached on Upper Triassic evaporites. Contrary to the Estamariu thrust, in 

the Sant Corneli-Bóixols anticline this PhD thesis provides the absolute age of 

deformation reporting 23 U-Pb dates measured in different sets of fracture-filling calcite 

cements. These U-Pb dates reveal Late Cretaceous to late Miocene age variations, which 

are coeval with growth strata deposition and Bóixols thrust sheet emplacement (dates 

from 71.2 ± 6.4 Ma to 56.9 ± 1.4 Ma), tectonic transport of the Bóixols thrust sheet above 
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the southern Pyrenean basal thrust (dates from 55.5 ± 1.2 Ma to 27.4 ± 0.9 Ma) and post-

orogenic exhumation of the Sant Corneli-Bóixols anticline (dates younger than 20.8 ± 1.2 

Ma).  

Throughout this long-lived deformation history, the geochemical data of the successive 

calcite veins allow to analyze the relationships between fluid flow and deformation in the 

two studied domains. In the Estamariu thrust, the high 87Sr/86Sr ratios of the different 

calcite cements indicate the interaction between the vein-forming fluids and radiogenic 

Paleozoic basement rocks. The geochemical evolution from the earliest to the latest 

calcite cements also evidence a progressive change in the fluid regime and composition 

during successive compressional and extensional tectonic events. The progressive 

increase in precipitation temperatures, from 50 ºC to around 210 ºC, and enrichment in 
18Ofluid, from -6.4 to +12 ‰SMOW, in cements attributed to the Alpine compression to 

cements from the Neogene extension, is probably linked to a higher extent of fluid-rock 

interaction with basement rocks. By contrast, during the latest stages of the Neogene 

extension, the geochemistry of the youngest calcite cements evidence the percolation of 

cold meteoric fluids that indicates a more significant change in the fluid regime, from 

upward to downward fluid migration. 

In the Sant Corneli-Bóixols anticline, the fluid origin and the extent of fluid-rock 

interaction varied in the several structural positions of the fold and according to the age 

and nature of their stratigraphy and the involved fracture networks. This evidences a 

compartmentalization of the fluid system. In the core of the anticline and in the lowest 

part of the synorogenic sequence from the footwall of the Bóixols thrust, the similar 

petrographic and geochemical features between successive calcite cements and host rocks 

indicate a closed fluid system, leading to high extent of fluid-rock interaction. This host-

rock buffered fluid was likely derived from the surrounding Lower Cretaceous and Upper 

Cretaceous marine carbonates, respectively. Contrarily, along large faults, such as the 

Bóixols thrust, which affect the entire anticline and in the fold limbs, the fluid system was 

open. Large faults registered the upward migration of fluids in thermal and geochemical 

disequilibrium with surrounding host rocks, as at 18O values of their 

associated vein cements, down to -14 ‰VPDB, and the high temperature of precipitation, 

up to 120 ºC. The fold limbs registered the infiltration of meteoric waters, corroborated 
18O 13C values of the vein cements, from -8 to -
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6 ‰VPDB and down to -10 ‰VPDB, respectively, which are typical values of meteoric 

carbonates. 

In the fault zone of the Bóixols thrust, successive fracture systems and related calcite 

cements highlight an episodic evolution of the thrust zone. The presence of early 

extensional fractures and a chaotic breccia is consistent with the formation of dilatant 

fracturing within a process zone (around the fault tip) during initial fault growth, whereas 

the formation of the latest fracture system points to hybrid shear-dilational failure during 

propagation of the Bóixols thrust. Similarly, the different structural and fluid flow 

histories in the footwall and hanging wall of the Bóixols thrust indicate a 

compartmentalization of the thrust zone. Clumped isotopes applied to vein cements from 

the footwall evidence a progressive increase in precipitation temperatures from 50 ºC to 

117 18Ofluid, from -1.8 to +5.5 ‰SMOW. This 

has been interpreted as a change in the fluid source from meteoric fluids to evolved 

meteoric fluids due to water-rock interaction at increasing depths and temperatures. 

Contrary to the footwall, clumped isotopes applied to vein cement from the hanging wall, 

which is the same cement found in the fault core, revealed temperatures around 95 ºC and 
18Ofluid up to +1.9 ‰SMOW. This has been interpreted as the migration of formation 

waters from the fault core and towards the hanging wall. Therefore, the Bóixols thrust 

likely acted as a transverse barrier, dividing the thrust zone into two separate fluid 

compartments, and a longitudinal drain for migration of fluids. 

Altogether, the maximum temperatures and 18Ofluid, up to 120 ºC and +5.5 ‰VSMOW, 

obtained in the Sant Corneli-Bóixols anticline, implying 3-4 km depth and presence of 

formation waters, respectively, together with the 87Sr/86Sr ratios of the vein cements, 

within the range of values documented in the sedimentary cover, discard the transfer of 

fluids between the basement and the sedimentary cover in the Southern-Central Pyrenees. 

This indicates that the paleohydrological system in the Sant Corneli-Bóixols anticline was 

restricted to the Bóixols thrust sheet above the Upper Triassic detachment level. This 

evaporitic detachment likely acted as a lower fluid barrier, preventing the input of fluids 

from deeper parts of the belt, as interpreted in other areas of the Pyrenees and in other 

detached thrust systems as the Central Appalachians and Sierra Madre Oriental. 

Finally, comparing the results obtained in both studied domains with those reported in 

previous contributions, this study assesses the fluid flow and deformation relationships at 

regional scale. On the one hand, this thesis highlights a common fluid flow behavior along 
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strike in the central-eastern part of the southern Pyrenees, where major faults acted as 

transfer zones for migration of fluid in thermal and geochemical disequilibrium with 

adjacent host rocks, whereas background fracturing recorded the presence of fluids that 

highly interacted with surrounding host rocks. Additionally, our data indicates that 

regardless of the fluid origin and the tectonic context, the fluids that have interacted with 

basement rocks have a higher 87Sr/86Sr ratio (> 0.710) than those that have circulated 

through the sedimentary cover (< 0.710). Lastly, extensional deformation structures in 

the eastern Pyrenees have acted as conduits for hydrothermal fluid migration in Neogene 

times similarly as in the northern part of the Catalan Coastal Ranges. These fluids likely 

interacted with basement rocks before ascending through fault zones and related fractures. 
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RESUM 

Aquesta tesi examina les interaccions entre fracturació i fluids a diferents estructures 

compressives que afecten els materials del sòcol Paleozoic y de la cobertora Mesozoica-

Cenozoica amb l’objectiu d’investigar les relacions entre migració de fluids i deformació 

a la Zona Sud-Pirinenca. Les estructures estudiades inclouen l’encavalcament 

d’Estamariu a la Zona Axial i l’anticlinal de Sant Corneli-Bóixols a la part frontal del 

mantell de Bóixols, Unitat Sud-Pirinenca Central. Aquestes estructures afloren 

excepcionalment a la zona d’estudi i podrien proporcionar anàlegs de camp per a 

l’exploració de sistemes subterranis equivalents o per a la selecció de possibles àrees 

d’emmagatzematge en cinturons de plecs i encavalcament més complexos. Aquest estudi 

integra dades de camp amb datacions U-Pb i anàlisis petrogràf 18O, 
13C, 87Sr/86Sr, cumpled isotopes i composició elemental) de venes de calcita, roques de 

falla i encaixants presents a la zona d’estudi.  

L'encavalcament d'Estamariu és el resultat d'una evolució tectònica que comprèn des del 

Paleozoic superior al Neogen. Tot i que aquest encavalcament té un origen varisc, a la 

zona d’estudi superposa una unitat devoniana (pre-varisca) a sobre d’una seqüència 

estefano-permiana (post-varisca), cosa que indica que les estructures presents dins de la 

zona de falla han de ser post-varisques. En aquest sentit, les estructures contractives 

trobades al contacte entre les unitats devoniana i estefano-permiana s’han atribuït a la 

reactivació alpina de l’encavalcament d’Estamariu. Aquesta deformació alpina va donar 

lloc a la transposició de la foliació regional varisca dins de la zona principal 

d’encavalcament i a la formació d’una zona de falla subsidiària al bloc inferior de 

l’encavalcament d’Estamariu. Altres estructures trobades a la zona d’estudi inclouen 

fractures extensionals i falles normals que postdaten les estructures inverses i, per tant, 

que s’han atribuït a l’extensió neògena. 

A l’anticlinal de Sant Corneli-Bóixols, les unitats plegades impliquen materials pre-

compressius del Juràssic-Cretaci superior i materials sinorogènics del Cretaci superior-

Paleocè desenganxats en evaporites del Triàsic superior. A l’anticlinal de Sant Corneli-

Bóixols, aquesta tesi proporciona l’edat absoluta de deformació amb 23 edats U-Pb 

mesurades en diferents ciments de calcita omplint les fractures. Aquestes dades revelen 

edats de deformació des del Cretaci superior fins al Miocè superior, que són coetànies 

amb la deposició de sediments sinorogènics i l’emplaçament del mantell de Bóixols (edats 
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de 71,2 ± 6,4 Ma a 56,9 ± 1,4 Ma), el transport tectònic del mantell de Bóixols per sobre 

de l’encavalcament basal sud-pirinenc (edats de 55,5 ± 1,2 Ma a 27,4 ± 0,9 Ma) i 

l’exhumació postorogènica de l’anticlinal de Sant Corneli-Bóixols (edats més joves de 

20,8 ± 1,2 Ma).  

Durant aquesta història de deformació, les dades geoquímiques de les successives venes 

de calcita permeten analitzar les relacions entre la migració de fluids i la deformació a les 

dues zones d’estudi. A l’encavalcament d’Estamariu, les relacions 87Sr/86Sr dels diferents 

ciments de calcita indiquen la interacció entre els fluids i les roques del sòcol Paleozoic. 

L'evolució geoquímica dels ciments de calcita també evidencia un canvi progressiu en el 

règim i la composició dels fluids durant successius episodis tectònics de compressió i 

extensió. L’augment progressiu de les temperatures de precipitació, de 50 ºC a uns 210 
18Ofluid, de -6,4 a +12 ‰SMOW, de ciments atribuïts a la 

compressió alpina a ciments de l’extensió neògena, probablement està relacionat amb un 

major grau d’interacció entre els fluids i les roques del sòcol. Per contra, durant les 

darreres etapes de l’extensió neògena, la geoquímica dels ciments de calcita més joves 

evidencia la percolació de fluids meteòrics, indicant així un canvi més significatiu en el 

règim de fluids, de migració ascendent a percolació de fluids. 

A l’anticlinal de Sant Corneli-Bóixols, l’origen dels fluids i el grau d’interacció fluid-

roca van variar en les diverses posicions estructurals del plec i segons l’edat i la naturalesa 

de la seva estratigrafia i les fractures relacionades. La qual cosa evidencia una 

compartimentació del sistema de fluids. Al nucli de l’anticlinal i a la part més baixa de la 

seqüència sinorogènica del bloc inferior del l’encavalcament de Bóixols, les 

característiques petrològiques i geoquímiques similars entre successius ciments de calcita 

i les seves roques encaixants indiquen un sistema tancat de fluids i un grau alt d’interacció 

fluid-roca. Aquests fluids probablement es deriven dels carbonats marins del Cretaci 

inferior i del Cretaci superior, respectivament. Contràriament, al llarg de grans falles, com 

l’encavalcament de Bóixols, que afecten tot l’anticlinal i als flancs del plec, el sistema de 

fluids estava obert. Les grans zones de falla van registrar la migració ascendent de fluids 

en desequilibri tèrmic i geoquímic amb les roques encaixants, com ho demostren els 
18O dels ciments associats, fins a -14 ‰VPDB, i l’alta temperatura 

de precipitació, fins a 120 ºC. Els flancs del plec van registrar la infiltració d’aigües 

meteòri 18 13C dels ciments, de -
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8 a -6 ‰ VPDB i fins a -10 ‰ VPDB, respectivament, que són valors típics de carbonats 

meteòrics. 

A la zona de falla de l’encavalcament de Bóixols, els successius sistemes de fractures i 

ciments de calcita relacionats indiquen una evolució episòdica de la zona de falla. La 

presència de fractures extensionals i d’una bretxa caòtica és consistent amb la formació 

de fractures dilatants durant el creixement inicial de la falla, mentre que la formació del 

darrer sistema de fractures apunta a una fracturació hibrida extensional i de cizalla durant 

la propagació de l’encavalcament de Bóixols. De la mateixa manera, les diferents 

històries estructurals i de migració de fluids al bloc inferior respecte al bloc superior de 

l’encavalcament de Bóixols indiquen una compartimentació de la zona de falla. Els 

clumped isòtops dels ciments de calcita del bloc inferior mostren un augment progressiu 

de les temperatures de precipitació de 50 ºC a 117 ºC, aproximadament, i un enriquiment 
18OFluid, de -1,8 a +5,5 ‰ SMOW. Això s’ha interpretat com un canvi de fluids 

meteòrics a fluids meteorics evolucionats a causa de la interacció aigua-roca a 

profunditats i temperatures creixents. Contràriament al bloc inferior, els clumped isòtops 

aplicats als ciments del bloc superior, que és el mateix ciment que es troba al cor de falla, 
18OFluid fins a +1,9 ‰ SMOW. Això s’ha 

interpretat com la migració de les aigües de formació a través de la falla i cap al bloc 

superior. Per tant, l’encavalcament de Bóixols probablement va funcionar com un segell 

transversal, dividint la zona de falla en dos compartiments de fluids separats, i un 

conducte longitudinal per a la migració de fluids. 

18Ofluid, de 120 ºC i de +5,5 ‰ 

VSMOW, obtinguts a l’anticlinal de Sant Corneli-Bóixols, impliquen profunditats de 3-

4 km i la presència d’aigües de formació, respectivament. Aquests valors juntament amb 

les relacions 87Sr/86Sr dels ciments de calcita, dins del rang de valors documentats a la 

cobertora sedimentària, descarten la possible transferència de fluids entre el sòcol i la 

cobertora sedimentària a la Zona Sud-Pirinenca Central. Tot plegat, aquests resultats 

indiquen que el sistema paleohidrològic estava restringit al mantell de Bóixols per sobre 

del nivell de desenganxament del Triàsic superior. Aquest nivell evaporític probablement 

va actuar com un segell evitant l’entrada de fluids de parts més profundes de la serralada, 

tal com s’interpreta en altres zones del Pirineu i en altres sistemes d’encavalcaments com 

els Apalatxes centrals i la Sierra Madre Oriental. 



8 
 

Finalment, comparant els resultats obtinguts en els dos dominis estudiats amb els resultats 

reportats en altres contribucions prèvies, aquesta tesi analitza la relació entre migració de 

fluids i deformació a escala regional. D’una banda, aquesta tesi posa de manifest un 

comportament comú del flux de fluids al llarg de la part central-oriental de la Zona Sud-

Pirinenca, on les falles principals van actuar com a zones de transferència per a la 

migració de fluids en desequilibri tèrmic i geoquímic amb roques encaixants, mentre que 

les fractures de escala menor van registrar la presència de fluids equilibrats amb els seus 

encaixants. A més, les nostres dades també indiquen que, independentment de l’origen 

del fluid i del context tectònic, els fluids que han interaccionat amb les roques del sòcol 

tenen una relació de 87Sr/86Sr (> 0,710) superior als fluids que han circulat per la cobertora 

sedimentària (<0,710). D’altra banda, les estructures de deformació extensiva, tant al 

Pirineu oriental com a la part nord-est de la Cadena Costera Catalana, han actuat com a 

conductes per a la migració de fluids hidrotermals al Neogen i en l’actualitat. Aquests 

fluids probablement van interactuar amb les roques del sòcol abans d’ascendir a través de 

zones de falla i les fractures relacionades. 
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1. INTRODUCTION 

1.1. Fluid flow and deformation: State of the art  

Fluids play an important role on the Earth’s crust as, on one hand, they transport solutes 

and distribute heat, controlling mineral and diagenetic reactions including precipitation 

and dissolution (Garven, 1989; Ferry and Dipple, 1991; Deming, 1994; Duddy et al., 

1994; Putnis, 2002). On the other hand, fluids may change the effective stress in rocks, 

triggering the formation and reactivation of fractures (Sibson, 1995, 2003). All these 

fluid-related processes exert a major control on the development, evolution and 

preservation of fractured reservoirs in fold-and-thrust belts (Swennen et al., 2000; Baqués 

et al., 2020). In these settings, the risk of reservoir damage associated with diagenesis, 

and therefore the prediction of the reservoir quality, is still one of the main exploration 

challenges (Roure et al., 2005; Morad et al., 2010). Regarding to this, the paragenetic 

sequence found in fracture networks that developed during the polyphasic evolution of a 

mountain belt records successive events of fluid flow and fluid-rock interactions at very 

different P-T conditions and involves fluids from different origins (Roure et al., 2005; 

Travé et al., 2007; Cruset et al., 2018; Crognier et al., 2017; Beaudoin et al., 2020). The 

source and distribution of such migrating fluids in fold-and-thrust belts depend, among 

other factors, on the connectivity between different fluid reservoirs (Caine et al., 1996). 

This connectivity is in turn influenced by the hydraulic behavior of the deformation 

structures (fluid pathways) such as fault zones and fracture networks, and their evolution 

through time (Caine et al., 1996; Lefticariu et al., 2005; Evans et al., 2012; Evans and 

Fischer, 2012; Beaudoin et al., 2014). Poorly permeable pathways lead to dominantly 

closed fluid systems that remains significantly rock-buffered during progressive 

deformation (Henry et al., 1996; Lacroix et al., 2011). Contrarily, the increase in fracture 

density and connectivity, as well as the superposition of different fracture sets, may result 

in the formation of preferential pathways for fluid flow and the opening of the fluid 

system (Lefticariu et al., 2005; Fischer et al., 2009; Boutoux et al., 2014). 

In this line, the diagenetic products (vein cements) developed during the evolution of a 

particular structure (fault or fold) are the integrated result of tectonic activity and the 

associated fluid flow event. However, these processes may not be directly analyzed at 

depth in active tectonic settings or in ancient structures that are not currently exposed at 

the Earth’s surface. Therefore, exhumed fault zones and folds, and their associated vein 
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systems, provide field analogues to investigate the relationships between fluid flow and 

deformation in the upper crust and the effect that such migrating fluids have on 

surrounding host rocks (Barker, 2007; Cosgrove, 2015; Watkins et al., 2018). These 

relationships are summarized in the following lines. 

Fluid flow and faulting relationships. In areas undergoing compressional regimes, the 

largest fluid fluxes, heat transport and mass transfer commonly occur along the main 

thrust faults and related fractures due to the loading induced by thrust sheets emplacement 

(Oliver, 1986; Muchez and Sintubin, 1998; Gudmundsson, 2001). This is evidenced by 

the common occurrence of complex mineral-filled fracture networks within numerous 

fault zones described in different worldwide tectonic settings (Gudmundsson, 1999; 

Gudmundsson et al., 2001; Kim et al., 2004; Breesch et al., 2009; Wiltschko et al., 2009; 

Agosta et al., 2010; Trincal et al., 2017; Lacroix et al., 2018). Contrarily, fluid rates are 

commonly very low in surrounding rock-matrix and in poorly connected fractures, 

resulting in rock-buffered fluid systems (Muchez and Sintubin, 1998; Gudmundsson et 

al., 2001). In some cases, the development of thrust faults may also inhibit vertical fluid 

transport inducing fluid overpressure, which in turn produces a reduction of effective 

stress causing rock failure and hydraulic fracturing (Hilgers et al., 2006; Sibson and Scott, 

1998; Sibson, 2019). Whether a fault zone will constitute either a conduit or barrier for 

fluid flow depends, among many other factors, on the architecture of the fault zone and 

the permeability associated with the developed structures (Caine et al., 1996; Jolley et al., 

2007). The architecture of a brittle fault zone consists of a fault core, where the main fault 

slip is accommodated, and a damage zone, containing subsidiary deformation around the 

core (Sibson, 1977; Faulkner et al., 2010). As the fault core usually consists of low-

permeability fault rocks with insignificant fracture density and the damage zone mainly 

includes extensional fractures and faults, the fluid properties and permeability of a fault 

zone are conditioned by the spatial distribution and the internal composition of these two 

fault zone elements (Caine et al., 1996; Agosta et al., 2010). Additionally, the structural 

permeability of a fault is generally transient and could vary in time and space across and 

along the fault zone (Agosta et al., 2007; Barker, 2007).  

Fluid flow and folding relationships. Folds are an important deformation feature that 

occur in worldwide compressional belts. Such structures have largely been a target for oil 

and gas exploration (Mitra, 1990), and in depleted oil fields, they depict important 

analogues for the appraisal of reservoir storage potential (Mitiku and Bauer, 2013). 
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The folding process commonly involves a multilayered sequence of rocks with different 

mechanical properties, thickness and competence contrast between layers (Barker, 2007; 

Vidal-Royo et al., 2013). These varying rock features control the folding mechanism and 

the distribution of structural damage (fracture networks) that develop within the folded 

strata (Fischer and Wilkerson, 2000; Chester, 2003; Shackleton et al., 2005; Barker, 2007; 

Laubach et al., 2009; Barker and Cox, 2011; Watkins et al., 2015; Casini et al., 2018). 

The folding process not only supplies the mean stress gradients and the fracture-induced 

permeability that triggers fluid flow (Roure et al., 2005; Casini et al., 2011; Cosgrove, 

2015), but it is also responsible for the development of structural traps and reservoirs of 

economic interest (Mitra, 1990).  

During the fold growth, the origin and distribution of fluids largely depend on the 

connectivity between different hydrostratigraphic units, which in turn is influenced by the 

formation of fold-related fractures (Lefticariu et al., 2005; Evans et al., 2012; Evans and 

Fischer, 2012; Beaudoin et al., 2014). Therefore, the nature and origin of fluids may 

continuously change in space and time at different stratigraphic and structural positions 

within the evolving fold and from the early-folding to the latest stages of folding (Travé 

et al., 2000; Beaudoin et al., 2011, 2015; Barbier et al., 2012; Evans and Fischer, 2012; 

Vandeginste et al., 2012; Cruset et al., 2016).  

For the reasons explained above, integrated studies coupling the evolution of fracture 

networks and the origin of the related vein cements are key to constrain the fluid flow 

history of an area during orogenic growth (Roure 2005; Travé et al., 2007; Vandeginste 

et al., 2012; Beaudoin et al., 2015; Cruset et al., 2018). Integrating this information in 

well-exposed field analogues, such as those structures selected in the Pyrenees is crucial 

for the following reasons: 

(i) To recognize the fluid pathways in complex tectonic settings or in areas where 

outcrops are not available (Bergbauer and Pollard, 2004). 

(ii) To identify the timing and controlling factors of fluid flow and fluid-rock 

interactions in deformed rocks (Swennen et al., 2000; Ferket et al., 2003, 2006; 

Roure et al., 2005; Travé et al., 2007; Callot et al., 2013). 

(iii) To decipher the nature and origin of fluids that circulate through time and space 

during deformation, and the resulting diagenetic reactions (Crognier et al., 2017; 

Mangenot et al., 2017; Cantarero et al., 2018). 
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(iv) To understand the transition between successive fluid flow regimes such as 

topography-driven infiltration of fluids, compaction-driven upflow or squeegee-

type fluid migration (Baqués et al., 2012; Beaudoin et al., 2015). 

(v) To unravel when fluid migration occurs, when fractures act as seal or pathways 

and to assess the sealing capacity of different structures and host rocks involved 

in the evolution of foreland fold-and-thrust belts (Caine, 1996; Moretti et al., 

2000; Vilasi et al., 2009; Breesch et al., 2009; Dewever et al., 2013; Ogata, 2014).  

(vi) To identify the reservoir properties such as such as porosity and permeability and 

the distribution of minerals, hydrocarbons and geothermal anomalies (Moretti, 

1998; Labaume et al., 2000; Vilasi et al., 2006; Roure et al., 2010; Taillefer et al., 

2017). 

Therefore, even though the proposed research has a clear scientific character, covering 

multidisciplinary subjects such as structural geology, petrography, geochemistry and 

diagenesis, the obtained results will have direct implications in economic and strategic 

fields for the exploration of geological resources or selection of potential storage sites. 

For instance, for hydrocarbon recovery, mining, hydrology, geothermal energy, disposal 

of contaminated waste and CO2 sequestration (Bachu, 2000; Cooper, 2007; Mitiku and 

Bauer, 2013; Alcalde et al., 2014; Sun et al., 2020; Benedicto et al., 2021).  

Previous case studies over the world. Due to the economic and scientific reasons 

explained above, the interest in the interplay between deformation and fluid flow has 

significantly increased during recent years giving rise to many new studies that have 

tackled this topic in worldwide compressional, extensional and strike-slip tectonic 

settings. Some representative studies are from: the Ionian fold-and-thrust belt (Swennen 

et al., 2000; Van Geet et al., 2002; Vilasi et al., 2011), the Alps (Hausegger et al., 2010; 

Boutoux, 2014; Incerpi et al., 2017), the Apennines (Cello et al., 2001; Conti et al., 2010; 

Petracchini et al., 2012; Pizzati et al., 2018; Mozafari et al., 2019; Beaudoin et al., 2020), 

the Zagros (Morley et al., 2014), the Oman Mountains (Breesch et al., 2009; Balsamo et 

al., 2016; Mozafari et al., 2017), the Sicilian belt (Dewever et al., 2010; 2013), the 

Appalachians (Hilgers and Sidern, 2005; Evans et al., 2012), the Sierra Madre Oriental 

in Mexico (Lefticariu et al., 2005; Fischer et al., 2009; Fitz-Diaz et al., 2011), the Catalan 

Coastal Range (Travé et al., 1998; Cantarero et al., 2014, 2018, 2020; Baqués et al., 2010, 

2012), the Tarim Basin, NW China (Li et al., 2010; Baqués et al., 2020) and the Rio 

Grande Rift, USA (Williams et al., 2015, 2017). 
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In the case of the Southern Pyrenees, the investigation of fluid flow linked to the evolution 

of Alpine-related compressional structures started in the early 90’s (Grant et al., 1990; 

Banks et al., 1991; McCaig et al., 1995). These studies focused on fluid movement along 

the Gavarnie thrust and the Pic de Port Vieux thrust. However, extensive research 

deciphering fluid flow during the evolution of the Southern Pyrenean belt did not start 

until the late 90’s during the pioneering work of Travé et al. (1997, 1998, 2000). These 

works focused on the early compressional deformation that affected the south Pyrenean 

foreland basin during the southward migration of the imbricated thrust-fold system. 

Afterwards, many other studies have tackled the relationships between deformation and 

fluid migration during the successive stages of the belt evolution. Some representative 

studies are from: the Ebro foreland basin (Travé et al., 2000), the Jaca and Ainsa basins 

(Travé et al., 1997, 1998; Lacroix et al., 2013, 2014, 2018; Crognier et al., 2018), the 

Sierras Exteriores (Beaudoin et al., 2015), the Cadí thrust sheet (Caja et al., 2006; Caja 

and Permanyer, 2008). 

Most of the above-mentioned contributions focused on individual folds and thrusts from 

specific areas of the belt. An early attempt to constraint the evolution of fluids at different 

moments of the thrust front propagation is found in Travé et al. (2007).  

In recent years, an increasing knowledge of fluid migration during the whole 

configuration of the south Pyrenean wedge has resulted from different national and 

international projects, promoted by the increasing global demand for raw materials and 

new energetic resources as well as by the search and definition of potential storage sites 

(management of contaminated/radioactive waste and CO2, among others). Particularly, 

this PhD thesis has been carried out within the framework of two I + D national projects. 

The former has been accomplished during a three-year period between 2016 and 2019: 

“Flujo de fluidos durante la evolución de un orógeno: caracterización diagenética, 

hidrotermal y metamórfica con aplicación al almacenamiento de gas y exploración de 

minerales” (CGL2015-66335-C2-1-R). The latter started in 2019 and it is still ongoing: 

“Circulación de fluidos durante la evolución de cuencas invertidas y cinturones 

orogénicos: aplicación en el almacenamiento de CO2” (PGC2018-093903-B-C22). 

Substantial advances in the comprehension of fluid flow and fluid-rock interactions have 

resulted from these two projects. The more remarkable results concern the evolution of 

the paleofluid system during configuration of a whole N-S section of the south-eastern 

Pyrenean fold-and-thrust belt (the Llobregat section) (PhD thesis of Cruset, 2019 and 
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related contributions: Cruset et al., 2016, 2018, 2020a,b) and the global to reservoir scale 

assessment of CO2 storage potential (ongoing PhD thesis of Sun, 2021).  

Additionally, another important advance in the understanding of the fluid flow-

deformation relationships derived from the above-mentioned projects is the application 

of innovative analytical methods for first time in the Southern Pyrenees. These methods 

are the absolute dating of structures by means of U-Pb geochronology and the 

determination of temperature and composition of vein-forming fluids by clumped isotope 

thermometry. Due to the promising results obtained from these methodologies, this PhD 

thesis will expand the use of such procedures in the selected study area. 

1.2. Problems to solve 

Even though the Pyrenees have been the subject of multiple fluid flow studies in the last 

three decades, the good exposure of this belt and the availability of extensive regional 

data, offer the opportunity to explore new areas of study and to provide renewed 

knowledge on fluid flow behavior that may be exportable elsewhere to similar settings. 

Taking as a base the previous studies, this PhD thesis will expand the paleofluid analysis 

along the Segre section, at the transition between the basement and the sedimentary cover 

in the South-Central Pyrenees and will tackle specific questions with emphasis on the 

controls that different host rocks and structures (folds, fault zones and related fractures) 

have on the spatiotemporal evolution of the fluid system. Therefore, this thesis will 

examine the thrust zone evolution and its direct implications with the development of 

hydrological conduits and barriers along and across the thrust zone. It will also 

characterize the fluid flow regimes during successive reactivations of a long-lived thrust 

fault and the source, distribution and variation of fluids across a large-scale anticline and 

the effect that both, faults and folds, have on the compartmentalization of fluids. 

Additionally, this study will analyze the influence of basement rocks on the composition 

of fluids that circulated during deformation and will assess the possible transfer of fluids 

between the basement and the sedimentary cover. Finally, through a comparison of results 

obtained in the studied structures with those reported in previous contributions, this thesis 

will provide insights into fluid circulation at orogen scale.  
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1.3. Objectives 

This PhD thesis examines the fluid flow behavior through time and space in different 

compressional structures (folds, fault zones and related fractures) developed and/or 

reactivated during the Alpine compression, and locally during the subsequent Neogene 

extension in the Southern-Central Pyrenees, along the Segre transect. Selected structures 

involve both Paleozoic basement and Mesozoic-Cenozoic cover lithologies and therefore, 

this study examines the influence of basement rocks on the composition of migrating 

fluids, the possible transfer of fluids between the Paleozoic basement and the sedimentary 

cover, and provides insights into the fluid flow at regional scale during the Neogene 

extension. Obtained results are then compared with other studies reporting fluid flow in 

other Pyrenean structures and other worldwide compressional belts. 

In order to reach the main general objective, several specific objectives have been 

proposed: 

 To constrain the successive deformation (fracturing) events occurred in each 

studied structure. 

 To determine the absolute/relative timing of vein formation and therefore of fluid 

migration using geochronological data and/or crosscutting relationships. 

 To decipher the origin and characteristics (temperature and composition) of fluids 

and the paleohydrological regime (open vs closed) associated with each 

deformation phase. 

 To recognize the fluid pathways and the main factors controlling the migration of 

fluids during deformation (considering host rocks and fractures): implications for 

fluid compartmentalization and fracture-related permeability. 

 To evaluate the spatial and temporal hydraulic behavior (conduit vs barrier) of a 

specific fault zone. To characterize the multiphase evolution and changes in the 

fluid regime during successive reactivations of a long-lived fault. 

 To determine the spatiotemporal variation in the fluid flow behavior and the main 

factors controlling the fluid origin and regime at different structural positions of a 

large-scale fold. 

 To assess the influence of Paleozoic rocks and Mesozoic-Cenozoic sedimentary 

units on the fluid chemistry during deformation. 
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 To assess the possible transfer of fluids between the basement and the sedimentary 

cover (whether there is connectivity or not from one system to the other). 

 To compare the obtained results in the Segre transect (this thesis) with those 

reported in the Llobregat section in order to understand the lateral variations of 

fluid-deformations relationships in the Southern Pyrenees. In addition, to compare 

the obtained results with other studies performed in similar geological settings in 

order to provide insights into the evolution of fluids at worldwide scale. 

1.4. Working hypothesis and thesis overview 

Different types of rock deformation structures have distinct effects on fluid flow, acting 

as potential fluid seals or pathways (Moretti et al., 2002; Ferket et al., 2006; Barbier et 

al., 2012; Breesch et al., 2013; Dewever et al., 2013). These effects are generally transient 

in time, present strong spatial anisotropies and may change during successive episodes of 

cementation/sealing, dissolution/fracturing or during successive tectonic phases 

(Swennen et al., 2000; Roure et al., 2005; Arndt et al., 2014; Lacroix et al., 2018). Both, 

the hydraulic behavior of deformation structures and the nature of the involved lithologies 

play a key role in governing the origin, evolution and distribution of fluids in fold-and-

thrust belts and related foreland basins (Travé et al., 1997; Breesch et al., 2009). In turn, 

the transport of fluids through rocks induces important diagenetic reactions at variable 

scales (Mangenot et al., 2018; Salomon et al., 2020). Thereby, understanding the 

relationships between deformation of rocks and mobilization of fluids is still a hot topic 

and a matter of intense research (Mangenot et al., 2018; Pagel et al., 2018; Humphrey et 

al., 2019; Salomon et al., 2020; Dimmen et al., 2020; Benedicto et al., 2021).  

The structure of this PhD thesis consists of a summary of results and an overall discussion 

of four scientific articles published or submitted to international peer-reviewed journals 

indexed in the Science Citation Reports. Three of the four articles are already published 

in open access journals and the other one is under revision for publication. Besides, each 

paper deals with different structures at variable temporal and spatial scales and involving 

diverse rock units. The four articles are attached in the Annex of this manuscript and 

briefly summarized in this section: 

 Muñoz-López, D., Alías, G., Cruset, D., Cantarero, I., Jonh, C. M., and Travé, A., 

2020: Influence of basement rocks on fluid evolution during multiphase deformation: 

the example of the Estamariu thrust in the Pyrenean Axial Zone, Solid Earth, 11, 
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2257–2281. https://doi.org/10.5194/se-11-2257-2020. Impact factor: 2.921. Position: 

Q1 (41/235) in Geology (2020). 

In this contribution, the temporal and spatial relationships between deformation and 

fluid migration is documented in the Estamariu thrust, a long-lived Variscan thrust 

deforming basement rocks in the Pyrenean Axial Zone. This study focuses on two 

successive reactivations of the Estamariu thrust linked to the Alpine compression 

(Late Cretaceous to Oligocene) and the Neogene extension. Important aspects 

discussed in this paper are: (1) the relative timing of deformation and fluid migration 

and the changes in the fluid regime during regional compressional and subsequent 

extensional tectonic events; (2) the influence that basement rocks have on the 

composition of fluids that circulate during deformation. Finally, this study provides 

insights into the fluid flow at regional scale in the NE part of the Iberian Peninsula, 

where the presence of hydrothermal fluids has been reported from Neogene times to 

present. 

 Muñoz-López, D., Cruset, D., Cantarero, I., Benedicto, A., John, C. M., and Travé, 

A., 2020: Fluid dynamics in a thrust fault inferred from petrology and geochemistry 

of calcite veins: An example from the Southern Pyrenees, Geofluids 2020, 1-25. 

https://doi.org/10.1155/2020/8815729. Impact factor: 1.534. Position: Q2 (77/187) 

in General Earth and Planetary Sciences (2020). 

This study examines the qualitative fault-related permeability and its control on fluid 

flow during the evolution of the Bóixols thrust, which has associated a well-exposed 

carbonate thrust zone in the Southern Pyrenees. This contribution assesses the origin, 

composition, and temperature of the vein-forming fluids as well as the timing of fluid 

migration in relation to the fracturing events, and discerns the fluid pathways, the 

extent of fluid-rock interaction, and the transfer of fluids (longitudinal vs transversal) 

within the thrust zone. Important aspects highlighted in this contribution are: (1) the 

transient fault-related structural permeability linked to the episodic evolution of the 

thrust zone; (2) the compartmentalization of fluids during thrusting; and, (3) the 

similarity in deformation processes and mechanisms linked to the evolution of fault 

zones in compressional and extensional contexts involving carbonate rocks. 

 Nardini, N., Muñoz-López, D., Cruset, D., Cantarero, I., Martín-Martín, J., 

Benedicto, A., Gomez-Rivas, E., John, C. M., and Travé, A., 2019: From early 



INTRODUCTION 

18 
 

contraction to post-folding fluid evolution in the frontal part of the Bóixols thrust 

sheet (Southern Pyrenees) as revealed by the texture and geochemistry of calcite 

cements, Minerals, 9(2), 117, doi:10.3390/min9020117. Impact factor: 2.380. 

Position: Q2 (90/235) in Geology (2020). 

This contribution aims to understand fluid evolution in the successive fold-fracture 

systems of the frontal part of the Bóixols thrust sheet to decipher the fluid regime 

during the earliest stages of evolution of the South-Central Pyrenees, as it 

corresponds to the oldest emplaced allochthonous unit in the area. The analyzed 

structures include the southern limb of the Sant Corneli-Bóixols anticline and the 

footwall of the Bóixols thrust sheet. Important aspect discussed in this contribution 

are the evolution of fracture systems and the associated fluid flow regimes through 

time, during the overall evolution the Sant Corneli-Bóixols anticline along the front 

of the Bóixols thrust sheet.  

 Muñoz-López, D., Cruset, D., Vergés, J., Cantarero, I., Benedicto, A., Albert, R., 

Gerdes, A., Beranoaguirre, A., and Travé, A. (Submitted). Spatio-temporal variation 

of fluid flow behavior along a fold: the Sant Corneli-Bóixols anticline (Southern 

Pyrenees) from U-Pb dating and structural, petrographic and geochemical 

constraints. Submitted to Marine and Petroleum Geology. Impact factor: 3.790. 

Position: Q1 (22/235) in Geology (2020); Q1 (3/39) in Economic Geology (2020). 

This study examines the fracture-fluid interactions across the Sant Corneli-Bóixols 

anticline in order to date and to investigate the relationships between fluid flow and 

a large scale fold evolution. Important aspects discussed in this paper are: (1) the 

absolute timing of vein formation, revealing important age variation from the Late 

Cretaceous to late Miocene; (2) the qualitative fracture-related permeability and the 

main factors controlling the scale of fluid flow and the extent of fluid-rock 

interaction; and, (3) the origin, distribution and variation of fluids across the several 

structural positions of the anticline. Additionally, this study assesses the possible 

transfer of fluids between the basement and the sedimentary cover in the South-

Central Pyrenees and provides a conceptual model of fluid circulation in 

compressional structures detached along evaporitic units, which may act as a seal for 

the fluid system. 
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2. GEOLOGICAL SETTING 

The Pyrenees constitute an asymmetric and doubly verging orogenic belt that resulted 

from the Alpine (Late Cretaceous to Miocene) convergence between the Iberian and 

European plates (Choukroune, 1989; Roure et al., 1989; Srivastava et al., 1990; Muñoz, 

1992), causing the inversion of previous Mesozoic extensional basins and their 

incorporation into the thrust sheet stacking (Choukroune, 1989; Muñoz, 1992; Vergés and 

Fernandez, 2012). The Pyrenean structure consists of a central antiformal stack of 

basement-involved rocks from the Axial Zone, flanked by two oppositely verging fold-

and-thrust belts and their associated Cenozoic Ebro and Aquitaine foreland basins 

(Muñoz et al., 1986; Muñoz, 1992) (Fig. 1a). The antiformal stack of the Axial Zone 

includes three main thrust sheets, which are, from upper to lower, Nogueres, Orri and 

Rialp (Poblet, 1991; Muñoz, 1992; Saura and Teixell, 2006). This thrust imbrication 

involves a Paleozoic basement deformed by successive Variscan, Alpine and Neogene 

phases (Saura and Teixell, 2006), and an upper Carboniferous-Triassic cover (Roure, 

1989; Muñoz, 1992). The southern fold-and-thrust belt includes a piggy-back imbrication 

of Mesozoic-Cenozoic cover thrust sheets that have been detached from the Paleozoic 

basement along Upper Triassic evaporites, and transported southwards over the 

autochthonous Ebro foreland basin (Fig. 1b) (Seguret and Daignieres, 1986; Roure et al., 

1989). In the Southern-central Pyrenees, these cover thrust sheets are, from north to south, 

the Bóixols thrust sheet, originated from the Late Cretaceous to Paleocene, the Montsec 

thrust sheet, emplaced during the Paleocene to late Ypresian, and the Serres Marginals 

thrust sheet, developed from Lutetian to Oligocene times (Roure et al., 1989; Verges and 

Muñoz, 1990). 
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Fig. 1. a) Simplified geological map of the Pyrenees modified from Muñoz (2017) and its localization in 
the Iberian Peninsula. The red lines represents the trace of cross-section shown in in b, and the red square 
represents the location of Fig. 2. b) Cross-section of the Southern-Central Pyrenees showing the main 
structural units. Modified from Vergés (1993). 

This PhD thesis has been carried out in two different Pyrenean domains, where 

compressional structures (faults and folds), that developed and/or reactivated during the 

Alpine compression, are very well exposed and show evidence of synkinematic fracturing 

and fluid migration. These domains are located in a transect along the Segre River, in the 

Southern Pyrenees. This transect represents the link between the innermost (Paleozoic 

basement) and the outermost zones (sedimentary cover) of the Pyrenean belt and involves 

rocks ranging from the Cambro-Ordovician to the Neogene (Fig. 2). In the Pyrenean Axial 

Zone, the northern part of this transect, the main thrust faults generating the antiformal 

stack in the Paleozoic basement do not crop out or do not generate fault scarps, thus 

preventing the sampling of veins for further petrographic and geochemical analyses, 

which are the main focus of this PhD thesis. Therefore, the Estamariu thrust was selected 

because the structural deformation found in the thrust zone, and the age of the involved 

lithologies, yield relative timing constraints on the thrust evolution and provide the 

opportunity to sample for further analytical analyses. In the southern limit of this section, 

the Bóixols thrust sheet is very well exposed, showing the surficial expression of the Sant 

Corneli-Bóixols anticline along its front. This frontal anticline was selected due to the 
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excellent exposures of pre- and syn-orogenic rocks involving carbonate and clastic units 

and the preservation of pre-shortening fractures and syn-orogenic folding and fracturing. 

Therefore, due to the good quality of outcrops and diversity of structures preserved in the 

frontal anticline of the Bóixols thrust sheet, this fold will represent a big part of the work 

carried out in this PhD thesis. The selected structures of these two studied domains are 

described below (Fig. 2). 

 

Fig. 2. Geological map of the study area located between the innermost (Paleozoic basement) and the 
outermost zones (Mesozoic-Cenozoic sedimentary cover) of the Pyrenean belt and involving rocks ranging 
from the Cambro-Ordovician to the Neogene. Red squares represent the studied structures, which 
corresponds to the Estamariu thrust and the frontal part of the Bóixols thrust sheet. Modified from Vergés 
(1993). 

2.1. The Estamariu thrust, involving Paleozoic basement rocks from the Orri 
thrust sheet in the Axial Zone 

In the eastern Axial Pyrenees, an E-W to ENE-WSW fault system developed during the 

Neogene extension (Roca and Guimerà, 1992; Roca, 1996; Vergés et al., 2002). The main 

fault, La Tet fault, has associated a set of E-W extensional basins such as La Cerdanya, 

Conflent, La Seu d’Urgell and the Cerc basins (Cabrera et al., 1988; Roca, 1996). The 

Cerc basin consists of a Stephano-Permian accumulation of volcanic rocks discordantly 

overlying Cambro-Ordovician materials. This Cerc basin is thrusted in its eastern limit 

by the Estamariu thrust, whereas the northern and southern boundaries correspond to two 
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Neogene extensional faults, La Seu d’Urgell fault and the Ortedó fault, respectively 

(Hartevelt, 1970; Roca, 1996; Saura, 2004) (Fig. 3a, b). In the NW part of the Cerc basin, 

the limit between the Stephano-Permian unit and the Upper Ordovician sequence 

corresponds to a Stephano-Permian extensional fault formed coevally with the deposition 

of the volcanic sequence (Saura, 2004). This fault was reactivated during the latest stages 

of the Neogene extension (Saura, 2004) and is here referred as the Sant Antoni fault. 

The Estamariu thrust is a basement-involved thrust fault originated during the Variscan 

orogeny with a minimum displacement of 27 km (Poblet, 1991). However, in its south- 

western termination, it juxtaposes a Devonian sequence (the Rueda Formation) against a 

Stephano-Permian volcanic unit (the Erill Castell Formation) (Fig. 3). The Erill Castell 

Formation developed during the late to post-orogenic collapse of the Variscan belt (Martí, 

1991, 1996; Ziegler, 1988; Lago et al., 2004). This evidences the reactivation of the 

Estamariu thrust during the subsequent Alpine orogeny (Poblet, 1991; Saura, 2004). 

Rocks cropping out around the Estamariu thrust range from Upper Ordovician to Miocene 

(Fig. 3). However, due to the complex structural setting, the stratigraphic record is 

discontinuous and only Upper Ordovician, Devonian, Stephano-Permian and Neogene 

rocks are present in the study area. The basement lithologies consists of Upper Ordovician 

and Devonian metasedimentary rocks affected by multiscale folds and related pervasive 

axial plane regional foliation (Zwart, 1986; Bons, 1988; Casas et al., 1989; Cochelin et 

al., 2018). This deformation is linked to low-grade metamorphic conditions developed 

during the Variscan orogeny (Hartevelt, 1970; Poblet, 1991; Saura, 2004). The Upper 

Ordovician succession includes an alternation of shales, sandstones, conglomerates, 

quartzites and phyllites, and the Devonian sequence consists of an alternation of 

limestones and black slates (Rueda Formation) (Mey, 1967). The Stephano-Permian 

sequence developed during the late to post-orogenic extensional collapse of the Variscan 

belt and in the study area is represented by a volcanic and volcanoclastic unit (the Erill 

Castell Formation) (Mey et al., 1968; Martí, 1991), involving tuffs and ignimbrites at the 

base and andesites in the upper part (Martí, 1996; Saura and Teixell, 2006). Finally, the 

Neogene sequence is constituted of detrital and poorly lithified sediments, mainly shales, 

sandstones and conglomerates deposited during the Neogene extension associated with 

the opening of the NW Mediterranean Sea (Roca, 1996). 
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Fig. 3. Simplified geological map of the northern domain studied in this PhD thesis, which is related to the 
Estamariu thrust. a) Detail of the study area located within the Pyrenean Axial zone. b) Geological map of 
the Cerc basin (using own data and data from Saura (2004) with the Estamariu thrust located in its eastern 
termination and the Neogene extensional faults in the northern and southern limits. The red square indicates 
the location of the main outcrop. 

2.2. The Sant Corneli-Bóixols anticline along the front of the Bóixols thrust 
sheet, involving Mesozoic-Cenozoic cover rocks from the Southern-Central 
Pyrenean Unit. 

The Bóixols thrust sheet is the northernmost and oldest emplaced allochthonous unit in 

the Southern-Central Pyrenees. This thrust sheet represents the tectonic inversion of the 

Lower Cretaceous Organyà extensional basin (Berástegui et al., 1990; Vergés, 1993; 

Bond and McClay, 1995; Garcia-Senz, 2002). The basal thrust of the Bóixols thrust sheet 

has been interpreted as a footwall shortcut of the pre-existing Lower Cretaceous 

extensional fault (Mencos et al., 2011). The structure of the Bóixols thrust sheet is 

composite, formed by the large Santa Fe syncline and the two linked and south-verging 
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anticlines of Sant Corneli and Bóixols (the Sant Corneli-Bóixols anticline) (Fig. 4). The 

surficial expression of the Sant Corneli-Bóixols anticline crops out along more than 40 

km showing a well-defined geometry in its central-western segment. This geometry is 

characterized by a gently dipping (around 40º) northern backlimb and a subvertical to 

overturned southern forelimb. During the inversion and growth of the Sant Corneli-

Bóixols anticline, shortening direction has been determined as NNW-SSE, and thus 

slightly oblique to assumed E-W trending inverted normal fault (Tavani et al., 2011) 

conditioning the fracture orientation developed during the evolution of this frontal 

anticline (Shackleton et al., 2011; Tavani et al., 2011). 

The Bóixols thrust along the forelimb of the Sant Corneli-Bóixols anticline is well 

preserved, near the village of Bóixols and in Abella de la Conca village (Fig. 4). 

Contrarily, around the Coll de Nargó locality, the Bóixols thrust is blind and sealed by 

syn-orogenic deposits and the southern limb of the Bóixols anticline is cut by decametric 

to kilometric subvertical strike-slip faults (Fig. 4). The northern limb of the anticline is 

cut by well-preserved large normal faults beautifully exposed when displacing Upper 

Cretaceous carbonate sequences in Montagut and Sant Joan localities. These different 

scale fractures record a significant part of the structural-fluid flow history of the Bóixols 

thrust sheet preserving both pre-shortening fractures and folding and fracturing during 

compression.  

 

Fig. 4. Simplified geological map (Mencos, 2010; Tavani et al., 2011) of the Sant Corneli-Bóixols anticline, 
along the front of the Bóixols thrust sheet, showing the studied localities. Location in Fig. 2. 

The complete stratigraphic record involved in the Sant Corneli-Bóixols anticline includes 

Upper Triassic to Upper Cretaceous pre-orogenic rocks and Upper Cretaceous to 

Paleocene syn-orogenic units (Simó, 1986; Berástegui et al., 1990; Mencos et al., 2015) 

(Fig. 5). The pre-orogenic sequence includes up to 5 km of pre-rift, syn-rift and post-rift 
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(pre-orogenic) rocks located in the hanging wall of the Bóixols thrust. The pre-rift 

sequence crops out discontinuously in the study area (only present next to the trace of the 

Bóixols thrust) and includes Upper Triassic shales and evaporites, which constitutes the 

main detachment level in the Pyrenees, and Jurassic dolomitic limestones and dolostones. 

The thickness of the pre-rift sequence is up to a few thousands of meters (Lanaja, 1987; 

Mencos et al., 2011). The syn-rift Lower Cretaceous sequence extensively crops out in 

the core of the anticline (Fig. 5) exhibiting syn-faulting deformation structures and syn-

tectonic slump intervals (Tavani et al., 2011). This sequence ranges from a few meters 

and up to 4000 m thick, and includes an intercalation of basinal marls, marly limestones 

and limestones (i.e., the Lluçà Formation), whose lower part abruptly evolves to platform 

limestones (the Setcomelles Member) (Berástegui et al., 1990; Garcia-Senz, 2002).  

The upper Cenomanian to lower Santonian post-rift (pre-orogenic) sequence is around 

800 m thick and mainly consists of carbonate rocks divided in five sedimentary 

formations, which in the study area are known as the Santa Fe, the Reguard, the Congost, 

the Collada Gassó and the Sant Corneli Formations (Gallemí et al., 1982; Simó, 1986; 

Mencos, 2010).  

The Upper Cretaceous to Paleocene syn-orogenic succession comprises three shallowing 

upward sequences grading from turbidites and marls into shallow marine, fluvial and 

continental deposits (Mey et al., 1968; Mencos, 2010). These sequences are located in the 

footwall of the Bóixols thrust and belong to the Vallcarga Formation and to the Areny 

and the Tremp Groups. The Vallcarga Formation (upper Santonian to middle Campanian) 

mainly consists of hemipelagic marls. The middle part of this formation consists of a 

slope-toe chaotic unit (i.e., the Puimanyons Member) developed due to the destabilization 

of the carbonate platform and characterized by growth faulting and olistostrome resulting 

from basin margin collapse during the growth of the Sant Corneli-Bóixols anticline 

(Simó, 1986; Bond and McClay, 1995). The Areny Group (late Campanian to 

Maastrichtian) deposited coevally with the Bóixols thrust and its related Sant Corneli-

Bóixols anticline evolution (Bond and McClay, 1995; Mencos et al., 2011; Robert et al., 

2018). This sequence mainly consists of shallow marine to coastal deposits. Finally, the 

Maastrichtian to Paleocene Tremp Group (i.e., Garumnian facies) includes alluvial, 

fluvial, lacustrine and carbonate deposits.  
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Fig. 5. Chronostratigraphic diagram displaying the main stratigraphic sequences found around the Sant 
Corneli-Bóixols anticline and their associated tectonic event (Mencos et al., 2015). 
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3. METHODOLOGY 

The adopted approach, followed to reach the proposed objectives, includes field work 

(compilation of structural data and samples), petrographic observations under optical and 

cathodoluminescence (CL) microscopes, geochemical analyses (stable and radiogenic 

isotopes, clumped isotope thermometry, and elemental composition) and U-Pb 

geochronology. The initial research stage consisted in the creation of a bibliographic 

dataset, mainly including geological maps and cross-sections performed in the study area 

as well as compilation of similar studies carried out in the Pyrenees and in similar 

worldwide geological settings. 

Extensive field work was carried out mainly during the early research stages (and also 

during synthesis of results and final discussions) in a Pyrenean transect located at the 

transition between the innermost and outermost zones of the belt, in order to select 

appropriate outcrops (structures) to apply the proposed methodology. In this study area, 

including the Estamariu thrust and the Bóixols thrust sheet, different outcrops were 

selected in order to characterize the entire fractures-fluid interactions in each selected 

structure. In each selected outcrop, fieldwork consisted of the characterization of the 

structural/stratigraphic setting and the timing relationships between different fracture 

networks (including extensional fractures, faults, etc) and stylolites. Data related to 

bedding orientation and dip were also collected. Representative samples of veins, fault 

rocks and host rocks were carefully oriented in the field (for their further reorientation in 

the lab, if needed) and sampled for the following petrographic and geochemical analyses. 

Hand samples collected in the field includes around 250 specimens. 

The structural data were plotted in equal-area lower-hemisphere projections with the 

software Win-Tensor in order to stablish different fracture sets according to their type, 

orientation, mineral infillings, and the relative/absolute age. These data were used to 

reconstruct the successive deformation and fracturing events occurred in the study area 

and to constrain their relation to the main regional tectonic phases reported in the 

Pyrenees. 

Thin sections of samples were prepared and studied under a Zeiss Axiophot optical mi- 

croscope and a cold cathodoluminescence (CL) microscope model 8200 Mk5-1 operating 

between 16–19 kV and 350 μA gun current. Geochemical analyses consisted of carbon, 
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oxygen and strontium isotopes, clumped isotope thermometry, elemental composition, 

and U-Pb geochronology.  

The U-Pb geochronology has been previously described in (Ring and Gerdes, 2016; 

Burisch et al., 2017). U-Pb ages were obtained with a laser ablation-inductively coupled 

plasma mass spectrometry (LA-ICPMS) at FIERCE (Frankfurt Isotope and Element 

Research Center, Goethe University), following a modified method of (Gerdes and Zeh, 

2009, 2006). A Thermo Scientific Element XR sector field ICPMS was coupled to a 

RESOlution 193nm ArF excimer laser (COMpexPro 102) equipped with a two-volume 

ablation cell (Laurin Technic S155). Samples were firstly ablated in a helium atmosphere 

(300 mL/min) and then mixed in the ablation funnel with 1100 mL/min argon and 5 

mL/min nitrogen. Signal strength at the ICP-MS was tuned for maximum sensitivity but 

keeping the oxide formation (monitored as 248ThO/232Th) below 0.2% and low 

fractionation of the Th/U ratio. Static ablation used a spot 

of about 2 J/cm2 at 12 Hz. 

Data were obtained in fully automated mode overnight in two sequences of 598 analyses 

each one. Each analysis comprised 18 s of background acquisition, 18 s of sample 

ablation, and 25 s of washout. During 36 s of data acquisition, the signal of 206Pb, 207Pb, 
208Pb, 232Th, and 238U was detected by peak jumping in pulse-counting and analogue mode 

with a total integration time of ~0.1s, resulting in 360 mass scans. Each spot was pre-

ablated with 8 laser pulses to remove surface contamination before analysis. Soda-lime 

glass NIST SRM-

together with four carbonate reference materials, which were bracketed in between the 

analysis of samples. 

Raw data were corrected offline with an in-house VBA spreadsheet program (Gerdes and 

Zeh, 2009, 2006)

on the time-resolved 207Pb/206Pb, 208Pb/206Pb, 206Pb/238U, and 232Th/238U ratios. Such ratios 

were corrected for mass biases and drift over time, using NIST SRM-612. An additional 

matrix related offset was applied on the 206Pb/238U ratios (sequence 1: 21.5%, sequence 

2: 19.6%) that was determined using WC-1 carbonate reference material (Roberts et al., 

2017). The 206Pb/238U downhole-fractionation was estimated to be 3%, based on the 

common Pb corrected WC-1 analyses, and was applied to all carbonate analyses. 

Uncertainties for each isotopic ratio are the quadratic addition of the within run precision, 

counting statistic uncertainties, excess of scatter (calculated from NIST SRM-612) and 
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the excess of variance (calculated from WC-1) after drift correction (Horstwood et al., 

2016). The systematic uncertainties considered are the decay constants uncertainties and 

the long- ed from repeated 

measurements (n = 7) of ASH-15D between 2017 and 2019).  

Carbonate reference materials were measured for quality control. Reference material B6 

(41.86 ± 0.53 Ma and 42.12 ± 0.88 Ma) (Pagel et al., 2018) was measured in sequences 1 

and 2, whereas reference material ASH-15D (2.907 ± 0.210 Ma) (Nuriel et al., 2021) was 

measured in sequence 1. Results on the secondary reference materials indicate an 

accuracy and repeatability of the method of about 1.5 to 2%. Data were displayed in Tera-

Wasserburg plots, and ages were calculated as lower concordia-curve intercepts using the 

same algorithms as Isoplot 4.14 (Ludwig, 2012). All uncertainties are repor

level.  

The performed geochemical analyses consist of stable and radiogenic isotopes as well as 

the elemental composition of vein cements and host rocks. 190 samples were prepared 

for carbon and oxygen isotopes. Between 50 and 100 μm of each powered sample was 

reacted with 100% phosphoric acid at 70 ºC for 2 minutes. The resultant CO2 was 

analyzed following the method of (McCrea, 1950) and using an automated Kiel 

Carbonate Device attached to a Thermal Ionization Mass Spectrometer Thermo Electron 

MAT-252 (Thermo Fisher Scientific). For calibration, the internal standard RC-1, 

traceable to the International Standard NBS-19, and the International Standard NBS-18 

have been employed. Results are expressed in ‰ with respect to the Vienna Pee Dee 
18 13C.  

Clumped isotope thermometry was applied to representative samples of calcite cements 

in order to determine the temperature and 18Ofluid in ‰ VSMOW of the vein-forming 

fluids. Around 2 – 3 mg aliquots of powdered calcite cements were measured with an 

automated line developed at Imperial College London (the Imperial Batch Extraction 

system, IBEX). Samples were dropped in 105% phosphoric acid at 90 oC and reacted for 

30 minutes. The reactant CO2 was separated with a poropak-Q column and transferred 

into the bellows of a Thermo Scientific MAT 253 mass spectrometer. The 

characterization of a single replicate consisted of 8 acquisitions in dual inlet mode with 7 

cycles per acquisition. The total time of analysis per replicate is ~2 hours, and each sample 

was replicated at least 3 times. The post-acquisition processing was completed with a 

software for clumped isotope analyses (Easotope) (John and Bowen, 2016). During 
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47 values were corrected for isotope fractionation with a 

phosphoric acid correction of 0.069‰ at 90 oC for calcite (Guo et al., 2009). The data 

were also corrected for non-linearity applying the heated gas method (Huntington et al., 

2009) and projected into the reference frame of Dennis et al. (2011) 18O 

values were calculated with the acid fractionation factors of Kim and O’Neil (1997). 

Results were converted to temperatures applying the calibration method of Kluge et al. 

(2015) 18Ofluid values are expressed in ‰ with respect to the Vienna Standard 

Mean Ocean Water (VSMOW). 

For 87Sr/86Sr ratios, 50 samples of powdered calcite cements and host rock have been 

analyzed. These samples have been dissolved in 5 mL of 10% acetic acid and then 

centrifuged. The supernatant was dried and dissolved in 1 mL of 1M HNO3. The solid 

residue, resulted after evaporation, was diluted in 3 mL of 3M HNO3 and then loaded into 

chromatographic columns to separate the Rb-free Sr fraction, using SrResinTM (crown-

ether (4,4’(5’)-di-t-butylcyclohexano-18-crown-6)) and 0.05M HNO3 as eluent. After 

evaporation, samples were loaded onto a Re filament with 2 μL of Ta2O5 and 1 μL of 1 

M phosphoric acid. Analyses of isotopic ratios have been performed in a TIMS-Phoenix 

mass spectrometer (Isotopx) according to a dynamic multicollection method, during 10 

blocks of 16 cycles each one, maintaining a 88Sr beam intensity of 3-V. Obtained ratios 

have been corrected for 87Rb interferences and normalized with a 88Sr/86Sr = 0.1194 

reference value, aiming at correcting possible mass fractionation during sample loading 

and analysis. The isotopic standard NBS-987 has been analyzed 6 times, yielding an 

average value of 0.710243 ±0.0

used to correct the sample ratios for standard drift from the certified value. The analytical 

error in the 87Sr/86Sr ratio was 0.01% (referred to two standard deviations). The internal 

precision is 0.000003. Sr procedural blanks were below 0.5 ng. 

To determine the elemental composition of calcite cements and host rocks, 81 samples 

were analyzed employing a magnetic sector field Element XR (HR-ICP-MS, high 

resolution inductively coupled plasma-mass spectrometer, Thermo Fisher Scientific). In 

this case, the LR (low resolution) and the MR (medium resolution) have only been used. 

100 mg of each powdered sample was firstly dried at 40 ºC during 24h and then acid 

digested in closed polytetrafluoroethylene (PTFE) vessels with a combination of 

HNO3+HF+HClO4 (2.5mL: 5mL: 2.5mL v/v). Samples have been evaporated and, to 

make a double evaporation, 1 mL of HNO3 was added. Then, samples have been re-



METHODOLOGY 

31 
 

-1) and 1 mL of HNO3 in a 100 mL 

volume flask. A tuning solution of 1 μg L-1 Li, B, Na, K, Sc, Fe, Co, Cu, Ga, Y, Rh, In, 

Ba, Tl, U was employed to improve the sensitivity of the ICP-MS and 20 mg L-1 of a 

monoelemental solution of 115In were used as internal standard. Reference materials are 

the BCS-CRM no 393 (ECRM 752-1) limestone, JA-2 andesite and JB-3 basalt. Precision 

of results is expressed in terms of two standard deviations of a set of eight reference 

materials measurements (reference material JA-2). Accuracy (%) has been calculated 

employing the absolute value of the difference between the measured values obtained 

during the analysis and the certified values of a set of eight reference material analysis 

(reference material BCS-CRM no 393 for major oxides and JA-2 for trace elements). The 

DL (detection limit) has been calculated as three times the standard deviation of the 

average of ten blanks. 

The integration of the structural, petrographic, geochemical and geochronological 

analyses in each studied structure allowed constraining a structural and diagenetic 

framework that assesses the fluid migration and deformation relationships in different 

Alpine-related structures developed at different stages of the belt evolution. The 

correlation of the obtained field and analytical data with other structures developed both 

in the Pyrenees and in other worldwide fold-and-thrust bets have allowed to provide 

insights into the dynamic of fluid flow during deformation at regional scale. 
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4. RESULTS 

4.1. Studied domains 

The studied domains, the Estamariu thrust and the frontal anticline of the Bóixols thrust 

sheet, were selected to examine the evolution of fractures-fluid flow interactions in 

different Pyrenean structures. The Estamariu thrust has been selected to characterize the 

migration of fluids in a long-lived fault that involves basement rocks and that has been 

successively reactivated during different events of regional tectonism. The frontal part of 

the Bóixols thrust sheet has been selected to characterize the paleohydrological system in 

two different structures, in a well-exposed thrust displacing the southern limb of the Sant 

Corneli-Bóixols anticline, and in the whole structure of the Sant Corneli-Bóixols 

anticline, covering the different structural and stratigraphic positions of the fold.  

In these two domains, the sampling localities were chosen according to their structural 

position, the involved lithologies and the quality of their associated outcrops. The 

Estamariu thrust has been studied in one locality. By contrast, the frontal anticline of the 

Bóixols thrust sheet has been studied in ten localities due to the good exposure of this 

fold along strike and considering its heterogeneous distribution of faults and fracture 

system (as it will be explained in the following sections). The main characteristics of these 

localities are described below. 

The Cerc locality (C), which corresponds to the northern studied domain in this thesis, is 

located around the Cerc village (Fig. 6a, b). In this area, the NNW-SSE Estamariu thrust 

is well-exposed juxtaposing Devonian carbonates against Stephano-Permian andesites 

belonging to the Cerc basin. Additionally, in this area the Estamariu thrust predates E-W 

extensional faults such as the Ortedó fault and La Seu d’Urgell fault that have previously 

been attributed to the Neogene extension (Hartevelt, 1970; Roca, 1996; Saura, 2004). 

The Bóixols locality (B) is located closed to the Bóixols village, next to the axial surface 

of the anticline (Fig. 7a). In this locality, the upper part of the main E-W early Cretaceous 

extensional fault has been preserved affecting Lower Cretaceous limestones and marls 

(the syn-rift sequence) in the hanging wall and Jurassic dolomitic limestones (the pre-rift 

succession) from the footwall (Berástegui et al., 1990; Garcia-Senz, 2002).  
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Fig. 6. Main outcrop of the Estamariu thrust in the Cerc locality (C). a) Panoramic view from the Sant 
Antoni hill showing the extensional Ortedó fault postdating the Estamariu thrust. b) Main outcrop showing 
the Estamariu thrust and the related thrust zone foliation developed in the Devonian hanging wall and in 
the Stephano-Permian footwall (S2). The thrust is displaced by later shear fractures locally mineralized with 
calcite (V5). 

The Cal Mestre locality (CM) is located 0.5 km to the northeast of the Bóixols village, in 

the core of the Bóixols anticline. In this area, the Lower Cretaceous limestones and marls 

from the syn-rift sequence are broadly exposed exhibiting a minimum thickness of 2500 

m according to well data (Lanaja, 1987). 

The Montagut (MGT) and the Sant Joan (SJ) localities are located in the northern limb of 

the Sant Corneli-Bóixols anticline, affecting Upper Cretaceous limestones from the post-

rift (pre-orogenic) sequence. The structure of the Montagut locality consists of a relatively 

well exposed system of normal and strike-slip faults with a lateral continuity of several 

kilometers (Fig. 7b) (i.e., the Montagut fault system). The structure of the Sant Joan 

locality consists of two conjugate sets of strike-slip faults and a set of normal faults (Fig. 

7c). 
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Fig. 7.  Field images showing the main features of Bóixols, Montagut and Sant Joan localities. a) Bóixols 
locality (B) showing the main E-W extensional fault (the Organyà fault, F1a), which juxtaposes the Jurassic 
sequence (in the footwall) and the Lower Cretaceous unit (in the hanging wall). b) Montagut locality 
showing NNW-SSE extensional faults (F2) affecting the Upper Cretaceous sequence in the backlimb of the 
Sant Corneli-Bóixols anticline. c) Sant Joan locality showing the main NNE-SSW extensional faults (F21) 
also affecting the Upper Cretaceous sequence in the backlimb. Red circles indicate sample location. 

The remaining localities are located along the frontal region of the Bóixols thrust sheet, 

and include fractures that cut pre-orogenic depositional units from the southern limb of 

the Sant Corneli-Bóixols anticline and syn-orogenic units deposited in the footwall of the 

Bóixols thrust sheet. The Bóixols thrust has been studied in Abella de la Conca (ABC), 
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Forat de Bóixols (FB) and Setcomelles (SET) localities (Figs 8a-c). In Abella de la Conca 

and Forat de Bóixols localities, the E-W trending and north-dipping Bóixols thrust offsets 

subvertical post-rift Upper Cretaceous limestones along the southern limb of the Sant 

Corneli-Bóixols anticline. The Abella de la Conca locality also includes a reduced Upper 

Cretaceous syn-orogenic sequence. The Forat de Bóixols locality, located 2 km southwest 

of the Bóixols village, preserves a good exposure that allows to study the evolution of 

fractures across the Bóixols thrust zone (Fig. 8b). In the Setcomelles locality, between 

Bóixols and Sallent villages, the Bóixols thrust is interpreted as a footwall shortcut of the 

previous Lower Cretaceous Organyà fault. In this area, Jurassic dolomitized limestones 

juxtapose against Upper Cretaceous limestones (Garcia-Senz, 2002) (Fig. 8c).  

The Sant Antoni (SA), Orcau (OC) and Coll de Nargó (CN) localities are aligned along 

the footwall of the Bóixols thrust, involving Upper Cretaceous to Paleocene syn-orogenic 

sequences showing growth strata patterns (Garrido-Megías and Ríos, 1972; Vergés and 

Muñoz, 1990; Bond and McClay, 1995; Mencos et al., 2011; Tavani et al., 2017). The 

Sant Antoni locality, next to the Sant Antoni dam, comprises the lowest part of the syn-

orogenic sequence integrated in the Vallcarga Formation. The Orcau locality, next to the 

Orcau village, constitutes the middle part of the syn-orogenic unit integrated in the Areny 

Group. Finally, the Coll de Nargó locality, near the Coll the Nargó village, involves the 

upper part of the syn-orogenic sequence integrated within the Garumnian facies from the 

Tremp Group. In this area, the Bóixols thrust is buried and the syn-orogenic deposits are 

deposited in angular discordance on the front of the anticline.  
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Fig. 8.  Field images showing the main features of Abella de la Conca (ABC), Forat de Bóixols (FB), 
Setcomelles (SET) and Sant Antoni (SA) localities. a) The Bóixols thrust in the Abella de la Conca locality 
offsetting the steeply dipping Upper Cretaceous sequence located in the forelimb of the Sant Corneli-
Bóixols anticline. b) The Bóixols thrust in the Forat de Bóixols locality showing a well exposed thrust zone 
that also displaces the southern limb of the anticline. c) The Bóixols thrust in the Setcomelles locality 
juxtaposing Jurassic dolomitized limestones in its hanging wall with Upper Cretaceous limestones in its 
footwall. d) Main structural features of Sant Antoni locality showing normal faults (F5b), bed-parallel slip 
surfaces (F8) and strike-slip faults (F17) affecting the base of the syn-orogenic sequence located in the 
footwall of the Bóixols thrust sheet. Red circles indicate sample location. 
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4.2. Petrographic features of host rocks 

This section summarizes the main petrographic characteristics of the involved host rocks. 

The Estamariu thrust includes the Devonian Rueda Formation from the hanging wall 

and the Stephano-Permian Erill Castell Formation from the footwall. The Rueda 

Formation is characterized by a well-bedded alternation of dark to light grey limestones 

with subordinate dark grey shales. This unit is affected by a pervasive NNW-SSE regional 

foliation (S1) concentrated in the pelitic intervals. Limestones are made up of encrinites, 

which consist of a bioclastic packstone formed essentially of crinoid stems (Fig. 9a) and 

characterized by dark to bright orange luminescence (Fig. 9b). Encrinites are affected by 

stylolites (e1) and veins (V0) that will be explained in the following section 4.3 (Fig. 9c).  

In the footwall of the Estamariu thrust, the Erill Castell Fmormation comprises massive, 

dark greenish andesitic levels showing a rhythmic magmatic layering, which corresponds 

to a fluidal structure of the host rock. The local presence of pyroclastic and brecciated 

volcanoclastic levels is also ubiquitous, mainly in the lower part of this sequence. 

Andesites are characterized by a porphyritic texture (Fig. 9d, e) defined by a dark fine-

grained spherulitic matrix partially devitrified, large zoned crystals of plagioclase up to 

2– 3 cm long, and less abundant biotite and hornblende. These mafic phenocrystals are 

systematically pseudomorphosed by clay minerals and frequently show evidence of 

oxidation and chloritization. 
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Fig. 9. Microphotographs showing the main petrographic characteristics of the studied host rocks in the 
Estamariu domain. a) and b) paired optical and CL microphotographs of encrinites from the Devonian 
Rueda Formation alternating with pelitic rich bands, where the regional foliation [S1] is concentrated, and 
showing a dark orange luminescence. c) Encrinites affected by Veins V0 and stylolites e1. d) and e) 
Andesites from the Stephano-Permian Erill Castell Formation exhibiting a porphyritic texture with large 
plagioclase crystals [p]. 

In the Sant Corneli-Bóixols anticline, the syn-rift Lower Cretaceous Lluçà Formation, 

made up of mudstones with isolated sponge spicules and agglutinated foraminifera (Fig. 

10a), features a dark brown to non-luminescence (Fig. 10b). The lower part of the Lluçà 

Fm (the Setcomelles Member) is formed of wackestones, locally packstones, made up of 

corals, red algae (Agardhiellopsis cretacea), echinoderms, bryozoans and foraminifera. 

The moldic porosity is filled with micrite sediment with a geopetal distribution, which 

indicates vadose environment, and the remanent intraparticle porosity is filled by calcite 

cement (Fig. 10c). The micrite matrix exhibits a brown to dark orange luminescence, 

whereas the intraparticle micrite sediment shows an orange luminescence and the cement 

has a non- to bright yellow zonation (Fig. 10d).  

The Upper Cretaceous post-rift (pre-orogenic) sequence includes five sedimentary 

formations, which are known as the Santa Fe, the Reguard, the Congost, the Collada 

Gassó and the Sant Corneli Formations. The Santa Fe Fm. includes wackestones, locally 
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packstones with calcispheres and planktonic foraminifera. Under cathodoluminescence, 

it exhibits a very dark orange color. The Reguard Fm. consists of mudstones, locally 

wackestones, made up of foraminifera (mainly miliolids) and showing a dark brown 

luminescence. The Congost Fm. is made up of packstones, locally grainstones formed of 

bivalves, foraminifera, echinoderms, corals, bryozoans and partially to totally micritized 

components (i.e., peloids). The micritic matrix as well as the inter- and intraparticle 

calcite cement is dark brown to non-luminescent. The Collada Gassó Fm. is formed of 

grainstones made up of gastropods, bivalves, echinoids, corals, bryozoans, miliolids, 

peloids, and locally quartz grains (Fig. 10e). The inter- and intraparticle porosity is 

cemented by calcite cement, which exhibits a bright yellow luminescence, whereas the 

skeletal components display a dull to bright brown luminescence (Fig. 10f). The Sant 

Corneli Fm. is divided in two members (the Montagut Mb and the Aramunt Vell Mb). 

The Montagut Mb. consists of peloidal wackestones to packstones with abundant 

presence of rudists, miliolids, corals, equinoderms and local quartz detrital components. 

Under cathodoluminescence, these packstones exhibit a dark to bright brown color. The 

Aramunt Vell Mb. consists of bioclatic grainstones with variable quartz content and 

abundant presence of miliolids, bryozoans, equinoderms and bivalves. The interparticle 

calcite cement displays a dark orange luminescence. 

The Upper Cretaceous to Paleocene syn-orogenic successions include the Vallcarga 

Formation, the Areny Group and the Tremp Group (Garumnian facies). The Vallcarga 

Formation consists of mudstones that are brown to non-luminescent (Figs 10g-h). The 

Areny Group, in the study localities, is composed of grainstones made up of peloids, local 

bryozoans and miliolids, and upward increasing detrital quartz content. The interparticle 

calcite cement is bright yellow luminescent. The Tremp Group (i.e., Garumnian facies) 

is constituted of fluvial-alluvial and lacustrine detrital and carbonate rocks. Detrital units 

include versicolored clays with abundant Microcodium, fine-grained sandstones and 

polymictic conglomerates. Carbonate units include red nodular mudstones, grey 

wackestones with charophytes and oncolytic packstones. 
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Fig. 10. Paired optical and CL microphotographs showing the main petrographic characteristics of the 
studied host rocks in the Bóixols domain. a) and b) Mudstones from the Lower Cretaceous Lluçà Fm. with 
an isolated agglutinated foraminifera [f] and featuring a dark brown luminescence. c) and d) Wackestones 
to packstones from the Lower Cretaceous Setcomelles Mb made up of corals [c], red algae [a], presence of 
micritic sediment filling moldic porosity with a geopetal distribution and calcite cement [Cc] filling the rest 
of the intraparticle porosity. The micritic matrix has a brown to dark orange luminescence, the intraparticle 
micrite sediment has an orange luminescent and the intraparticle cement is zoned, varying from a non-
luminescence to bright yellow. e) and f) Grainstones from the Upper Cretaceous Collada Gassó, which are 
made of corals [c], foraminifers [f], bivalves [b], echinoids [e], and peloids [p], cemented by calcite [Cc0] 
and showing a bright yellow luminescence. g) and h) Mudstones from the Vallcarga Fm. featuring a brown 
luminescence. 
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4.3. Structural analysis 

The Estamariu thrust 

The Estamariu thrust strikes N-S to NW-SE and dips between 40 and 70o towards the NE. 

It has a displacement of a few hundred meters and juxtaposes a Devonian alternation of 

limestones and shales in the hanging wall against Stephano-Permian andesites in the 

footwall (Poblet, 1991). The main slip plane is undulose and generates a 2 – 3 m thick 

thrust zone affecting both the hanging wall and footwall, but it is thicker in the hanging 

wall, up to 2.5 m thick. In the footwall the thrust zone is less than 1 m thick and has 

associated minor restricted thrust zones developed as subsidiary accommodation 

structures related to the main thrust fault. Most kinematic indicators, including S-C 

structures and slickenlines, indicate reverse displacement. 

The mesostructures and microstructures observed in the Estamariu thrust are described 

below according to their structural position in relation to the thrust, that is, hanging wall, 

thrust zone and footwall (Fig. 11, 12). The relative timing of the different mesostructures 

and microstructures has been determined by means of crosscutting relationships and 

microstructural analysis. 

In the hanging wall of the Estamariu thrust, Devonian rocks form a decametric anticline 

oriented NW-SE with a well-developed axial plane foliation (S1) concentrated in the 

pelitic intervals. S1, which is oriented NNW-SSE, is a pervasive regional foliation dipping 

30 to 55º towards the E and NE and is generally between 2 and 5 cm spaced. In the hinge 

of the anticline, bedding (S0) dips gently towards the SE and forms a high angle with S1 

(Fig. 11b), whereas in its eastern limb, the regional foliation (S1) dips steeper than S0. 

These geometric relationships between bedding and foliation have been used to determine 

the fold type at great scale (i.e., as it is shown in Fig. 11b). 

Towards the main thrust plane the intensity of deformation progressively increases. This 

deformation consists of a penetrative thrust zone foliation (S2), two generations of 

stylolites (e1, e2) and three generations of calcite veins (V0, V1a and V1b) (Fig. 12). 

These structures are described below in chronological order. 
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Fig. 11. (a) Geological map and (b) cross-section of the Estamariu thrust, which juxtaposes a Devonian unit 
against a Stephano-Permian sequence (H=V, no vertical exaggeration). Lower-hemisphere equal-area 
stereoplots of the Devonian bedding (S0), regional foliation (S1), thrust zone foliation affecting the hanging 
wall and footwall (S2), magmatic layering and the different faults and veins observed in the study area are 
also included. Location of the study area in Fig. 3b. 

The foliation within the thrust zone affecting the Devonian hanging wall (S2) strikes NW-

SE and dips 40 – 50o NE, similar to the regional foliation (S1), but it is more closely 

spaced, generally between 0.2 and 1 cm. This observation points to a progressive 

transposition of the regional foliation within the thrust zone during thrusting. At 
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mesoscale, S2 has related shear surfaces (Ci) defining centimetric S-C-type structures, 

indicating again reverse kinematics. 

Stylolites e1 have a wave-like shape and trend subparallel to the thrust zone foliation (S2). 

When present, these stylolites are very systematic exhibiting a spacing of 1 – 2 mm. The 

first calcite vein generation (V0), only observed at microscopic scale (Fig. 9c), 

corresponds to up to 1 cm long and less than 1 mm thick veins cemented by calcite. Veins 

V0 and stylolites e1 are perpendicular between them and show ambiguous crosscutting 

relationships. These microstructures are concentrated into discontinuous fragments of the 

Devonian host rocks within the thrust zone. Calcite veins V1a are the most abundant and 

crosscut the previous vein generation (V0) as well as the stylolites e1 and are developed 

within S2 surfaces. Stylolites e2, more abundant than stylolites e1, are up to 10 cm long 

and show spacing between 0.5 and 2 cm. These stylolites mainly correspond to sutured 

areas developed between the host rock and the calcite veins V1a and between foliation 

surfaces S2. 

Calcite veins V1b, up to 1 cm long and less than one mm thick, were also identified at 

microscopic scale. These veins postdate the previous V0 and V1a generations and trend 

perpendicular to stylolites e2. 

Towards the thrust slip plane, the thrust zone foliation S2 is progressively more closely-

spaced and stylolites e2 become more abundant (showing mm spacing) and exhibit 

ambiguous cross-cutting relationships with veins V1b. The main slip surface corresponds 

to a discrete plane that contains calcite slickensides (veins V2).  

Deformation in the footwall is concentrated within the main thrust zone and subsidiary 

thrust zones and corresponds to the thrust zone foliation (S2) and calcite veins V3 (Fig. 

12). This foliation (S2) strikes NW-SE, dips towards the NE and is mm to cm spaced. 

Calcite veins V3 are generally 1 – 2 cm thick and strike NW-SE. They are parallel or 

locally branch off cutting the S2 planes in the subsidiary thrust zone. 

In the footwall, outside the thrust zone, andesites are affected by E-W striking open joints 

(J1) dipping indistinctively towards the north and south. These joints locally trend parallel 

to the magmatic layering (Fig. 12). 
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Fig. 12. Sketch showing the spatial distribution of mesoscale structures in the Estamariu thrust and lower 
hemisphere equal-area stereo-plots of the different mesostructures. The average orientation of the main 
structures is also provided.  

Finally, as described above, the northern and southern limits of both the Cerc basin and 

the Estamariu thrust correspond to two Neogene extensional faults, La Seu d’Urgell and 

the Ortedó fault systems (Fig. 3b). These faults are subvertical or steeply dip towards the 

north. In the northern part, the slip plane of La Seu d’Urgell fault has not been observed 

and the limit between the Stephano-Permian rocks and the Neogene deposits is not well 

constrained due to the poor quality of the Neogene outcrops and the presence of 

Quaternary deposits. In the southern part, the Ortedó fault generates a several meter-thick 

dark greyish to brown fault zone, characterized by the presence of clay-rich incohesive 

fault rocks developed at the contact between Stephano-Permian and Upper Ordovician 
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rocks. Related to these main fault systems, mesoscale normal faults commonly affect the 

andesites within the Cerc basin. These faults are mainly E-W and locally NE-SW, are 

subvertical and dip indistinctly towards the N and S. Fault planes are locally mineralized 

with calcite cement (veins V4) and exhibit two striae set generations indicating dip-slip 

and strike-slip movements. On the other hand, the main Estamariu thrust zone is locally 

displaced by shear fractures and a later set of shear bands (Cn) both having an overall 

NNW-SSE to NNE-SSW strike (Fig. 12) that indicate a minor normal displacement. 

Shear fractures are locally mineralized with calcite (veins V5). 

The Sant Corneli-Bóixols anticline 

The folded sequence within the Sant Corneli-Bóixols anticline is affected by up to 23 

fracture sets (F1 to F23) that include the main fault systems affecting the anticline (the 

Organyà fault, the Bóixols thrust, the Montagut fault system and the Sant Joan fault 

system) and the background deformation (centimetric to metric fractures). These fracture 

sets have been grouped according to fracture type, orientation, kinematics, crosscutting 

relationships and U-Pb geochronology of fracture-filling calcite cements. We use the term 

“fracture set” to include extensional (mode I) fractures and shear fractures (faults) (Bons 

et al., 2012) and we follow the classification of fault breccias of Woodcock and Mort 

(2008). All fracture sets are summarized in Fig. 13 and are described below in 

chronological order. 

Fracture set F1 corresponds to E-W to WNW-ESE normal faults that have been attributed 

to the Early Cretaceous extension (Garcia-Senz, 2002). This fracture set includes the main 

extensional fault, the Organyà fault (F1a), preserved next to the axial surface of the 

anticline in the Bóixols locality. In this locality, the Organyà fault is subvertical or steeply 

dips towards the north and juxtaposes the Jurassic pre-rift sequence in its footwall with 

the Lower Cretaceous syn-rift sequence in its the hanging wall. Meter-scale normal faults 

(F1b), which dip 40o to 70o towards the NE and SW and only affect the Lower Cretaceous 

(syn-rift) Lluçà Formation in Cal Mestre locality, are also included in fracture set F1.  

Fracture set F2 corresponds to a backlimb normal fault around the Montagut fault system. 

This metric fault strikes NNW-SSE and cuts the Upper Cretaceous pre-orogenic sequence 

in the backlimb of the anticline (Montagut locality). These faults exhibit subvertical striae 

sets and dip between 40o and 80o predominantly towards the SW. 
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F3 represents the main Bóixols thrust, which consists of an E-W trending and south 

verging reverse fault associated with the growth of the Sant Corneli-Bóixols anticline. 

Although most of the fault trace has been buried by syn-orogenic deposits, its frontal 

ramp crops out between Bóixols and Sallent villages (in Setcomelles locality) juxtaposing 

Jurassic rocks in its hanging wall with Upper Cretaceous carbonates in its footwall. The 

Bóixols thrust zone is around 15-meter-thick and contains a 2-meter-thick fault core 

characterized by a dark grey to greenish fine-grained foliated gouge featuring well-

developed S-C structures. Kinematic indicators indicate reverse kinematics towards the 

S-SE. 

F4 consists of two NW-SE and NE-SW conjugated and centimetric vein systems dipping 

between 50º and 80º. These veins have regular shapes and show extensional (mode I) 

openings ranging from 1 to 15 mm. F4 occurs in the Lower Cretaceous syn-rift sequence 

in Coll de Nargó locality. The orientation of the conjugated F4 sets is compatible with the 

shortening direction reported for the Bóixols thrust (F3) (Tavani et al., 2011). 

F5 is constituted of meter-scale WNW-ESE extensional faults dipping between 40 and 

80º towards the NE and SW. These faults, which exhibit subvertical striae sets indicating 

pure dip-slip kinematics, affect the syn-orogenic succession in the Sant Antoni locality 

(F5b).  

F6 consists of meter-scale and steeply dipping vein systems found in several localities of 

the Sant Corneli-Bóixols anticline. F6a is mostly NE-SW and occurs in the backlimb of 

the anticline affecting the pre-orogenic sequence (Sant Joan locality). F6b includes two 

NW-SE and NE-SW conjugate vein sets, which consist of a reactivation of previous F4 

fractures (Coll de Nargó locality), revealed by the presence of two calcite cements 

showing clear crosscutting relationships. F6c consists of two WNW-ESE and NNW-SSE 

vein sets affecting the syn-orogenic unit (Orcau locality). 

F7 consists of a NNW-SSE vein set dipping between 70º and 85º towards the SW and 

NE. These veins are up to 1 meter long and show up to 1-centimeter extensional openings. 

F7 veins crosscut (postdate) the F6c fractures in the Orcau locality. 

F8 consists of bed-parallel slip surfaces developed between well-bedded layers of marls 

and marly limestones in the syn-rift sequence (Cal Mestre locality) and the base of the 

syn-orogenic sequence (Sant Antoni and Abella de la Conca localities). These surfaces 

correspond to centimeter-thick and striated discrete planes cemented by calcite. 
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F9 consists of WNW-ESE right-lateral strike slip faults affecting pre-orogenic units in 

Montagut locality (decametric F9a faults) and Cal Mestre locality (metric F9b faults). In 

the Cal Mestre locality, these faults developed during the strike-slip reactivation of earlier 

F1b extensional faults due to their favorable orientation with respect to N-S to NNW-SSE 

shortening direction. This is evidenced by the presence of slicken lines and striae sets 

showing crosscutting relationships. F9b includes subordinate NNE-SSW left-lateral 

faults. 

F10 consists of E-W to WSW-ENE centimetric and steeply dipping veins affecting the 

syn-orogenic sequence in Abella de la Conca locality. These veins are bed-perpendicular, 

up to 1 or 2 cm thick and show extensional (mode I) openings. 

F11 to F13 consist of three vein sets differentiated by their orientation and crosscutting 

relationships between them. These sets exclusively occur in the damage zone of the 

Bóixols thrust in Forat de Bóixols locality (F14a). F14 consists of the E-W trending and 

south-verging Bóixols thrust dipping 15º to 30º towards the north in the Forat the Bóixols 

and in Abella de la Conca localities (F14a and F14b, respectively). In both localities, the 

Bóixols thrust displaces the vertical to overturned southern forelimb of the Sant Corneli-

Bóixols anticline generating up to 7 m thick fault cores. The Bóixols thrust zone and the 

associated fracture networks (F11 to F13) in the Forat de Bóixols locality represent 

important structures of discussion in this PhD thesis and thereby, they will be described 

in detail at the end of this section. 

F15 are E-W to WSW- ENE calcite veins oriented sub-perpendicular to the bedding 

strikes. These veins are up to 1 meter long and less than 1 centimeter thick and are present 

in the pre-orogenic unit (Cal Mestre locality) and in the syn-orogenic sequence (Orcau 

locality). 

F16 corresponds to metric N-S to NW-SE and subordinated NE-SW conjugate calcite 

veins dipping between 60º and 85º. The occurrence of these veins (fracture intensity) 

increases towards F17 faults. F16 veins affect the syn-rift unit (Cal Mestre locality) and 

the lower and upper part of the syn-orogenic sequence (Abella de la Conca and Coll de 

Nargó localities, respectively). 

F17 consists of N-S to NW-SE and less abundant NE-SW conjugate strike slip faults. 

This set includes decametric (F17a, F17b, F17d) and metric (F17c, F17e) faults that are 

mainly subvertical, regardless of the bedding dips, and that show displacements from a 
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few centimeters up to several meters. Deformation associated with F17 faults is either 

localized on discrete polished slip surfaces or accommodated along an up to 1 m thick 

fault core formed of brittle incohesive fault rocks. Sub-horizontal slickenlines present on 

the slip planes indicate pure strike-slip kinematics. F17 faults affect most of the studied 

units and are observed in all the structural positions of the anticline, that is, in the 

backlimb (Montagut and Sant Joan localities), in the fold core (Cal Mestre locality) and 

in the syn-orogenic sequence (Sant Antoni and Coll de Nargó localities). 

F18 includes metric to decametric NNW-SSE extensional faults dipping 50º to 80º either 

towards the SW or NE and affecting the pre-orogenic sequence around the Montagut fault 

system (Montagut locality). Deformation associated with these faults is mainly localized 

in discrete slip planes exhibiting subvertical striae sets or in centimetric fault cores 

constituted of grey to reddish calcite-cemented breccias. F18 faults exhibit centimetric to 

metric displacements.  

F19 consists of metric and steeply dipping NE-SW and NW-SE extensional faults 

deforming the syn-orogenic sequence in Abella de la Conca locality. Deformation 

associated with these faults is localized in discrete polished slip planes showing 

centimetric displacements. 

F20a is constituted of WNW-ESE right-lateral strike slip reactivations of earlier 

developed faults (F9a) in the Montagut fault system (Montagut locality) as evidenced by 

the presence two different calcite cements. F20b corresponds to WSW-ENE calcite veins 

dipping between 60 and 80º towards the south. They are less than 1 meter long and occur 

in the syn-orogenic sequence (Orcau locality). 

F21 corresponds to the Sant Joan fault system, which consists of metric to decametric 

NNE-SSW to NE-SW extensional faults dipping around 60º towards the NW and SE in 

Sant Joan locality. These faults present striae sets indicating dip-slip kinematics and are 

widely present offsetting the pre-orogenic Upper Cretaceous sequence in the backlimb of 

the anticline. Deformation associated with F21 faults is accommodated in discrete slip 

planes or in up to two-meter-thick fault cores that are constituted of calcite-cemented 

breccias. 

F22 and F23 correspond to NNW-SSE to WNW-ESE normal faults and strike-slip faults 

developed as subsidiary metric slip planes around the Montagut fault system (Montagut 

locality). 
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Fig. 13. Spatial and temporal distribution of fractures (F1 to F23) and related calcite cements (Cc1 to Cc23) 
within the Sant Corneli-Bóixols anticline. The lower-hemisphere equal-area projections are arranged 
according to the structural position of the anticline, the study localities and the involved host rocks. Plots 
are also grouped in three geochemical groups (blue, red and yellow squares) that will be explained in the 
geochemical section. 
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The Bóixols thrust in the Forat de Bóixols locality 

In the central part of the Sant Corneli-Bóixols anticline, the southern tilted limb is offset 

by the low-dipping and south-directed Bóixols thrust in Forat the Bóixols and Abella de 

la Conca localities). In the Forat de Bóixols locality, the Bóixols thrust is well exposed, 

exhibiting a complex calcite-filled fracture network (sets F11 to F14) developed in the 

thrust zone of this reverse fault. This thrust zone represents an exceptional field analogue 

to observe in a 300 m-long outcrop the variation in deformation mechanisms developed 

across a fault zone and their contribution as seal or conduit for fluids. In this locality, the 

Bóixols thrust juxtaposes the Upper Cretaceous Santa Fe Formation against the Collada 

Gassó Formation (Fig. 5). 

The thrust zone exhibits a classical fault organization with a main slip plane, a fault core 

and two surrounding damage zones within the footwall and hanging wall, respectively 

(Fig. 14, 15). The slip plane locates immediately below the fault core, strikes E-W, dips 

between 15 and 30o N and has a displacement of several hundred meters juxtaposing the 

Cenomanian-Turonian sequence of the hanging wall against the Coniacian succession of 

the footwall. The fault core overlying the slip plane consists of a 2 to 7 m thick, light grey 

to yellowish foliated cataclasite. This foliated cataclasite is characterized by well-

developed S-C shears forming sigmoidal lenses (imbricated lithons), a combination of 

host rock carbonate and calcite lenses within a fine-grained micritic matrix with abundant 

calcite cement. Imbricated lithons are bounded by well-developed pressure-dissolution 

seams or stylolites. S-C shears and stylolites strike ENE-WSW, compatible with the 

NNW-SSE shortening direction. Orange to reddish clay minerals concentrate along 

pressure-dissolution surfaces, and are locally scattered within the micritic matrix. 

The transition from the fault core to the hanging wall damage zone is marked by discrete 

S-C sigmoidal shears without the development of foliated cataclasite, or by a discrete, 

discontinuous slip plane mineralized with calcite. Both, the footwall and hanging wall 

damage zones comprise multiple sets of systematically and randomly oriented calcite-

cemented fractures (i.e., veins) developed at both sides of the fault core (Fig. 14, 15). 

Although in both cases there is a progressive increase in deformation and vein intensity 

from the protolith towards the fault core, the geometry of veins differ from one to another 

damage zone. 
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In the footwall damage zone, there are two areas showing different vein characteristics 

(Fig. 14a). The first area is around 30 m wide from the protolith and is characterized by 

three systematically oriented vein systems (F11 to F13) with clear crosscutting 

relationships between them (Fig. 14a-c). F11 consists of NNW-SSE extensional veins 

dipping between 50 and 70o to the SW. They are up to 1 – 2 m long and less than 2 cm 

thick. F12 is characterized by E-W extensional veins steeply dipping to the S-SW. These 

veins are several meters long and up to 5 cm thick. F13 consists of N-S and NE-SW en 

échelon conjugate sets of tension gashes (i.e., hybrid extensional-shear calcite veins) 

gently dipping towards the NW. These veins are centimetric-sized and have sigmoidal 

shapes. The second area observed in the footwall covers around 15 - 20 m between the 

first area and the fault core and is dominated by randomly oriented calcite veins defining 

a dilational mosaic to chaotic breccia. 

By contrast, in the hanging wall, the damage zone is narrower, only concentrated in the 

15 - 20 meters near the fault core (Fig. 14d), and it is defined by randomly oriented calcite 

veins defining an incipient crackle breccia (proto-breccia). Fracture density is lower than 

within the footwall damage zone. 
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Fig. 14. (a) Sketch of the spatial distribution of veins within the outcrop. In the footwall, three 
systematically oriented vein systems (F11 to F13) (b) evolve to randomly oriented veins located next to the 
fault core (c). In the hanging wall, only randomly oriented veins are observed (d).    
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Fig. 15. Spatial distribution and crosscutting relationships between veins developed within the Bóixols 
thrust zone in Forat de Bóixols locality. Vein density increases towards the fault plane. In the footwall, 
three vein systems: F11, F12, F13 (a, b, c, respectively) evolve to randomly oriented veins (d) on 
approaching the fault core (e). In the hanging wall, only randomly oriented veins are observed, being more 
chaotic towards the fault plane (f). The red circles refer to sample location. 
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4.4. Petrographic features of calcite cements 

The integrated use of crosscutting relationships as well as petrographic and geochemical 

analyses applied to vein cements have allowed us to characterize the whole paragenetic 

sequence in the Estamariu thrust and in the Sant Corneli-Bóixols anticline. In the 

Estamariu thrust, up to 7 calcite cements have been recognized in the different structures 

and microstructures. In the Sant Corneli-Bóixols anticline, 23 cements were found in the 

several fracture sets described in the last section. The petrographic description using 

conventional and cathodoluminescence (CL) microscopes of the successive vein cements 

from fractures is summarized in Tables 1-2 and Figs. 16-17. 

 

Table 1. Main petrographic characteristics of the calcite cements found in the Estamariu thrust. 

Calcite 
cement 

Set Locality Cathodoluminescence Main textural and petrographic features 

Cc0 V0 C Dark brown Blocky to elongated blocky crystals (Fig. 16a). 
Cc1a V1a C Dark brown Up to 3-4 mm anhedral and blocky crystals (Fig 16b-c). 
Cc1b V1b C Bright yellow Up to 0.1 mm-sized blocky crystals. 
Cc2 V2 C Dull to bright orange Up to 3 mm-sized blocky to elongated blocky crystals (Fig. 

16d-e).  
Cc3 V3 C Dull orange to non-

luminescent 
Up to 3 mm-sized efibrous crystals, growing perpendicular 
to the fracture walls (Fig 16f-g). 

Cc4 V4 C Dark orange Up to 2 mm-sized blocky to elongate blocky crystals. 
Cc5 V5 C Non-luminescent Greyish microsparite. 

 

 

Table 2. Main petrographic characteristics of the calcite cements in the Sant Corneli-Bóixols anticline. 

Calcite 
cement 

Set Locality Cathodoluminescence Main textural and petrographic features 

Cc1a F1a B Dull brown to dark orange Up to 3 – 4 mm elongate to fibrous crystals. 
Cc1b F1b CM Dark brown to non-

luminescent 
Up to 7 mm elongated to fibrous, locally blocky crystals. 

Cc2 F2 MGT Brown to dark yellow 0.4 to 1 mm-sized blocky crystals, local presence of thin 
twin planes. 

Cc3 F3 SET Brown Up to 3-4 mm-sized elongated to fibrous crystals.  
Cc4 F4 CN Dull orange to non-

luminescent 
Up to 1.5 mm-sized elongated blocky crystals, growing 
perpendicular to the fracture walls, locally up to 4 mm 
anhedral to subhedral blocky crystals. 

Cc5a F5a ABC Dark brown to dark orange Up to 2 mm-sized anhedral blocky crystals. 
Cc5b F5b SA Dark brown to non-

luminescent 
Up to 7 mm elongate to fibrous crystals. 

Cc6a F6a SJ Zoned bright orange to non-
luminescent 

0.5 to 5 mm long blocky to elongate blocky crystals (Figs 
17a-b).  

Cc6b F6b CN Non-luminescent Up to 4 mm elongated to fibrous crystals, locally up to 2 mm 
in blocky crystals. 

Cc6c F6c OC Dark to bright brown Up to 5 mm blocky and up to 7 mm elongate crystals 
growing perpendicular to the fracture walls. 

Cc7 F7 OC Brown to dark orange Up to 5–6 mm long blocky crystals. 
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Cc8 F8 CM 
SA 

ABC 

Dark brown to non-
luminescent 

Up to 5 mm elongated to fibrous crystals arranged parallel to 
the fracture walls and parallel to bedding surfaces. 

Cc9a F9a MGT Dark orange Up to 5 mm-sized blocky crystals. 
Cc9b F9b CM Dark brown Up to 4 -5 mm-sized elongated to fibrous crystals.  
Cc10 F10 ABC Dark brown to non-

luminescent 
Up to 1 mm-sized blocky crystals with local thin twin planes 
and up to 5 mm-sized elongated crystals growing 
syntaxially. 

Cc11 F11 FB Dark- to bright orange Up to 1 mm-sized blocky crystals locally displaying 
mechanical twinning and growing syntaxially (Figs 17c-d). 

Cc12 F12 FB Non-luminescent to bright 
orange concentric zonation 

0.2 to 5 mm-sized blocky to elongated blocky crystals 
growing syntaxially (Figs 17c-d). 

Cc13 F13 FB Dull orange  Up to 0.5 mm-sized anhedral blocky to elongated blocky 
crystals. 

Cc14a F14a FB Dark brown  Up to 1 mm anhedral crystals. 
Cc14b F14b ABC Dark brown Up to 2 mm anhedral to subhedral blocky crystals. 
Cc15a F15a CM Dark brown to non-

luminescent 
Up to 5 mm elongated to fibrous crystals, growing 
perpendicular to the fracture walls, and local up to 2 mm 
long anhedral blocky crystals (Figs 17e-f). 

Cc15b F15b OC Dark orange Up to 3–4 mm blocky crystals. 
Cc16a F16a CM Non-luminescent Up to 1 mm blocky crystals. 
Cc16b F16b CN Orange to bright yellow Blocky and elongate blocky crystals ranging in size from 1 

to 4 mm. 
Cc17a F17a MGT Brown to dark orange Up to 1.5 mm long elongated blocky crystals. 
Cc17b F17b SJ Dull to bright yellow Up to 6 mm elongated to fibrous crystals (Figs 15g-h). 
Cc17c F17c CM Dark to bright brown Up to 3 mm elongated to fibrous crystals and up to 1 mm 

long blocky crystals. 
Cc17d F17d CN Dull to bright orange Anhedral to subhedral blocky crystal ranging in size from 

0.1 to 2 mm. 
Cc17e F17e SA Dark brown Elongated to fibrous crystals ranging in size from 0.1 to 2 

mm. 
Cc18 F18 MGT Dark brown 0.1 to 4 mm-sized elongated blocky crystals. 
Cc19 F19 ABC Dull brown 0.2 to 4 mm-sized crystals with a blocky texture. 
Cc20a F20a MGT Dark orange Up to 4 mm-sized blocky to elongated blocky crystals. 
Cc20b F20b OC Dark to light brown Up to 1 mm in size blocky crystals. 
Cc21 F21 SJ Bright brown to dark orange 0.1 to 1 mm-sized (locally up to 4 mm) blocky and 

inequigranular crystals. 
Cc22 F22 MGT Dark brown  Up to 2 mm-sized blocky crystals showing local twin planes. 
Cc23 F23 MGT Dark orange Up to 8 mm-sized anhedral to subhedral crystals with a 

blocky texture. 
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Fig. 16. Optical and CL microphotographs showing the main textural features of the studied calcite cements 
in the Estamariu thrust. (a) Stylolites e1 and calcite cement Cc0 affecting the Devonian encrinites from the 
hanging wall. (b) Cross-polarized light and (c) CL microphotographs of Cc1a concentrated between 
foliation surfaces S2. (d) Cross-polarized light and (e) CL microphotographs of calcite cement Cc2 located 
on the main thrust slip plane. (f) Cross-polarized light and (g) CL microphotographs of calcite cement Cc3 
(V3), characterized by calcite fibers growing perpendicular to the vein walls. 
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Fig. 17. Paired optical and CL microphotographs showing the main textural features of the studied calcite 
cements in the Sant Corneli-Bóixols anticline. (a) and (b) Cement Cc6a with a blocky texture and exhibiting 
a concentric zoned luminescence. (c) and (d) Cements Cc11 and Cc12 exhibiting a blocky texture and 
featuring a dark orange luminescence and a concentric zonation, respectively. (e) and (f) Cements Cc15a 
characterized by elongated to fibrous crystals arranged perpendicular to the vein walls and displaying a 
dark to non-luminescence. (g) and (h) Cement Cc17b with and elongated blocky texture and a dull yellow 
luminescence. 
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4.5. Geochemistry of calcite cements and host rocks 

Stable 18 13C) and clumped isotopes, 87Sr/86Sr ratios and the elemental 

composition of the successive calcite vein generations and related host rocks are 

summarized in Figs 18-21. In order to discuss all the complexity of the geochemical data, 

the studied calcite cements have been assembled in three groups, according to similarities 

of the main geochemical features. Group 1 is only present in the Sant Corneli-Bóixols 

anticline, whereas group 2 and group 3 are present in both studied domains. 

Group 1 calcites includes dark to non-luminescencent calcite cements, similar to their 

adjacent marine host rocks, either the Lower Cretaceous marls of the Lluçà Formation or 

the Upper Cretaceous 13C 

values and 87Sr/86Sr ratios similar to their adjacent host rocks, which are typical of marine 

carbonates (Figs 18, 20) (Veizer et al., 1999). They are also characterized by Sr contents 

between 600 and 5000 ppm, Mn contents lower than 200 ppm, REE contents lower than 

20 ppm and Y/Ho ratios higher than 50 (Fig. 2 18O values of these cements are 

similar to or up to 5 ‰VPDB lighter than those values of their correspondent host rocks 

(Fig. 18). Group 1 cements are present in the core of the Sant Corneli-Bóixols anticline 

at Cal Mestre locality (Cc1b, Cc8, Cc9b, Cc15a, Cc16a and Cc17c) and in the lowest part 

of the syn-orogenic sequence from the footwall of the Bóixols thrust, this is, in Sant 

Antoni locality (Cc5b, Cc8 and Cc17e) and locally in Abella de la Conca locality (Cc10 

and Cc19). The geochemistry of all these cements reflects in general the composition of 

their host carbonates. 

Group 18O values, from -14 

‰VPDB to -8 ‰VPDB, which are up to 10 ‰VPDB lighter than their correspondent 

host rocks (Fig.18 13C values between -12 ‰VPDB and +2 

‰VPDB, which may either be similar or lighter than those values of their adjacent host 

rocks (Fig. 18). Group 2 cements precipitated in large-scale faults and related fractures in 

the Estamariu thrust (Cc1a to Cc4) and in the Sant Corneli-Bóixols anticline (Cc1a, Cc2, 

Cc3, Cc4, Cc5a, Cc6c, Cc7, Cc9a, Cc13, Cc14a, Cc14b, Cc15b, Cc17a, Cc17b, Cc17d, 

Cc18, Cc20a, Cc20b, Cc21, Cc22 and Cc23). In the Estamariu thrust, group 2 cements 

yield 87Sr/86Sr between 0.713018 and 0.718294 (Fig. 20) and display low Sr contents 

(bettwen 70 and 700 ppm), very high Mn contents (up to 8200 ppm), high REE contents 

(up to 900 ppm) and low Y/Ho ratios (Fig. 21). In the Sant Corneli-Bóixols anticline, 
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group 2 cements have 87Sr/86Sr ratios between 0.7074 and 0.7080 and exhibit low to 

intermediate Sr contents (between 300 and 2000 ppm), intermediate Mn contents (less 

than 700 ppm), low REE contents (less than 100 ppm) and intermediate Y/Ho ratios 

(between 40 and 80) (Fig. 21). Additionally, according to clumped isotopes, group 2 

exhibits the highest te 18Ofluid (Fig. 19). In the 

Estamariu thrust, these high values are up to 210 ºC and up to +12 ‰SMOW, 

respectively, and in the Sant Corneli-Bóixols anticline, up to 120 ºC and up to +5.5 

‰SMOW, respectively. 

 

Fig. 18. Stable isotopic composition ( 18O vs. 13C) of the three groups of calcite cements and host rocks. 
Solid symbols refer to calcite cements and open symbols refer to their associated host rocks. 
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Fig. 19. Temperature (T) of precipitation and 18Ofluid obtained for representative calcite cements from the 
two studies domains. Legend of symbols in Fig. 18. 

Group 3 calcites 18O values, 

between -8 and - 13C-depleted values, between -10 and +2 ‰ VPDB, 

which are up to 10 ‰ VPDB lighter than their surrounding host rocks (Fig. 18). These 

cements display the lowest Sr contents (less than 500 ppm), intermediate Mn contents (up 

to 1400 ppm), Y/Ho ratios less than 60 (Fig. 21). Group 3 cements precipitated in 

fractures postdating the Estamariu thrust (Cc5 in Cerc locality) and in centimetric to 

metric-scale fractures in the backlimb (Cc6a in Sant Joan locality) and forelimb 

(Cc6b/Cc16b in Coll de Nargó locality and Cc11-Cc12 in Forat de Bóixols locality) of 

the Sant Corneli-Bóixols anticline. In the Estamariu thrust, group 3 cements yield 
87Sr/86Sr of 0.716923 and REE contents between 70 and 110 ppm. In the Sant Corneli-

Bóixols anticline, group 3 cements have low REE contents (lower than 40 ppm) and 
87Sr/86Sr ratios between 0.7073 and 0.7077, which are lower than values of their 

correspondent host rocks but within the range of Cretaceous carbonates (McArthur et al., 

2012) (Fig. 20). Additionally, the temperature of precipitation and composition of the 

parent fluids has also been calculated for representative cements belonging to group 3. 
18Ofluid for Cc6b range between 25 and 57 ºC and between 

- 18Ofluid for Cc11 range from 

42 to 51 ºC and -1.8 to - 18Ofluid between 
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64 and 78 ºC and between +3.7 and +5.9 ‰SMOW, respectively. Cc16b displays T and 
18Ofluid in the range of 80 to 90 ºC and from +1 to +2 ‰SMOW. 

 

Fig 20. Simplified geological map of the South-Central Pyrenees showing the two studied domains and the 
location of previous studies where 87Sr/86S ratios have been carried out. a) 87Sr/86S ratios from this study 
compared to results from other structures involving either cover units (1-8) or basement rocks (9-14). The 
blue thick line refers to the 87Sr/86Sr range of Phanerozoic seawater and the dashed brown line represents 
the 87Sr/86Sr limit value between basement and cover structures. 1. El Guix anticline (Travé et al., 2000), 2. 
Puig Reig anticline (Cruset et al., 2016), 3. L’Escala thrust (Cruset et al., 2018), 4.Vallfogona thrust (Cruset 
et al., 2018), 5. Ainsa basin (Travé et al., 1997), 6. Ainsa-Bielsa area (McCaig et al., 1995), 7. Lower 
Pedraforca thrust (Cruset et al., 2020a), 8. Upper Pedraforca thrust (Cruset, 2019), 9. Gavarnie thrust 
(McCaig et al., 1995), 10. Pic de Port Vieux thrust (Banks et al., 1991), 11. Pic de Port Vieux thrust (McCaig 
et al., 2000b), 12. Plan de Larri thrust (McCaig et al., 1995), 13. La Glere shear zone (Wayne and McCaig, 
1998). 14. Trois Seigneurs Massif (not in the map) (Bickle et al., 1988). b) 87Sr/86S ratios obtained in the 
Sant Corneli-Bóixols anticline as a function of the LOWESS curve that represents the 87Sr/86S ratios of 
seawater through time (McArthur et al., 2012). Legend of symbols in Fig. 18. 
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Fig. 21. Elemental composition of the three groups of calcites from the two studied domains. (a) Sr contents. 
(b) Mn contents. (c) Rare Earth Elements (REE) contents. (d) Y/Ho ratios. Legend of symbols in Fig. 18. 

Additionally, another important aspect to highlight is that this study also attempted to 

provide other novel geochemical constraints based on the use of neodymium isotopes 

(143Nd/144Nd) as a tracer of the fluid origin. However, due to the general low Nd 

concentrations in most of the analyzed calcite cements, only two values could be 
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measured in samples from the Estamariu thrust. These samples correspond to the latests 

generation of calcite cement in the area (Cc5) and the andesite host rock from the 

footwall. Cc5 has a 143Nd/144Nd ratio of 0.512178, which is similar to the one of its 

footwall host rocks, which is 0.512196. 

4.6. U-Pb geochronology of calcite cements 

U-Pb ages were measured for different fracture-filling calcite cements that precipitated in 

the study area. However, U-Pb dating of calcite cements in the Estamariu thrust failed 

due to their high lead contents and low uranium contents. Therefore, the relative timing 

of the different structures and microstructures in this thrust has been determined by means 

of crosscutting relationships and microstructural analysis. Contrarily, in the Sant Corneli-

Bóixols anticline 23 U-Pb ages were obtained (Table 3). These ages vary from Late 

Cretaceous (79.8 ± 1.2 Ma) to late Miocene (9.0 ± 4.6 Ma). Most of these dates were 

acquired for calcite cements from group 2 (18 out of 23), which precipitated along the 

Bóixols thrust, the Montagut fault system and other large faults and related fractures 

affecting the entire anticline. The other ages were measured in cements from group 1 (3 

out of 23) and cements from group 3 (2 out of 23). These results together with eight 

previously published dates (Cruset et al., 2020b; Haines, 2008) provide a well constrained 

absolute timing of deformation in the frontal anticline of the Bóixols thrust sheet as 

summarized below. 

The Bóixols thrust has been studied in Setcomelles, Forat de Bóixols and Abella de la 

Conca localities (F3, F14a and F14b, respectively). At Setcomelles, a previously reported 

date for the Bóixols thrust yielded a Late Cretaceous age (71.2 ± 6.4 Ma) (Haines, 2008), 

whereas the reported age at Forat de Bóixols was 55.5 ± 1.2 Ma (Cruset et al., 2020b). 

Both dates are older than the new U-Pb age reported in this study for the Bóixols thrust 

at Abella de la Conca (36.6 ± 7.9 Ma). 

In the several faults that constitute the Montagut fault system we obtained 13 U-Pb dates. 

These present important age variations from the oldest one during the Late Cretaceous at 

79.8 ± 1.2 Ma (for Cc2) to the youngest one during the late Miocene at 9 ± 4.6 Ma (for 

Cc23). This dataset has been completed with two previously published dates in the area, 

which also yielded early and middle Miocene ages at 18.5 ± 0.5 Ma and 12.7 ± 2.9 Ma 

(Cruset et al., 2020b). These results point to successive episodes of fault development 

and/or reactivation affecting the Upper Cretaceous Sant Corneli Formation at the 
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Montagut locality. In this locality, we report the formation and/or reactivation of normal 

faults during precipitation of calcite cements Cc2 (at 79.8 ± 1.2 Ma), Cc18 (at 48.8 ± 8.6 

Ma to 43.9 ± 0.7 Ma), Cc22 (at 20.8 ± 1.2 Ma to 16.8 ± 0.2 Ma) and Cc23 (9 ± 4.6 Ma), 

which precipitated in fractures F2, F18, F22 and F23, respectively. Therefore, the calcite 

cement Cc2 yielded a Late Cretaceous date, which is: (i) the oldest obtained age in this 

contribution and, (ii) older than the first age documented for the Bóixols thrust (71.2 ± 

6.4 Ma, Haines, 2008). Ages for the Organyà fault and other pre-shortening fractures were 

not obtained in this study. 

In the same way, at the Montagut locality, we document the formation and/or reactivation 

of strike-slip faults during precipitation of calcite cements Cc9a (at 58.7 ± 1.1 Ma), Cc17a 

(at 45.5 ± 0.8 Ma to 37.8 ± 3.5 Ma) and Cc20a (at 27.6 ± 2.3 Ma), which precipitated in 

fractures F9a, F17a and F20a, respectively. The precipitation of calcite cement Cc17a in 

strike-slip faults during the Lutetian, coincides with the formation of similar strike-slip 

faults in other localities, according to the age of their related cements Cc17b at 43.4 ± 3 

Ma (Sant Joan locality) and cement Cc17e at 45.7 ± 9.7 (Sant Antoni locality). 

At the Sant Joan locality, we did not obtain ages for the Sant Joan fault system (F21). 

However, we measured two dates for calcite cement Cc6a (67.1 ± 2.2 Ma and 65.4 ± 1.3 

Ma), which precipitated in metric fractures (F6) in this locality. The former age has a 

mean squared weighted deviate (MSWD) of 10.6 (Table 3). As this values is higher than 

2, it could indicate a mixing of ages, an open system or an incomplete initial equilibration 

of the Pb isotopes (Rasbury and Cole, 2009). 

Other obtained ages in the Sant Corneli-Bóixols anticline account for the background 

deformation represented by fracture systems at different scales and studied at distinct 

localities. In this line, we document the formation of layer-parallel slip surfaces at 61 ± 

21.8 Ma, according to its associated calcite cement Cc8 at Abella de la Conca locality. 

Similarly, we also report the formation and/or reactivation of meter-scale fractures during 

the Late Cretaceous to Oligocene, according to precipitation of calcite cements Cc6b (at 

67.9 ± 3.9 Ma), Cc10 (at 56.9 ± 1.4 Ma), Cc15a-Cc15b (at 44.7 ± 4 Ma to 43.9 ± 1 Ma) 

and Cc20b (at 27.4 ± 0.9 Ma). These cements precipitated in fractures F6b, F10, F15 and 

F20b, respectively. 

Table 3. U-Pb ages obtained for the different calcite vein generations. Cc3 from Haines, 2008; Cc5b from 
Guillaume et al., 2008, and Cc6b, Cc14a, Cc15a, Cc17e, Cc22 and Cc23 from Cruset et al., 2020b. 
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Cc Sample F Locality Age (Ma)  MSWD Upper 

intercept 

Number of 

spots 

Cc2 Mgt21a F2 MGT 79.8 1.2 1.3 0.7982±0.1746 20 

Cc3 - F3 SET 71.2 6.4 - - - 

Cc5a Abc34 F5a ABC 67 0.7 1.3 0.8227±0.0041 12 

Cc5b - F5b SA 69 - - - - 

Cc6a Bx47a F6a SJ 67.1 2.2 10.6 0.8118±0.0160 20 

Cc6a Bx47 F6a SJ 65.4 1.3 1.3 0.8157±0.0070 20 

Cc6b Cn38 F6b CN 67.9 3.9 1 0.8364±0.0110 27 

Cc8 Abc24 F8a ABC 61.2 21.8 1.5 0.8415±0.038 25 

Cc9a Mgt35a F9a MGT 58.7 1.1 1 0.8213±0.0157 20 

Cc10 Abc22 F10 ABC 56.9 1.4 1.3 0.8261±0.0239 20 

Cc14a Bx5 F14a FB 55.5 1.2 1.3 0.8210±0.0065 24 

Cc14b Abc3 F14b ABC 36.6 7.9 0.78 0.8055±0.0145 21 

Cc15a Bx16 F15a CM 44.7 4 0.5 0.8483±0.0091 23 

Cc15b Bx26 F15b OC 43.9 1 1.5 0.8446±0.0050 21 

Cc17a Mgt15 F17a MGT 45.5 0.8 1.4 0.8341±0.0072 21 

Cc17a Mgt15a F17a MGT 42.1 2.6 1.4 0.8521±0.0102 20 

Cc17a Mgt20 F17a MGT 37.8 3.5 1.2 0.8288±0.0043 19 

Cc17b Bx46 F17b SJ 43.4 3 1 0.8232±0.0064 20 

Cc17e Bx33 F17e SA 45.7 9.7 0.7 0.8417±0.0081 20 

Cc18 Mgt24 F18 MGT 48.8 8.6 0.9 0.8449±0.0253 24 

Cc18 Mgt21b F18 MGT 45.3 2.5 0.4 0.8074±0.0568 20 

Cc18 Mgt3 F18 MGT 43.9 0.7 1.2 0.7629±0.0598 20 

Cc19 Abc32 F19 ABC 33.2 0.8 0.9 0.8219±0.0098 20 

Cc20a Mgt35b F20a MGT 27.6 2.3 0.5 0.8061±0.0438 21 

Cc20b Bx28 F20b OC 27.4 0.9 1.3 0.8389±0.0074 20 

Cc22 Mgt3 F22 MGT 20.8 1.2 1.2 0.8143±0.0059 18 

Cc22 Mgt2 F22 MGT 18.1 0.5 1.3 0.8392±0.0087 9 

Cc22 Mgt1 F22 MGT 16.8 0.2 1.6 0.8115±0.0815 15 

Cc22 Mgt9 F22 MGT 18.5 0.5 1.4 0.8232±0.0092 27 

Cc23 Mgt9 F23 MGT 12.7 2.9 0.9 0.8234±0.0039 23 

Cc23 Mgt33 F23 MGT 9 4.6 0.4 0.8134±0.0025 21 
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5. OVERALL DISCUSSION: SYNTHESIS OF THE MAIN RESULTS 

5.1. Timing of deformation: fracture development and related tectonic setting 

Several approaches have been applied in this PhD thesis to determine the chronology of 

the studied structures. In the Estamariu thrust, U-Pb dating of the vein cements failed due 

to their high lead contents and low uranium contents and therefore, the relative timing of 

the different mesostructures and microstructures has been determined by means of 

crosscutting relationships and microstructural analysis. In the Sant Corneli-Bóixols 

anticline the timing of deformation has been constrained by means of U-Pb 

geochronology of the vein cements as well as field structural data and crosscutting 

relationships between fractures.  

In the Estamariu thrust, the observed structures and microstructures have been 

attributed to three stages of regional deformation including Variscan and Alpine 

compressional phases and the subsequent Neogene extension. The Estamariu thrust is 

Variscan in origin (Poblet, 1991) but in the study area, it affects late to post-Variscan 

Stephano-Permian andesites, thus confirming its reactivation during the Alpine orogeny. 

Therefore, the structures that are attributed to the Variscan orogeny correspond to the 

background deformation that is only found in pre-Variscan (Devonian) rocks located in 

the hanging wall of the Estamariu thrust. This pre-Variscan sequence is affected by a 

decametric-scale anticline and pervasive axial plane regional foliation (S1). Therefore, 

these structures are considered as developed during the Variscan compression, 

contemporaneous with the main activity of the Estamariu thrust. Similar structures, 

multiscale folds and axial plane regional foliation, broadly developed during the main 

Variscan deformation phase in the Paleozoic metasedimentary rocks from the Pyrenean 

basement (Zwart, 1986; Bons, 1988; Cochelin et al., 2018). In addition, Veins V0 are and 

stylolites e1 are only concentrated in the Devonian rocks of the hanging wall and therefore 

are interpreted as originating coevally, probably in Variscan times.  

The structures that are strictly attributed to the Alpine reactivation of the Estamariu thrust 

are those structures indicating reverse kinematics or associated with a compressional 

stress, which are found within the thrust zone deformation at the contact between 

Devonian and Stephano-Permian units. Calcite veins V1a and V2 (and related cements 

Cc1a and Cc2), exclusively occurring within the Estamariu thrust zone, belong to this 

Alpine stage. Associated with this ongoing deformation and progressive shortening, 
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stylolites e2 developed as sutured areas between host rock and veins V1a and between 

foliation surfaces, coevally with the development of veins V1b, as denoted by their 

crosscutting relationships and orientations. 

Other structures present in the study area, such as veins V3 to V5 and related cements 

Cc3 to Cc5, postdate the compressional deformation and are compatible with an 

extensional regime. Therefore, these structures have been attributed to the Neogeen 

extension. Veins V3 precipitated in the subsidiary thrust zone developed in the footwall 

of the Estamariu thrust. These veins strike parallel to, and locally crosscut, the thrust zone 

foliation (S2) and are characterized by calcite fibers growing perpendicular to the vein 

walls and to the foliation surfaces (Fig. 16f), thus postdating the compressional 

deformation and evidencing their extensional character. Veins V4 precipitated in 

subvertical and E–W mesoscale faults affecting the Stephano-Permian andesites away 

from the thrust zone. The fault orientation and dip that bound the Cerc basin and postdate 

the Estamariu thrust as well as the two striae set generations observed on the fault planes 

are compatible with the Neogene extensional faults (Cabrera et al., 1988; Roca, 1996; 

Saura, 2004). Calcite cements Cc3 and Cc4, occluding veins V3 and V4, have a similar 

geochemical composition, supporting the idea that their precipitation occurred during the 

same tectonic event and associated with a similar fluid regime (i.e., although these 

cements precipitated in different structures, they are likely contemporaneous). Finally, 

veins V5 (and related cement Cc5) precipitated locally in shear fractures crosscutting and 

postdating the thrust-related deformation. These veins strike parallel to the shear bands 

(Cn) located in the main thrust zone, exhibiting normal slip kinematics, postdating the 

reverse structures, and therefore indicating reactivation of the Estamariu thrust during the 

Neogene extension. 

In the Sant Corneli-Bóixols anticline, this PhD thesis provides a robust 

geochronological dataset that includes 23 U-Pb ages of fracture-filling calcite cements. 

This dataset coupled with field data and crosscutting relationships between fractures 

allow to constrain the absolute timing of fracturing and to characterize the evolution of 

deformation in the frontal part of the Bóixols thrust sheet. This evolution of deformation 

is interpreted to record the pre-shortening fractures, developed previously to 79.8 ± 1.2 

Ma, and the syn-compression folding and fracturing linked to the emplacement of the 

Bóixols thrust sheet and growth of the Sant Corneli-Bóixols anticline along its front 

between 71.2 ± 6.4 and 56.9 ±1.4 Ma. Our data also reveal the post-emplacement 
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deformation during tectonic transport of the Bóixols thrust sheet to the south over the 

basal thrust of the South-Central Pyrenean Unit, from 55.5 ± 1.2 to 27.4 ± 0.9 Ma, and 

the post-orogenic exhumation of the Bóixols structure, from 20.8 ± 1.2 to 9 ± 4.6 Ma.  

In this line, the oldest obtained date (79.8 ± 1.2 Ma), in a backlimb small normal fault 

from the Montagut locality (F2), is younger than the base of the syntectonic strata along 

the southern limb of the Sant Corneli-Bóixols anticline. Ages for the Organyà fault (F1a) 

and other pre-shortening fractures (F1b) were not obtained in this study. However, this 

pre-shortening deformation consists of WNW-ESE normal faults that are consistent with 

the NNE-SSW extensional regime that predates the Pyrenean compression (Berástegui et 

al., 1990). On the other hand, the Organyà fault juxtaposes the Jurassic pre-rift sequence 

in its footwall with the Lower Cretaceous syn-rift sequence in its hanging wall and 

thereby, this fault has previously been associated with the Early Cretaceous extension 

(Berástegui et al., 1990; Garcia-Senz, 2002). Faults F1b only affect the Lower Cretaceous 

syn-rift Lluçà Formation, which exhibits syn-faulting sedimentary geometries. Therefore, 

normal faults F1b have been considered syn-sedimentary faults and also attributed to the 

Early Cretaceous extension (Tavani et al., 2011).  

Dates ranging from 71.2 ± 6.4 to 56.9 ± 1.4 Ma (calcite cements Cc3 to Cc10) are coeval 

with growth strata deposition along the southern limb of the Sant Corneli-Bóixols 

anticline. Therefore, these ages, obtained for fracture sets F3 to F10, are interpreted to 

record the emplacement of the Bóixols thrust sheet and growth of the Sant Corneli-

Bóixols anticline along its front during the Late Cretaceous to Paleocene (Fig. 13). This 

is consistent with previous estimates placing the emplacement of the Bóixols thrust sheet 

and its eastern equivalent structure, the Upper Pedraforca thrust sheet, from 70.6 ± 0.9 to 

55.3 ± 0.5 Ma (Cruset et al., 2020b). Similarly, authigenic illite dating of the Bóixols 

thrust-related deformation in the Setcomelles locality (F3) yielded an age of 71.2 ± 6.4 

Ma (Haines, 2008), which agrees with growth strata that set the onset of shortening at ca. 

72 Ma (Puigdefàbregas and Souquet, 1986; Bond and McClay, 1995). Besides, we did 

not obtain age for the two conjugated fracture sets (F4). However, the orientation of these 

fractures are compatible with the shortening direction of the Bóixols thrust (F3), and the 

similar petrographic and geochemical features of calcite cements Cc3 and Cc4, which 

precipitated in F3 and F4, accounts for a synchronous development. Fracture set F6 

postdates fractures F4, as evidenced by crosscutting relationships and by the younger U-

Pb age of F6, which yielded 67.9 ± 3.9 to 65.4 ± 1.3 Ma. Similarly, fracture set F7 
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postdates fractures F6 but are characterized by a similar orientation, thus indicating that 

they developed under the same stress field. The orientation of both F6 and F7 coincides 

with the NNW-SSE to NNE-SSW orientation of fractures that have previously been 

interpreted as developed during the main folding stage in the western termination of the 

Sant Corneli-Bóixols anticline (Shackleton et al., 2011). Fractures F8 represents bed-

parallel slip surfaces. Although the obtained age for the cement Cc8 has a large error (61.2 

± 21.8 Ma), the formation of these surfaces is compatible with flexural-slip folding, which 

in turn is attributed to growth of the of the Sant Corneli-Bóixols anticline during the 

Bóixols thrust sheet emplacement (Tavani et al., 2011, 2017). Fracture set F9 is 

characterized by the strike-slip reactivation of inherited extensional faults developed 

during the pre-shortening deformation in the Cal Mestre and Montagut localities (F1b and 

F2, respectively). This reactivation is supported by the presence of overprinting striae sets 

and slickenlines exhibiting dip-slip and strike-slip kinematics and by the coexistence of 

two calcite cements in the same fractures (Cc9a postdating Cc1b and Cc9b postdating 

Cc2). Finally, fracture set F10 yielded a U-Pb age of 56.9 ± 1.4 Ma that postdates the 

previous deformation. The E-W orientation of set F10 is parallel to the fold axis. 

Therefore, these fractures have been associated with local extension due to strata bending, 

as interpreted by Beaudoin et al., 2015 in the Pico del Aguila anticline in the Sierras 

Exteriores in the Central-Western Pyrenees. 

Dates ranging from 55.5 ± 1.2 to 27.4 ± 0.9 Ma, obtained for fractures F14 to F20, are 

Post-Paleocene and postdate the syn-tectonic strata that fossilizes the Bóixols structure. 

Therefore, these ages are interpreted to record the tightening of the entire Bóixols thrust 

sheet including its frontal Sant Corneli-Bóixols anticline during Eocene and Oligocene 

times. The major structural elements of this post-emplacement deformation are 

represented by fractures with a constant orientation independently of the bedding dips, 

and by strike-slip faults (F17) and frontal thrusts (F14) offsetting the steeply dipping 

limbs of the Sant Corneli-Bóixols anticline. Therefore, all these fracture sets developed 

once the strata had already been folded, coeval with the tectonic transport of the Bóixols 

thrust sheet to the south over the basal thrust of the South-Central Pyrenean Unit during 

a period that is characterized by maximum shortening rates (Vergés et al., 2002; Grool et 

al., 2018; Cruset et al., 2020b). In this line, the obtained U-Pb date for the Bóixols thrust 

in the Forat de Bóixols locality (F14a) yielded an age of 55.5 ± 1.2 Ma. Fractures F11 to 

F13 exclusively occur in the fault zone of this Bóixols thrust and they are considered to 
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have developed during the same process of thrusting. The synchronicity between the 

Bóixols thrust in the Forat de Bóixols locality (F14a) and fractures F11 to F13 is further 

explained at the end of this section. In addition, the obtained U-Pb age for the Bóixols 

thrust in the Forat de Bóixols locality (F14a), differs by almost 20 million years from that 

obtained for this thrust in the Abella de la Conca locality (F14b, 36.6 ± 8.0 Ma). However, 

in both places, the Bóixols thrust has the same orientation and exhibit the same relation 

with respect to bedding dips (i.e., it displaces the steeply dipping southern limb of the 

Sant Corneli-Bóixols anticline). Therefore, the obtained time span could be explained by 

a long-lasting faulting history or by a later movement of the main thrust fault during the 

post-emplacement deformation. Fractures F15 have a similar orientation to WSW-ENE 

fractures F10 and are also subperpedicular to the bedding strike. However, the obtained 

U-Pb ages for cements Cc15a and Cc15b (44.7 ± 4.0 to 43.9 ± 1.0 Ma), postdating the 

age of cement Cc10, allowed us to discern distinct fracture systems and to attribute them 

to different deformation stages. Fractures F16 predate strike-slip faults F17, although they 

have a similar orientation. Fractures F16 are interpreted as a pre-slip stage of F17. On the 

other hand, the obtained ages for Cc17a, Cc17b and Cc17e, ranging between 45.7 ± 9.7 

and 37.8 ± 3.5 Ma, are consistent with the formation of strike-slip faults F17 in the 

Lutetian, during the post-emplacement deformation. Faults F18 and F19 are extensional 

and their formation indicates a local extension perpendicular to the main Pyrenean 

shortening direction. Finally, the obtained U-Pb ages for fracture set F20, ranging from 

27.6 ± 2.3 to 27.4 ± 1.0 Ma, mark the end of the post-emplacement deformation during 

the Oligocene. 

Finally, ages ranging from 20.8 ± 1.2 to 9.0 ± 4.6 Ma, obtained for sets F21 to F23, are 

post-Oligocene. Sets F21 to F23 are represented by normal faults that displace already 

folded beds in the northern backlimb of the anticline (the Sant Joan fault system) and by 

subsidiary faults developed around the Montagut fault system (Montagut locality). As 

compressional deformation in the SE Pyrenees is estimated to have finished in the 

Oligocene (Vergés et al., 2002; Grool et al., 2018), such faults likely developed during 

the post-orogenic exhumation of the Bóixols thrust sheet and the Sant Corneli-Bóixols 

anticline along its front during the Miocene. This post-orogenic deformation has also been 

reported in the eastern equivalent of the Bóixols thrust, which corresponds to the Upper 

Pedraforca thrust sheet (Cruset et al., 2020b). 
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Fracturing and veining in the Bóixols thrust zone at Forat de Bóixols locality. The 

relationships between thrusting and fracturing in the Bóixols thrust zone at Forat de 

Bóixols locality is discussed in this section. In this respect, the main stress orientations 

responsible for the development of the Bóixols thrust have been calculated plotting the 

main plane orientation and related slickenlines (Fig. 15e). The estimated stress field 

shows a SSE transport direction, compatible with the N-S to NNW-SSE shortening 

direction reported in the Pyrenees (Choukroune, 1989; Muñoz, 1992; Tavani et al., 2011), 

v 3), characteristic of compressional regimes 

(Sibson, 2004; 2017). Fracture sets F11 to F13, found in the Bóixols damage zone, are 

interpreted as developed during the thrust activity under the same compressional regime 

(Gudmundsson, 2001; García-Senz, 2002; Bense et al., 2013). The synchronicity between 

thrusting and fracturing is supported by the exclusive presence of fractures F11 to F13 in 

the damage zone as well as by the gradual increase in fracture density and slight change 

in strike when approaching the main slip plane. However, the steeply dipping orientation 

of F11 and F12 with respect to 1 axis differs with theoretical models 

that describe the formation of flat- 3 vertical 

1 axis) (Sibson and Scott, 1998; Vermilye and 

Scholz, 1998; Sibson, 2003; 2017). Despite this apparent discrepancy, the presence of the 

same calcite cements (Cc11 and Cc12) in F11-F12 fractures and in the mosaic to chaotic 

breccia developed along the fault plane corroborates the synchronicity between thrusting 

and fracturing. In the case of conjugated fracture systems F13, their bisector angle 

1 3, and therefore, their formation is 

v 3). 

Two mechanisms, a local variation of the stress axes as well as high fluid pressure 

conditions, are invoked to explain the formation of the steeply dipping F11 and F12 

fractures in relation to the low angle reverse fault (Enlow and Koons, 1998; Begbie and 

Craw, 2006; Upton et al., 2008). In the first case, the remote stress fields could have 

varied locally within a constant far-field compressional regime to become properly 

oriented for the development of these fractures (Wilkinson and Johnston, 1996; Vermilye 

and Scholz, 1998; Begbie and Craw, 2006). Such a local variation of the magnitude and 

orientation of the remote stress fields is attributed to the formation of a process zone at 

the front of the fault tip during thrust (slip plane) propagation (Scholz and Dawers, 1993; 

Vermilye and Scholz, 1998). This occurs, firstly, because the fault tip acts as a stress 
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concentrator amplifying the magnitude of the remote stress (Scholz and Dawers, 1993) 

1) exhibits different angles with the 

fault in compressive quadrants with respect to dilational quadrants in propagating faults 

(Scholz and Dawers, 1993; Vermilye and Scholz, 1998). 

On the other hand, several observations indicate that the formation of fractures F11 to 

F13 occurred under high fluid pressure conditions. A hydraulic pressure mechanism may 

explain the high concentration of systematically oriented extensional (F11, F12) and 

extensional-shear (F13) veins, as well as the absence of any structural orientation of veins 

in the breccias (Dewever et al., 2013). Comparable fracture systems (systematic arrays of 

extensional and extensional-shear fractures) are expected to develop in compressional 

settings when the tensile overpressure condition is achieved, that is, when the pore fluid 

pressure exceeds the least compressive stress (Pf 3) (Branquet et al., 1999; Sibson, 

2004; 2017). Such a fluid pressure is common during the propagation of thrust faults in 

compressional regimes (Bitzer, 2001; Cox et al., 2001; Sibson, 2004; Hilgers et al., 2006) 

and is attributed to: (i) the constraint stress field around the fault tip may generate 

overpressure of a confined fluid (Bussolotto et al., 2015; Sibson, 1996) (ii) the low dip of 

thrusts prevents vertical flow (Sibson, 2003; 2019) and, (iii) because of sediment 

compaction induced by loading during thrust sheet emplacement (Sibson, 1996; Dewever 

et al., 2013). 

5.2. Fluid flow and deformation relationships in the two studied domains, along 
the Segre transect 

Change in the fluid regime during the evolution of a long-lived thrust fault: the 
example of the Estamariu thrust 

The geochemical features of the successive vein cements that precipitated in the 

Estamariu thrust attest for the origin, evolution of regimes and characteristics of the fluids 

that circulated during deformation.  

In the Estamariu thrust, the 87Sr/86Sr ratios of the different calcite cements (Cc1a to Cc5) 

are significantly higher radiogenic than ratios of Phanerozoic seawater (between 0.7070 

and 0.7090). This has been interpreted as resulting from the interaction between the vein-

forming fluids and Rb-rich and/or Sr-rich Paleozoic basement rocks such as those 

underlying the Estamariu thrust. However, the geochemical evolution through time from 
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cement Cc1a to Cc5 highlights the progressive change in the fluid regime and 

composition during successive compressional and extensional tectonic events. 

Calcites Cc1a and Cc2 were attributed to the Alpine reactivation of the thrust. As these 

cements precipitated in the thrust zone during the same tectonic, they likely precipitated 

from the same migrating fluids. T 18Ofluid of their parent fluids, 

calculated from clumped isotope thermometry of Cc2, range between 50 and 100ºC and 

  ‰SMOW, respectively. These values are interpreted 

as the involvement of meteoric fluids that were probably heated at depth and enriched in 

radiogenic Sr during their flow and interaction with basement rocks (Fig. 22a). These 

fluids flowed preferentially along the thrust zone, as evidenced by the exclusive presence 

of calcites Cc1a and Cc2 in this area, likely due to the enhanced permeability associated 

with the thrust discontinuity (McCaig et al., 1995). In addition, Cc1a has 13C values 

between +0.91 and +2 ‰VPDB, which are similar to values of the Devonian marine 

limestones from the hanging wall (between +1.54 and +2.75 ‰VPDB). Likewise, the 

elemental composition of Cc1a follows a similar trend to that of its Devonian host, both 

having high Mg and Sr and low Mn contents with respect to the other calcite cements. 

These geochemical similarities indicate high fluid-rock interaction and buffering of the 

carbon and elemental composition of the precipitating fluid by the Devonian carbonates 

(Marshall, 1992) 13C, lower Mg and Sr and higher 

Mn contents with respect to both Cc1a and the Devonian host. This indicates a progressive 

increase in the extent of fluid-rock interaction from the thrust plane, where Cc2 

precipitated, towards the hanging wall, where Cc1a is found. 

Calcites Cc3 to Cc5 were attributed to the Neogene extension and their associated 

geochemistry characterizes the fluid system during this tectonic event. Cements Cc3 and 

Cc4 are characterized by heavier 18Ofluid (up to +12‰SMOW), within the range of 

metamorphic and/or formation fluids, and higher temperature of precipitation (up to 

210ºC) with respect to the previous cements (Cc1a and Cc2). Assuming a normal 

geothermal gradient of 30 oC/km, these temperatures would have been reached at a 

minimum depth of 3 – 5 km. However, these veins have never reached such a burial depth, 

since during the Neogene extension the studied structure acquired its current 

configuration (Saura, 2004) and was only buried under the Devonian sequence (hanging 

wall), which has a maximum thickness of several hundred meters (Mey, 1967). This 

assumption evidences the hydrothermal character of the circulating fluids, which 
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probably migrated rapid enough through newly formed and reactivated fault zones to 

maintain their high temperatures and to be in thermal disequilibrium with the surrounding 

rocks. Similarly, the high Mn content of Cc3 and Cc4 (around 7700-8300 and 4000 ppm, 

respectively), responsible of their bright luminescence, is consistent with hydrothermal 

waters (Pomerol, 1983; Pfeifer et al., 1988; Pratt and Force, 1991). On the other hand, the 
13C-depleted values of these cements (around -8 ‰VPDB) are indicative of the influence 

of organic-derived carbon (Cerling, 1984; Vilasi et al., 2006). A plausible source for these 
13C values is the Silurian black shales that do not crop out in the study area but acted 

as the main detachment level during the Variscan compression, and locally during the 

Alpine compression in the Pyrenean Axial Zone (Mey, 1967). These black shales have 

significant organic carbon contents (TOC around 2.3%), and around the Gavarnie thrust, 
13C values between -8 and -2 ‰VPDB 

(McCaig et al., 1995). Thus, cements Cc3 and Cc4 precipitated from hydrothermal fluids 

derived from and/or equilibrated with basement rocks and expelled through fault zones 

during deformation (Fig. 22b). The continuous increase in precipitation temperatures and 
18Ofluid from calcite cements Cc1a and Cc2 (Alpine) to cements Cc3 and 

Cc4 (Neogene) is probably linked to longer residence times of the later fluids and a higher 

extent of fluid–rock interaction with basement rocks. 

Finally, the isotopic signature of Cc5, ranging between 
18 13C, falls within the range of 

meteoric carbonates (Veizer, 1992; Travé et al., 2007). The similar tendency in the 

elemental composition of this cement and the Stephano-Permian volcanic rocks, both 

having the highest Mg and Fe and the lowest Mn and Sr contents with respect to the other 

cements and host rocks, reveals significant fluid–rock interaction with the footwall rocks. 

The significant water–rock interaction is also demonstrated by the Nd isotopic 

composition of Cc5 (0.512178), yielding values similar to the volcanic host (0.512196). 

This fact indicates that this cement precipitated from percolation of meteoric fluids, the 

geochemistry of which was controlled by the volcanic host rock. Studies focused on 

infiltration of meteoric fluids and subsequent upflow along La Tet fault during the 

Neogene extension have shown that meteoric waters in the area infiltrate at high altitudes, 

around 2000 m, and low temperatures, around 5 ºC (Krimissa et al., 1994; Taillefer et al., 

2018). Therefore, during the latest stages of extension, the infiltration of meteoric fluids 
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likely indicates a more significant change in the fluid regime from upward migration of 

hydrothermal fluids to downward percolation of meteoric waters. 

 

Fig. 22. Tectonic and geochemical evolution of the Estamariu thrust (not to scale) and relationships with 
the evolution of the fluid system. b) During the Alpine reactivation of the Estamariu thrust, a meteoric fluid 
(red arrows) interacted at depth with basement rocks and then migrated along the thrust zone and towards 
the hanging wall, precipitating cements Cc1a and Cc2, respectively. B) During the Neogene extension, 
basement-derived hydrothermal fluids (orange arrows) flowed upwards through newly formed and 
reactivated fault zones. This fluid precipitated calcite cements Cc3 and Cc4. Finally, during ongoing 
deformation, meteoric fluids (green arrows) percolated in the system and precipitated Cc5, revealing a main 
change in the fluid regime. 
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Origin, distribution and variation of fluids across a large fold: the example of the 

Sant Corneli-Bóixols anticline 

This section discusses the source and spatial distribution of fluids across the distinct 

structural positions of the Sant Corneli-Bóixols anticline. 

In the core of the Sant Corneli-Bóixols anticline and in the base of the syntectonic deposits 

in the footwall of the Bóixols thrust sheet (Cal Mestre and Sant Antoni localities, 

respectively) the calcite cements associated with successive episodes of fracturing and 

vein formation (i.e., group 1 of calcites) do not record significant changes in the fluid 

composition through time (Figs 18-21). Accordingly, all cements from this group have 

similar 13C values to their associated carbonate host rocks (Lluçà and Vallcarga 

Formations, respectively), which in turn yield typical marine values (Fig. 18) (Veizer et 

al., 1999). The 87Sr/86Sr ratios of the vein cements are similar to those ratios of local host 

rocks, which also reflect the composition of contemporaneous seawater (LOWESS curve 

in Fig. 20). Indeed, the low Mn content of calcites group 1 and correspondent host rocks, 

responsible for their dark to non-luminescence, together with their high Sr content and 

high Y/Ho ratios (Fig. 21) approaches the elemental composition of marine carbonates 

derived from well-oxygenated seawater (Popp et al., 1986). Therefore, the similar 

petrographic and geochemical features of all calcite cements and host rocks from Cal 

Mestre and Sant Antoni localities indicate very low water-rock ratios (i.e., diffusive flow) 

and precipitation of successive calcite cements in a closed/rock-buffered system during 

different fracturing events (Vandeginste et al., 2012; Boutoux et al., 2014; Hurai et al., 

2015). A plausible source for this host rock-buffered fluid was the interstitial seawater 

trapped in the Lower Cretaceous and Upper Cretaceous marine carbonates present in Cal 

Mestre and Sant Antoni localities, respectively. Alternatively, the local host carbonates 

could have been the source for the successive calcite cements by means of pressure-

solution and/or diffusion processes (Oliver and Bons, 2001; Bons et al., 2012; 

Vandeginste et al., 2012; Toussaint et al., 2018; Salomon et al., 2020). In this scenario, 

the sl 18O values of calcites group 1, with respect to host rocks and 

typical marine values, likely indicate variation in fluid temperatures during different 

events of calcite cement precipitation. These varying conditions are expected during 

progressive deformation linked to the emplacement of the Bóixols thrust and growth of 

the Sant Corneli-Bóixols anticline. 
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Therefore, this host-rock buffered fluid from which calcites group 1 precipitated 

characterizes the paleohydrological system in the core of the Sant Corneli-Bóixols 

anticline and in the base of the syntectonic deposits along the southern flank of the fold 

(Fig. 23). In the core of the anticline (Cal Mestre locality), the Lower Cretaceous 

mudstones and marls from the Lluçà Formation have a minimum thickness of 2500 m 

(Lanaja, 1987). Due to the expected non-permeable character of this unit and its 

considerable thickness, the small-scale fractures (up to several meters long) occurring in 

this locality, likely represented poorly efficient conduits to connect different hydro-

stratigraphic reservoirs, thus preventing the input of external fluids. In the base of the 

syntectonic deposits (Sant Antoni locality), the Upper Cretaceous marine mudstones from 

the Vallcarga Formation were deposited during the early contraction and initial growth 

of the Sant Corneli-Bóixols anticline (Ardèvol et al., 2000). Therefore, the local origin of 

the fluids in this domain is consistent with the marine setting of deformation that likely 

affected recently deposited and poorly lithified sediments (Travé et al., 2007). 

The geochemical data of calcite cements from group 2, precipitated in decametric to 

kilometric faults (the Bóixols thrust, the Montagut fault system, the Sant Joan fault 

system) and related fractures, evidence a very different scenario. These calcites display 
18O values, with respect to other cements, and exhibit up to 10 

‰VPDB lighter values than their adjacent host rocks (Fig. 18) 18O-depletion, 

which indicates that the parent fluids were external, is linked to a relative high 

temperature of precipitation (>80 ºC and up to 120 ºC), according to results from clumped 

isotope thermometry 18Ofluid, between +0.6 and +5.5 ‰VSMOW, also 

obtained from clumped isotopes, indicates formation waters circulating through fault 
13C values 

and 87Sr/86Sr ratios of these cements, as well as their variable enrichment in Mn content, 

and their differing luminescence characteristics could indicate that the formation fluids 

evolved from distinct fluid origins (marine, connate and/or meteoric) and that they 

interacted with different sedimentary units (Travé et al., 2007; Vandeginste et al., 2012). 

Similarly, the Y/Ho ratios of group 2 of cements indicate a variable degree of siliciclastic 

and marine influence (Fig. 21). As large-scale faults affect all stratigraphic sequences 

involved in the anticline, from Jurassic marine to Paleocene continental host rocks, such 

variation may result from the interaction between the vein-forming fluids and marine 
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(high Y/Ho ratio) or continental (low Y/Ho ratio) rocks (Bau and Dulski, 1994; Nardini 

et al., 2019).  

In this line, strike-slip faults F17 from Coll de Nargó locality acted as transfer zones for 

the migration of deeper Late Cretaceous connate waters to shallower non-marine 

sediments of the Garumnian facies, where cement Cc17d was observed. Likewise, the 

Bóixols thrust in Forat de Bóixols locality (F14a) acted as an efficient conduits for the 

migration of deep formation waters. In both examples, fluids where in chemical, and 

probably in thermal disequilibrium with their adjacent host rocks but the 87Sr/86Sr values 

of their associated cements reflect the composition of Cretaceous carbonates. Therefore, 

these ascending fluids were likely expelled due to vertical compaction linked to thrust 

sheet emplacement and/or tectonic horizontal shortening (squeegee-type fluid flow) 

during continuous compression (Oliver, 1986; Roure et al., 2010; Vandeginste et al., 

2012).  

Therefore, heated formation waters from which calcites group 2 precipitated characterizes 

the fluid system associated with large-scale faults and related fractures. The development 

of these larger fracture systems facilitated the transference of fluids between different 

hydro-stratigraphic units decreasing the extent of interaction between fluids and host 

rocks. This indicates that the Bóixols thrust, the Montagut fault system, the Sant Joan 

fault system and other large faults and related fractures acted as efficient conduits for 

fluid migration during their formation at different stages of the deformation history.  

Cements from group 3 precipitated in centimetric to metric scale fractures in the limbs of 

the Sant Corneli-Bóixols anticline. The isotopic signature of these cements, ranging 

between -8 and - 18O and between - 13C, fall 

within the range of meteoric carbonates (Veizer, 1992; Travé et al., 2007; Pujalte et al., 

2009) 13C values 

of cements Cc6a and Cc6b (Fig. 18). The meteoric origin of cements from group 3 is 

supported by their 87Sr/86Sr ratios, which are lower than those values of their adjacent 

host rocks (Fig. 20), and by the elemental composition of these cements, yielding the 

lowest Sr contents with respect to other cements and host rocks. The low Y/Ho ratios, 

which indicaties the influence of terrigenous sediments (Bau and Dulski, 1994), and the 

CL zonation of Cc6a and Cc12, which points to oxidizing-reducing fluctuations, are again 

characteristic features of the meteoric environment. At outcrop scale, clumped isotopes 

reveal a progressive increase in precipitation temperatures, from 40 °C to 80 °C (Forat de 
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Bóixols locality) and from 25 °C to 85 °C approximately (Coll de Nargó locality), as well 
18Ofluid, from -1.8 to +5.9 ‰VSMOW and from -4.2 to +2 

‰VSMOW, respectively (Fig. 19). This fact indicates a continuous shift in the fluid 

composition, from meteoric fluids to evolved meteoric fluids due to water-rock 

interactions at increasing temperatures during deformation. Therefore, these geochemical 

features indicate that the fluid system associated with fractures F6a, F6b, F11, F12 and 

F16b was open to the input of meteoric fluids, which geochemistry was influenced by the 

surrounding host carbonates. 

Therefore, meteoric waters from which calcites group 3 precipitated characterizes the 

fluid system in the limbs of the Sant Corneli-Bóixols anticline, where Forat the Bóixols, 

Coll de Nargó and Sant Joan localities are located (Fig. 23). Meteoric waters generally 

infiltrate at high structural reliefs such as the crestal domain of anticlines (Beaudoin et 

al., 2015; Cruset et al., 2016). However, in the Sant Corneli-Bóixols anticline meteoric 

fluid percolation was recorded in the fold limbs because most of the crestal domain was 

eroded synchronously with folding (Tavani et al., 2011). This interpretation is in line with 

the exclusive presence of calcites from group 3 in the forelimb (Coll de Nargó and Forat 

de Bóixols localities) and backlimb (Sant Joan locality) of the anticline. On the other 

hand, the geochemical and geochronological data of calcite cements Cc6a and Cc6b (both 

from group 3) set the initial infiltration of meteoric fluids at the Maastrichtian, during 

formation of fractures F6 at ca. 67 – 65 Ma. This fluid flow event coincides with the 

transition from marine to continental conditions, during the progressive uplift of the 

structure, coevally with sedimentation of the non-marine continental Garumnian facies 

(Tremp Group) from Late Maastrichtian to Paleocene (Plaziat et al., 1981; Garcés et al., 

2020). This scenario of meteoric fluid infiltration during the main folding stage and 

during the change from marine to continental conditions have also been reported in other 

studies focused on the evolution of the fold-fluid system (Travé et al., 2007; Evans and 

Fischer, 2012; Beaudoin et al., 2015). 
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Fig. 23. Cross-section of the Sant Corneli-Bóixols anticline along the front of the Bóixols thrust sheet 
showing the spatial variation of fluids in the several structural positions of this fold and according to the 
studied localities (CM: Cal Mestre, SJ: Sant Joan, FB: Forat de Bóixols, SET: Setcomelles, CN: Coll de 
Nargó, OC: Orcau). The U-Pb ages of the different calcite vein generations and related tectonic events are 
also included. Cross-section modified from Vergés, 1993. 
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In conclusion, our data reveal that the fluid flow history varied at the several structural 

positions of the Sant Corneli-Bóixols anticline and according to the age and nature of 

their stratigraphy and the involved fracture networks. This indicates a 

compartmentalization of the fluid system (Fig. 23). Thus, in the core of the fold, at least 

around Cal Mestre locality, and in the base of the syn-tectonic deposits (Sant Joan 

locality), the fluid system was essentially stratified and locally derived from the Lower 

Cretaceous and Upper Cretaceous marine carbonates, revealing high extent of fluid-rock 

interaction. Contrarily, along large faults, affecting different parts of the anticline, and in 

the fold limbs, the paleohydrological system was open to the input of external fluids in 

geochemical and probably thermal disequilibrium with their adjacent host rocks. Large 

faults acted as conduits for the upward migration of formation waters from deeper regions 

of the Sant Corneli-Bóixols anticline, whereas the fold limbs registered the infiltration of 

meteoric waters (Fig. 23). Therefore, in the studied anticline, the scale, connectivity and 

distribution of the main fracture networks together with the involved stratigraphy were 

the main controls on the source and distribution of fluids, the degree of fluid-rock 

interactions and the scale of fluid migration during deformation. 

Spatio-temporal hydraulic behavior of a carbonate thrust zone: The example of the 

Bóixols thrust 

The scale, connectivity and distribution of fractures that developed during the evolution 

of the Bóixols thrust sheet and growth of the Sant Corneli-Bóixols anticline along its front 

strongly controlled the origin and distribution of fluids during deformation. Therefore, 

this section aims to reconstruct the evolution of a well-exposed thrust zone displacing the 

forelimb of the anticline (fault F14a and related fractures F11 to F13 in Forat de Bóixols 

locality), and to evaluate the qualitative hydraulic behavior of the fault.  

In the Bóixols thrust zone, the successive deformation stages, associated with different 

fracture systems and related calcite veins, highlight an episodic evolution of the studied 

thrust. We interpret this evolution as resulting from an upward propagation of the fault 

tip leading to distributed deformation within the process zone before propagation of the 

fault (Reches and Lockner, 1994; Vermilye and Scholz, 1998; Labaume et al., 2004; 

Baqués et al., 2010). During initial fault growth, deformation at the fault tip, i.e., within 

the process zone, was likely dominated by concentration of dilatant (extensional) 
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fracturing, giving rise to fractures F11, F12 and the mosaic to chaotic breccia from the 

footwall. The cements that precipitated in such fractures (Cc11 and Cc12) belong to group 

3 of calcites, and thereby, the fluid associated with this initial deformation stage was a 

meteoric fluid that infiltrated the system on high structural reliefs likely elevated during 

growth of the Sant Corneli-Bóixols anticline. These fluids migrated through diffuse 

deformation developed in the process zone before the growth and propagation of the 

thrust slip plane (Fig. 24a). During this initial stage of deformation the remote stress fields 

varied locally in the process zone, allowing for the formation of steeply dipping fractures 

(F11 and F12) (Fig. 24a, b). 

Finally, the thrust slip plane propagated through the process zone. Frictional processes 

occurred along the thrust surface as well as the progressive weakening of the fault zone, 

which led to the formation of the foliated cataclasite, characterized by S-C shear fabric, 

pressure solution seams, calcite mineralization and carbonate fine-grained matrix. This 

micritic matrix is petrographically similar to that of the hanging wall protolith and 

displays comparable isotopic composition. These observations indicate that the 

cataclasite matrix derived from the hanging wall carbonates. During this period of thrust 

sheet emplacement, fractures F13 developed. We interpret that the orientation of these 

fractures represents the far-field stress regime unaltered by faulting (Fig. 24c). The calcite 

cement Cc13, precipitated in fractures F13, belong to group 3 of calcites and indicates the 

evolution of previous meteoric fluids into formation waters at increasing depths and 

temperatures during thrusting. Later, the thrust acted as a preferential pathway for fluids 

that only infiltrated in the hanging wall block as indicated by the presence of the same 

calcite cement (Cc14) along the thrust slip plane (F14), in the fault core and within the 

crackle proto-breccia from the hanging wall. This cement also belongs to group 3 of 

calcites and its geochemistry also indicates the presence of formation fluids that likely 

evolved from connate waters derived from Cretaceous carbonates. This last interpretation 
13C and 87Sr/86Sr ratios of Cc14, which yield typical marine values. 
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Fig. 24. Fluid flow model during the evolution of the Bóixols thrust in Forat de Bóixols locality (not to 
scale) showing the relationships among synkinematic fracture development, the stress state at each 
deformation phase and the involved fluid flow event. (a) During initial fault growth, deformation was 
concentrated in the process zone (around the fault tip) allowing the formation of fractures F11 and randomly 
oriented fractures (mosaic to chaotic breccia). During this episode, meteoric fluids infiltrated at high 
structural reliefs, warmed at depth and then migrated through diffused deformation around the fault tip. (b) 
During progressive deformation, new fractures develop and meteoric fluids evolved at increasing depths 
and temperatures. During these two initial fracturing events (F11-F12) the remote stress field varied locally 
within the process zone to generate steeply dipping fractures. (c) As the thrust developed, fractures F13 
were formed in the footwall damage zone. The orientation of these fractures reflects the far-field stress 
regime unaltered by faulting. The fluid involved in this stage evidences the continuous increase in 
precipitation temperatures due to burial during thrust emplacement. From this stage, the thrust drained 
fluids that only infiltrated in the hanging wall. These fluids were likely expelled from underlying Cretaceous 
carbonates due to rock compaction during thrusting. 
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In conclusion, the petrology and geochemistry of the studied calcite cements indicate that 

the Bóixols thrust separates two compartments with different deformation and fluid flow 

patterns. It is therefore likely that the thrust acted as a transversal barrier for fluids 

migrating between the footwall and hanging wall. The barrier role of the thrust is 

attributed (i) to the poor permeability of the foliated cataclasite and its micritic carbonate 

matrix with concentration of clay minerals associated with pressure-solution surfaces, and 

(ii) to the non-porous character of the hanging wall carbonates (i.e., wackestones). In the 

latter case, although it has not been measured, the permeability is likely lower in the 

hanging wall wackestones with respect to the footwall grainstones. Therefore, the thrust 

acted as a transversal barrier and a longitudinal drain from fluids. On the other hand, the 

continuous formation of different fracture systems and related calcite cementation phases 

evidences that the structural permeability was transient and that successive episodes of 

fracturing added new pathways to fluids that were rapidly occluded by calcite 

precipitation and sealing (Agosta et al., 2007; Bense et al., 2013). The fact that the calcite 

cements Cc11 to Cc13 vary geochemically through time demonstrate that the fluid 

pathways and regime evolved due to successive events of fracture opening and calcite 

cementation. This change may result from a continuous shift in the fluid composition, due 

to the evolution of the meteoric waters, or from a progressive change in the fluid origin, 

from percolation of diluted meteoric waters to upflow of hotter formation fluids. 

The interpreted evolution of the studied thrust zone is similar to models of fault evolution 

proposed in extensional settings during upward propagation of normal faults deforming 

carbonate rocks (Stewart and Hancock, 1988; 1990; Vermilye and Scholz, 1998; 

Labaume et al., 2004; Baqués et al., 2010; Bussolotto et al., 2015). Therefore, the 

comparison between these studies allows to provide insights into deformation processes 

and mechanisms related to propagation of faults in different geological settings. 

Interestingly, all these contributions reported an initial stage of fault nucleation related to 

the development of a process zone (in the fault tip) before individualization of the fault 

plane. This period was characterized by the formation of hydraulic extension fracturing 

and brecciation and the presence of a fluid in chemical equilibrium with the host rocks. 

Finally, the progressive deformation resulted in the propagation of the fault (slip plane) 

through the process zone and the circulation of external fluids along the main slip surfaces 

(i.e., longitudinal fluid migration). These studies also reported an evolution of the fracture 

connectivity, a continuous opening of the fluid regime, and a progressive change in the 
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fluid composition and origin during the evolution of the fault zone (Labaume et al., 2004; 

Baqués et al., 2010; Bussolotto et al., 2015). Therefore, this study also highlights the 

similarity in deformation processes and mechanisms linked to the evolution of fault zones 

in compressional and extensional regimes involving carbonate rocks.  

5.3. Fluid flow and deformation relationships at regional scale 

Influence of Paleozoic basement rocks on the 87Sr/86Sr ratios of the vein-forming 

fluids 

This section assess the influence that basement rocks have on the chemistry of fluids that 

circulate during deformation comparing the data from the two studied domains in this 

PhD thesis with previous studies reporting fluid flow in the Pyrenees. This comparison 

evidences that fluids migrating through basement or cover units have a different 

geochemical signature that is recorded in the 87Sr/86Sr ratios of the resulting vein cements. 

In this line, in the Estamariu thrust, the analyzed calcite cements originated during 

successive compressional (Cc1 and Cc2) and extensional (Cc3 to Cc5) tectonic events, 

yielded high radiogenic 87Sr/86Sr ratios (from 0.713 to 0.718). This indicates that 

regardless of the origin of the fluids and the tectonic context, basement rocks have a 

significant influence on the fluid chemistry that is recorded in the high 87Sr/86Sr ratios 

(>0.710). These high radiogenic ratios are within the range of values reported in other 

synkinmetic veins from the Pyrenean basement in the Gavarnie thrust, the Pic de Port 

Vieux, la Glere shear zone, the Trois Seigneurs Massif, among others (Fig. 20) (Wayne 

and McCaig, 1998; Bickle et al., 1988; Banks et al., 1991; McCaig et al., 1995; McCaig 

et al., 2000b). By contrast, the vein cements precipitated in the frontal anticline of the 

Bóixols thrust sheet yielded lower 87Sr/86Sr ratios (<0.710). These lower ratios are within 

the range of values reported for vein cements precipitated from fluids that have circulated 

through the Pyrenean Mesozoic–Cenozoic sedimentary cover in the El Guix and the Puig 

Reig anticlines, in the L’Escala, vallfogona, Upper and Lower Pedraforca thrusts and in 

the Ainsa basin (i.e., through younger rocks with a different radiogenic signature) (Fig. 

20). Such lower values may be similar to Phanerozoic seawater values, evidencing 

interaction between the parent fluids and marine carbonate units, or they may be higher, 

evidencing interaction with siliciclastic rocks (Travé et al., 2007; Cruset et al., 2018).  

Therefore, this limit value (87Sr/86Sr = 0.710) may be used to unravel the ultimate source 

of the fluids circulating during deformation and/or to examine the possible transfer of 
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fluids between the basement and the sedimentary cover in the Pyrenees and probably, in 

other worldwide deformed areas. For instance, a previous study, focused on fluid flow 

along the Gavarnie thrust in the central-western Axial Pyrenees, used this limit value 

(87Sr/86Sr = 0.710) to differentiate between the unaltered limestone protolith and the 

Cretaceous thrust-related carbonate mylonite affected by fluids carrying radiogenic Sr 

(McCaig et al., 1995). In addition, Williams et al. (2015) and Beaudoin et al. (2014) also 

attributed 87Sr/86Sr ratios > 0.710 to the input of basement-derived fluids in the Rio 

Grande rift and in the Bighorn Basin, USA, respectively. 

In the same way, the different REE contents obtained in calcite cements from the two 

studied domains may also be indicative of fluids circulating either through the Paleozoic 

basement or the sedimentary cover. Indeed, the different calcite veins recognized in the 

Estamariu thrust exhibit enrichments in REE contents that may reach up to 900 ppm (Fig. 

21c), which could indicate mobilization of REE elements from basement rocks. By 

contrast, calcite veins found in the Sant Corneli-Bóixols anticline show overall low REE 

contents, which may reach up to 100 ppm, but are generally lower than 40 ppm (Fig. 21c). 

This indicates that the REE concentrations may constitute a potential tracer of the origin 

of fluids derived from basement or cover lithologies. 

Fluid flow along the south Pyrenean fold-and-thrust belt: evidence of basement-

derived fluids? 

This section analyses the scale of fluid flow in the Bóixols thrust sheet and in the Southern 

Pyrenees, and evaluates the possible transfer of fluids between the Paleozoic basement 

and the sedimentary cover. 

The Bóixols thrust sheet corresponds to the uppermost and oldest emplaced structure of 

the southern-central Pyrenean cover thrust units. Therefore, the structural position of this 

thrust sheet, detached in Upper Triassic evaporites and above Lower Triassic detrital 

sediments of the Buntsandstein and the Paleozoic basement, allows to assess the possible 

transfer of external fluids derived from these three potential reservoirs. In a previous 

section, we concluded that advective fluid flow in the frontal anticline of the Bóixols 

thrust sheet was linked to the presence of major fault zones (including the Bóixols thrust) 

and associated fractures, which acted as preferential fluid flow pathways. Therefore, the 

geochemical signature of calcite cements precipitated in these fractures (group 2 calcites) 

provides evidence on the relative scale of fluid flow and the fluid circulation depth. Thus, 
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during precipitation of group 2 calcites, a maximum temperature of around 120 ºC was 

obtained from clumped isotopes in calcites precipitated in fractures associated with the 

Bóixols thrust in Forat de Bóixols locality. Assuming a normal geothermal gradient of 30 

ºC/km (Travé et al., 2007), these temperatures would have been reached at 3-4 km depth. 

Considering the thickness of the Bóixols thrust sheet (around 5 km thick), such 

temperatures imply circulation of fluids along fault zones that were originated in the 
18Ofluid of this group of cements, 

yielding maximum values of +5.5 ‰VSMOW, indicate the presence of formation waters, 

as has been explained before, and discard the input of basement-related fluids such water 

derived from and/or equilibrated with metamorphic rocks (Taylor, 1987). In the same 

way, the 87Sr/86Sr ratios of the vein cements documented in this study are (1) within the 

range of marine carbonates (LOWESS curve in Fig. 20), (2) within the range of 

synkinematic veins precipitated in the sedimentary cover (i.e., 87Sr/86Sr < 0.710), and (3) 

significantly lower than values of cements precipitated from fluids that have interacted 

with Triassic evaporites or with Paleozoic basement rocks. All these observations indicate 

that the fluid system in the study area was restricted to the scale of the Bóixols thrust 

sheet and rule out the input of external fluids derived from the underlying Triassic 

detachment, from deeper cover units such as the Buntsandstein or from the Paleozoic 

basement. An exception arises for the cement precipitated in the Bóixols thrust-related 

deformation at the Setcomelles locality (Cc3), which exhibits the most radiogenic 
87Sr/86Sr ratio in the Sant Corneli-Bóixols anticline, similar to Upper Triassic values (Fig. 

20). Therefore, fluids derived from Upper Triassic evaporites acting as a main detachment 

of the Bóixols thrust sheet could have locally infiltrated the paleohydrological system, as 

has also been reported in other salt-detached Pyrenean structures (Travé et al., 2007; 

Lacroix et al., 2011; Crognier et al., 2018; Cruset et al., 2020a). 

The results presented in this study also reveal that the Sant Corneli-Bóixols anticline 

shares a common fluid flow behavior with other worldwide compressional structures 

above evaporitic detachments. In these structures, the paleohydrological system only 

involves fluids sourced above the detachment levels, which may act as a lower boundary 

for the fluid system, preventing the input of fluids from deeper parts of the compressional 

belt. This fluid flow scenario in the Bóixols thrust sheet is similar to that of: 1) worldwide 

detachment folds (Beaudoin et al., 2014); 2) other south Pyrenean structures detached in 

Triassic and Eocene evaporitic units such as the Pico del Águila and El Guix anticlines 
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(Travé et al., 2000; Beaudoin et al., 2015), the Monte Perdido and Abocador thrusts 

(Lacroix et al., 2011; Cruset et al., 2018), and the Upper and Lower Pedraforca thrust 

sheets (Cruset; 2019; Cruset et al., 2020a); 3) other worldwide detached structures such 

as the Sierra Madre Oriental (Lefticariu et al., 2005; Fischer et al., 2009) and the Central 

Appalachians (Evans et al., 2012). 

On the other hand, in order to examine the lateral variation and scale of fluid flow in the 

Southern Pyrenees, we compare different paleohydrological studies performed along 

central-eastern part of the south Pyrenean wedge, this is, along the Segre transect (this 

thesis) and the Llobregat section (Cruset et al., 2018; 2020b) (Fig. 25). Our comparison 

reveals that the fluids migrating through upper thrust sheets, emplaced from Late 

Cretaceous to middle Eocene, reached maximum temperatures of 120 ºC during the 

emplacement of the Bóixols thrust (Fig. 25). Similarly, in the Upper Pedraforca thrust 

sheet, which constitutes the eastern equivalent of the Bóixols structure, a maximum 

temperature of 100 ºC has been reported (Cruset, 2019). In contrast, the fluids migrating 

through the Vallfogona thrust, which represents the frontal thrust fault of the Southeastern 

Pyrenees, reached maximum temperatures of around 150 ºC (Cruset et al., 2018; Fig. 25). 

 

Fig. 25. Cross-sections along the central (a) and eastern (b) Southern Pyrenees (Vergés, 1993) showing the 

maximum temperatures obtained from clumped isotopes applied to syn-kinematic calcite veins precipitated 

in the main structural units. Location of cross-sections in Fig. 1a. Temperatures are from this work and 

from Cruset et al. (2018; 2020a). 
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Similar high temperatures have also been reported for the fluids circulating through the 

thrust faults affecting the sediments of the Ebro foreland basin. These high temperatures, 

which are ~180 ºC for the Abocador thrust and ~130 ºC for the Puig-reig anticline, could 

not have been reached by burial (Cruset et al., 2018). Therefore, the major thrust faults 

likely acted as preferential pathways for the upward migration of hot fluids circulating 

during compression. In the regions of the south Pyrenean cover thrust sheets that are only 

affected by background deformation, the geochemical composition of these hot fluids was 

modified as they interacted with surrounding host rocks and when moving away from the 

major thrust zones. Therefore, this background deformation was characterized by the 

migration of formation waters with high interaction with their surrounding host rocks. 

This highlights an overall common fluid flow beahavior along strike in the central-eastern 

part of the southern Pyrenees, where major faults acted as transfer zones for migration of 

fluid in thermal and geochemical disequilibrium with adjacent host rocks, whereas 

background fracturing recorded the presence of rock-buffered and/or local fluids. 

Fluid flow in the NE part of the Iberian Peninsula during the Neogene Extension 

In the Estamariu thrust, the structural and geochemical data indicate that calcite cements 

Cc3 and Cc4 (veins V3 and V4, respectively) precipitated from hydrothermal fluids 

(temperatures up to 210 ºC) that interacted at depth with basement rocks before ascending 

through newly formed and reactivated structures during the Neogene extension. These 

interpretations are consistent with the presence of several hydrothermal springs 

(temperatures of 29 to 73 ºC) currently upwelling aligned along the La Tet fault (Krimissa 

et al., 1994; Taillefer et al., 2017, 2018), which is the main Neogene extensional fault in 

the Pyrenean Axial Zone. Several studies indicate the origin of these hot water springs as 

meteoric fluids infiltrated at high-elevated reliefs above 2000 m, warmed at great depths 

by normal geothermal gradients, and migrated upwards along permeability anisotropies 

related to fault zones (Taillefer et al., 2017, 2018). The 87Sr/86Sr ratios of these springs, 

ranging between 0.715 and 0.730 (Caballero et al., 2012), are within the range of values 

obtained in this study and also account for interaction between circulating fluids and 

basement lithologies. Studies based on numerical models suggest that the La Tet fault and 

the involved basement rocks are still permeable down to 3km of depth (Taillefer et al., 

2017, 2018), although the fault has been dormant since the Mio-Pliocene (Goula et al., 

1999). It has also been suggested that the footwall topography, which induces high 

hydraulic gradients and produces fluid advection, is the major factor controlling the 
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infiltration of meteoric fluids, the circulation depth, and the maximum temperature 

reached by the migrating fluids (Taillefer et al., 2017). A similar geological context and 

fluid regime evolution to those explained above are found in the Barcelona Plain and the 

Vallès Basin, located in the northeast part of the Catalan Coastal Range (CCR). 

Consequently, the comparison between the two geological contexts allows providing 

insights into the fluid circulation in extensional basins at regional scale (in the NE part of 

Iberia). In these locations of the CCR, the main fault system associated with the Neogene 

extension acted as a conduit for hydrothermal fluid circulation at temperatures between 

130 and 150 ºC during synkinematic periods (Cardellach et al., 2003; Cantarero et al., 

2014) and is also responsible for the present-day circulation of hot water springs up to 70 

ºC (Fernàndez and Banda, 1990; Carmona et al., 2000). In both cases, fluids would have 

been topographically driven from elevated areas to great depths (Cantarero et al., 2014), 

where they circulated through basement rocks, acquiring high 87Sr/86Sr ratios (>0.712) 

and high temperatures (Cardellach et al., 2003) before ascending through fault 

discontinuities. However, in the Penedès basin, which corresponds to the southwestern 

termination of the Neogene structure in the CCR, basement lithologies do not crop out 

and the extensional faults only involve Neogene deposits filling the basin and a Mesozoic 

sedimentary substrate. In this location, the main fault system acted as a conduit for several 

episodes of meteoric fluids percolation during the Neogene extension, and evidence of 

hydrothermal fluid circulation has not been reported in the area (Travé et al., 1998; Travé 

and Calvet, 2001; Baqués et al., 2010, 2012). This fact agrees with previous studies that 

highlight the fact that hydrothermal activity, in particular the occurrence of hot water 

springs in the Pyrenees and in the CCR, is preferably concentrated in basement rocks, 

which constitute the elevated footwall of the main extensional fault systems (Taillefer et 

al., 2017; Carmona et al., 2000). All these observations indicate an open fluid system in 

the NE part of the Iberian Peninsula associated with the Neogene extensional 

deformation. This extensional fault system acted as a conduit for the circulation of hot 

fluids in Neogene times and does so in the present. This fault-controlled fluid flow could 

have been continuous through time or could be related to intermittent pulses. Fault control 

on upflowing of hot fluids along fault systems is a common process in different geological 

settings and has been reported in the Great Basin, USA (Nelson et al., 2006; Faulds et al., 

2010), in the Western Turkey (Faulds et al., 2010), in the Southern Canadian Cordillera 

(Grasby and Hutcheon, 2001) and in the southern Tuscany, Italy (Liotta et al., 2010).  
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6. CONCLUDING REMARKS 

Field and analytical data allowed to analyze the relationships between fluid flow and 

deformation in different Alpine-related basement and sedimentary cover structures in the 

Southern Pyrenees as summarized below.  

1. Several approaches have been applied to determine the chronology of the studied 

structures. In the Estamariu thrust, U-Pb dating of the vein cements failed due to their 

high lead contents and low uranium contents and the relative timing of the different 

mesostructures and microsturcures has been assessed using crosscutting relationships 

and microstructural analysis. The Estamariu thrust is known to be Variscan in origin, 

but in the study area, it places a Devonian pre-Variscan unit against a Stephano-

Permian late to post-Variscan sequence and the structures present within the thrust 

zone, affecting both sequences, are attributed to the Alpine compression and 

subsequent Neogene extension. During the Alpine compression, the reactivation of the 

thrust resulted in the transposition of the Variscan regional foliation within the thrust 

zone and in the formation of a subsidiary thrust zone affecting the andesites in the 

footwall. During the Neogene extension, the Estamariu thrust was likely reactivated 

and normal faults and shear fractures were developed. 

2. In the Sant Corneli-Bóixols anticline, along the front of the Bóixols thrust sheet, 23 U-

Pb dates measured in different sets of fracture-filling calcite cements constrain the 

absolute timing of deformation. These dates present important age variations from the 

oldest Late Cretaceous at 79.8 ± 1.2 Ma to the youngest late Miocene at 9 ± 4.6 Ma. 

The oldest date (79.8 ± 1.2 Ma), in a backlimb normal fault, is younger than the base 

of the syntectonic deposits along the southern flank of the Sant Corneli-Bóixols 

anticline. Ten ages ranging from 71.2 ± 6.4 to 56.9 ± 1.4 Ma (calcite cements Cc3 to 

Cc10) are coeval with growth strata deposition and Bóixols thrust sheet emplacement. 

Ages from 55.5 ± 1.2 to 27.4 ± 0.9 Ma (calcite cements Cc14a to Cc27b) precipitated 

in the frontal Bóixols thrust zone, at Forat de Bóixols and Abella de la Conca localities, 

in hundred-meters scale fractures with a constant orientation with respect to bedding 

regardless of dip, and in strike slip faults that offset the tilted limbs of the anticline. 

These ages are consistent with the tectonic transport of the Bóixols thrust sheet above 

the basal thrust of the South Pyrenean Unit. The youngest Miocene dates from 20.8 ± 
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1.2 to 9 ± 4.6 Ma (calcite cements Cc21 to Cc23) are partially coeval with the post-

orogenic exhumation of the Sant Corneli-Bóixols anticline. 

3. Seven fracture-filling calcite cements were identified in the Estamariu thrust and 23 

calcite cements in the Sant Corneli-Bóixols anticline. All these cements were 

assembled in three groups according to similarities of the geochemical data. Group 1 

is only present in the Sant Corneli-Bóixols anticline, whereas group 2 and group 3 are 

present in both studied domains: 

 Group 1 includes calcites with similar petrographic and geochemical features with 

respect to their host carbonates (i.e., non-luminescent calcite cements with high 
13C values and 87Sr/86Sr ratios typical of marine carbonates).  

 18O values, down to -14 ‰VPDB, 

the highest temperature of precipitation, up to 210 ºC in the Estamariu thrust and 

up to 120 ºC in the Sant Corneli-Bóixols anticline, and a trends towards high Mn 

contents. 

 18O from -8 to - 13C down to -10 

‰VPDB and the lowest Sr contents.  

4. Group 1 to group 3 calcites record the origin and distribution of the vein-forming fluids 

in the study area. In both studied domains, the major faults acted as preferential 

pathways for the upwards migration of fluids, whereas background fracturing 

registered the presence of fluids that highly interacted with their adjacent host rocks: 

 In the core of the Sant Corneli-Bóixols anticline and in the lowest part of the syn-

orogenic sequence from the footwall of the Bóixols thrust, group 1 cements 

indicate an essentially closed and locally derived fluid system.  

 Along large faults such as the Estamariu thrust, the Bóixols thrust and other fault 

systems that occur in both studied domains, group 2 cements indicate an open 

fluid system evidencing that these large faults acted as conduits for the upward 

migration of fluids in thermal and geochemical disequilibrium with surrounding 

host rocks.  

 In the youngest fractures developed in the Estamariu thrust and in fractures present 

in the limbs of the Sant Corneli-Bóixols anticline, group 3 cements indicate the 

presence of meteoric waters that likely infiltrated at high structural reliefs that 

were elevated during deformation. 
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5. The integrated field and analytical data in each studied structure assesses the 

relationships between fluid flow and deformation in different types of rock 

deformation structures: 

 In the Estamariu thrust, the geochemical evolution of cements Cc1 to Cc5 

highlights a progressive change in the fluid regime and composition during 

successive compressional and extensional tectonic events. The continuous 

increase in precipitation temperatu 18Ofluid from heated 

meteoric fluids (Cc1 and Cc2 during the Alpine compression) to hydrothermal 

fluids (Cc3 and Cc4 during the Neogene extension) is probably linked to higher 

extent of fluid-rock interaction with basement rocks during a longer time span. By 

contrast, during the latest stages of extension, the infiltration of cold meteoric 

fluids (Cc5) likely indicates a more significant change in the fluid regime, that is, 

from upward to downward fluid migration. 

 In the Sant Corneli-Bóixols anticline, the fluid origin and the extent of fluid-rock 

interaction varied in the several structural positions of the fold and according to 

the age and nature of their stratigraphy, evidencing a compartmentalization of the 

fluid system. In the core of the anticline, the rock-buffered fluids, likely locally 

derived from the adjacent Lower Cretaceous carbonates, indicates a high degree 

of fluid-rock interaction. Contrarily, along large faults such as the Bóixols thrust 

affecting the entire anticline, and in the fold limbs, the upwards migration of fluids 

and the percolation of meteoric waters, respectively, indicate an open system. 

 In the Bóixols thrust (at Forat de Bóixols locality), successive fracture systems 

and related calcite cements highlight an episodic evolution of the thrust zone, 

resulting from an upward migration of the fault tip (process zone development) 

before propagation of the thrust, and compartmentalization of the thrust fault zone, 

leading to different structural and fluid flow histories in the footwall and hanging 

wall. This evidences that the Bóixols thrust acted as a transverse barrier, dividing 

the thrust zone into two separate fluid compartments, and a longitudinal drain for 

migration of fluids. 

6. The paleohydrological system in the Sant Corneli-Bóixols anticline was restricted to 

the Bóixols thrust sheet above the Upper Triassic detachment level. This evaporitic 

detachment likely acted as a lower fluid barrier, preventing the input of fluids from 

deeper parts of the belt, as interpreted in other areas of the Pyrenees and in other 

detached thrust systems as the Central Appalachians and Sierra Madre Oriental. The 
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18Ofluid of +5.5 ‰VSMOW 

obtained in the Sant Corneli-Bóixols anticline, implying 3-4 km depth and presence of 

formation waters, respectively, together with the 87Sr/86Sr ratios of the vein cements, 

within the range of values documented in the sedimentary cover, discard the transfer 

of fluids between the basement and the sedimentary cover. 

7. This study also assesses the influence of basement rocks on the fluid chemistry during 

deformation in the Pyrenees and provides insights into the fluid regime in the NE part 

of the Iberian Peninsula. Our data indicates that regardless of the fluid origin and the 

tectonic context, the fluids that have interacted with basement rocks have a higher 
87Sr/86Sr ratio (> 0.710) than those that have circulated through the sedimentary cover 

(< 0.710). On the other hand, extensional deformation structures in both the eastern 

Pyrenees and the northeastern part of the Catalan Coastal Ranges, have acted as 

conduits for hydrothermal fluid migration in Neogene times and in the present. These 

fluids likely interacted with basement rocks before ascending through fault zones and 

related structures. 
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Table S1. Geochemical data in the Estamariu thrust 
Sample Cement 18O  13C 87Sr/86Sr 143Nd/144Nd Y/Ho Sr Mn REE 47 T (OC) 18Ofluid  

  ‰VP
DB 

‰VP
DB 

        ‰SMOW 

C9 Cc1a -11.2 +0.91   42.4 704.0 680.7 131.7    

C8B Cc1a -10.7 +2   55.3 460.2 781.6 152.2    

C8A.I Cc1a -10.4 +2          

C8A.II Cc1a -10.96 +1.3 0.713018 NR 54.8 545.5 810.3 79.6    

C8A.III Cc1a -10.9 +1.2          

C7.I Cc1a -10.9 +2.1          

C7.II Cc1a -10.8 +0.8          

C7.III Cc1a -10.4 +1.96          

C4B Cc1a -10.3 +1.9 0.714092 NR 40.1 543.7 1243.7 292.9    

C3A.I Cc1a -11.2 +1.9          

C3A.II Cc1a -11.3 +1.7          

C3A.III Cc1a -10.5 +1.98          

C15.I Cc2 -14.9 -1.2 0.718294 NR 48.7 248.5 3629.3 106.5 0.567 50 to 100 -0.3 to -6.4 

C15.II Cc2 -13.3 +0.5          

C15.III Cc2 -12.91 +1.54          

C13 Cc3 -13.8 -7.1 0.714619 NR 50.8 424.9 7695.5 719.7 0.445 130 to 210 +4.3 to +12.1 

C12.II Cc3 -14.3 -7.3          

C10 Cc3 -14.2 -9.3   43.7 122.3 8277.9 893.4    

C11A Cc3 -14.2 -8.7          

C13.II Cc3 -13.6 -7.2          

C14.I Cc3 -13.4 -6.9          

C14.II Cc3 -13.7 -7.4          

C16A Cc3 -13.8 -7.2          

C16B Cc3 -14 -7          

C16C Cc3 -14.1 -6.9          

C18.I Cc4 -13.4 -7.2 0.717706 NR 52.0 72.2 4034.6 279.9 0.48 100 to 170 +0.9 to +8.1 

C18.II Cc4 -13.8 -7.4          

C12.I Cc5 -8.1 -7.8 0.716923 0.512178 60.0 25.3 138.8 108.3    

C6.I Cc5 -6.7 -8.2   47.5 72.1 161.4 73.0    

C6.II Cc5 -7.4 -7.4          

C11B Cc5 -5.7 -3.8          

C3A.HR Devonian -9.5 +2.4 0.710663 NR 37.5 449.4 621.1 205.1    

C17.HR carbonates -10.5 +1.5          

C4.HR  -8.4 +2.7          

C11.HR Andesites   0.743983 0.512196 35.8 18.6 466.6 95.1    
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Table S2. Geochemical data in the Sant Corneli-Bóixols anticline 

sample 
Cement 

18O‰VPDB) 13C‰VPDB 87Sr/86Sr Y/Ho Sr Mn REE D47 
18Ofluid  

‰SMOW T (OC) 

Bx 9 
 

-5.05 2.69 
 78.0 304.0 110.4 13.8    

Bx 10 Cc1a -9.32 2.41 0.707627 70.4 708.5 89.5 2.9    
Bx37   -10.32 2.43   69.2 365.5 150.0 4.5       

Bx 14A   -7.36 1.90                 

Bx 15.I 
 

-8.69 1.93 
        

Bx 15.II Cc1b -6.55 1.79 
        

Bx 15.III 
 

-7.51 2.09 
        

Bx 12A   -5.62 1.84 0.707333 81.7 1213.1 95.0 19.0       

MGT  4.I   -9.55 2.10 0.707542 52.9 749.0 166.5 47.8       

MGT  4.II 
 

-9.10 1.66 
        

MGT-2 
 

-10.11 2.20 
        

MGT-21a Cc2 -14.43 2.47 
        

MGT-19a 
 

-14.05 2.19 
        

MGT-13 
 

-12.04 2.44 
        

MGT-8a   -13.49 1.84                 

CN27A   -12.28 1.13 0.708028 
52.2 408.7 135.0 12.1       

CN28A 
 

-10.43 1.67 
        

Bx68 Cc3 -10.49 1.93         
Bx69 

 -11.69 1.49         
CN40 

 
-11.16 0.47 

        
CN41.I 

 
-14.71 0.41 0.707857 60.3 711.5 73.8 54.1    

CN41.II   -12.85 0.28                 

CN12B   -11.83 1.34                 

CN32B Cc4 -13.22 0.82 
        

CN33A 
 

-11.09 1.19 0.707468 
53.4 794.7 319.5 19.9 0.536/0.548 -0.2 to +1.4 85 to 92 

CN33B   -12.71 0.37                 

ABC 34 Cc5a -7.78 -1.38 / 56.2 581.6 66.3 10.8       

Bx 32 Cc5b -5.22 2.12   78.5 3718.6 178.0 10.0       

Bx 34   -5.04 2.18 0.707669 102.7 3240.9 175.5 2.0       

Bx47.I   -7.40 -3.63   52.3 441.0 318.4 33.8       

Bx47.II Cc6a -8.46 1.34 0.707762 57.0 164.6 116.5 24.6    
Bx47.III   -7.25 -8.18                 

CN12A 
 

-7.87 1.25 0.707326 47.8 501.2 225.3 19.1    
CN31B 

 
-9.23 1.8 

        
CN32A Cc6b -8.42 1.03 

        
CN32D 

 
-8.64 1.04 

        
CN38A 

 
-6.59 2.7 0.707298 46.3 240.6 46.6 1.9 0.6 -1.3 to +2.9 40.7 to 16.1 

CN38B   -8.19 2.41                 

Bx 23   -11.86 -1.75                 

Bx 24 Cc6c -13.90 -1.01         
Bx 25.I   -13.37 -1.06 0.707835 62.7 1420.9 477.2 74.5       

Bx 25.II Cc7 -13.06 -2.07 0.707894 61.5 1160.5 512.0 34.8       

Bx 18   -7.41 2.09 0.707389 86.0 637.0 79.7 10.5       

Bx39.I Cc8a -6.47 2.14  71.5 2617.9 84.0 22.0    
Bx39.II  -7.18 2.03         
Bx39.III   -6.60 2.13                 

Bx35B.II Cc8b -4.39 2.18 0.707699 80.8 3916.3 164.2 4.6       

ABC 24   -8.79 2.30 0.707512 90.5 2070.0 83.5 16.2       

MGT35A Cc9a -12.05 1.22 0.707615 55.2 503.1 51.4 18.1       



 

243 
 

Bx 11B   -6.69 2.18   90.2 2118.9 59.0 5.1       

Bx 13.I Cc9b -9.02 2.04 0.707285 71.4 4688.7 72.2 2.0    
Bx 11A   -8.22 2.17                 

ABC 21B   -8.16 2.67   57.5 1131.8 52.5 22.3       

ABC 22 Cc10 -7.90 2.76 
 64.0 1380.7 38.1 16.4    

ABC 21A   -9.28 2.53                 

Bx 1B   -8.18 -1.70 0.707707 42.2 239.0 236.8 40.8 0.619/0.642 -1.8 to -0.1 42 to 51 

Bx 3 Cc11 -7.32 -1.79         
Bx36.I  -7.62 -1.97         

Bx36.IV  -7.37 -1.64         
Bx36.V   -6.45 -1.45                 

Bx3.III   -8.23 -3.72                 

Bx 1A.I  -6.98 -4.63 0.707699 46.9 216.2 222.3 22.7 0.562/0.589 +3.7 to +5.9 64 to 78 

Bx1B.II  -6.27 -4.60         
Bx3.II Cc12 -6.98 -3.28         

Bx36.II  -7.82 -5.62 0.707695 47.6 270.7 86.6 4.9    
Bx36.III  -7.16 -6.27         
Bx35A.II   -5.41 -4.07 0.707765 45.3 219.5 151.5 21.9       

Bx 1A.II  -13.00 -1.88  44.7 906.8 380.5 35.7    
Bx 2A Cc13 -12.13 -2.94 0.707698 45.4 548.1 409.3 29.2 0.498/0.515 +3.2 to +5.5 105 to 117 

Bx2B  -11.93 -2.82         
Bx 4   -11.71 -3.19   51.6 356.2 661.1 9.3       

Bx66Cc   -12 1.6                 

Bx 5  -12.90 0.39 0.707771 49.9 699.5 97.3 18.2 0.53/0.535 +0.7 to +1.9 93 to 96 

Bx 6 Cc14a -12.30 2.41         
Bx 7.I  -13.10 0.44         
Bx 7.II  -11.94 0.95 0.707715 69.6 623.6 80.3 5.2    
Bx 8   -12.28 -0.55   51.5 625.3 65.2 10.3       

ABC 1   -12.02 2.01                 

ABC 2A 
 

-10.79 1.43 
        

ABC 35 Cc14b -10.97 1.91 
        

ABC 2B 
 

-11.03 1.39 
        

ABC3   -13.83 1.73                 

Bx 17A   -5.83 2.35                 

Bx 17B Cc15a -7.27 2.39 
    11.0    

Bx 16   -10.69 1.39 0.707355 74.7 2835.4 78.9 10.5       

Bx 26 Cc15b -12.98 -2.71   54.6 805.0 467.4 16.5       

Bx 27   -9.26 -2.75 0.707920 60.1 530.2 431.0 48.0       

Bx 17B Cc16a -7.27 2.39 / 74.8 4629.9 82.8         

Bx17   -9.60 2.20                 

CN18A   -7.82 -8.3 0.707706 47.6 389.4 501.2 5.3       

CN20A Cc16b -8.28 -10.43 0.707614 46.9 449.8 1379.8 2.5 0.541/0.555 +1 to +2 80 to 90 

CN26A   -7.79 -10.14                 

MGT  15A.I   -9.35 1.91                 

MGT  15A.II 
 

-9.99 1.95 
 45.1 1813.4 174.3 105.3    

MGT  15A.III Cc17a -9.82 1.54 
        

MGT-20 
 

-10.81 2.21 
        

MGT  15A.IV   -8.76 1.44                 

Bx 19   -11.67 0.48 0.707807 77.8 412.9 466.4 16.4       

Bx 20.I 
 

-11.19 0.87 
        

Bx 20.II Cc17b -8.88 0.23 
        

Bx21.I 
 

-9.31 0.82 
        

Bx21.II 
 

-8.48 -0.43 
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Bx46   -8.96 -1.31   76.6 446.0 90.1 30.3       

Bx40 Cc17c -9.30 2.23 0.707346 84.1 4746.3 43.0 0.8       

CN2A   -13.73 -6.13                 

CN3A 
 

-14.21 -5.81 
        

CN4A 
 

-14.3 -7.38 
        

CN4B 
 

-12.93 -7.78 
        

CN5A 
 

-14.31 -12.48 
        

CN6A Cc17d -13.02 -10.85 0.707586 47.0 390.8 185.7 25.5    
CN9A 

 
-13.58 -5.83 

        
CN10A 

 
-13.85 -12.51 

        
CN15A-A 

 
-10.06 -5.38 0.707612 52.4 519.7 119.3 10.3 0.543/0.545 0.5 to 0.9 87 to 88 

CN15A-B 
 

-13.66 -4.07 
        

CN15B-A 
 

-10.88 -5.76 
        

CN16A 
 

-13.06 -5.05 
        

CN16C 
 

-9.86 -5.51 
        

CN17A 
 

-10.22 -5.4 
        

CN26B   -13.84 -8.22                 

Bx 33.I Cc17e -2.79 2.28 0.707667 74.7 3904.7 197.4 13.6       

Bx 33.II   -5.11 2.13                 

MGT-21b   -8.36 2.59                 

MGT-3 
 

-8.78 2.48 
        

MGT 24A Cc18 -8.51 2.32         
MGT 24B  -9.03 2.04         
MGT 3B  -8.88 2.52         
MGT-16a 

 
-8.62 1.83 

        
MGT-19b   -8.74 1.90                 

ABC 31   -7.47 2.59                 

ABC 32 Cc19 -9.30 2.70 
 75.5 1462.6 56.5 13.3    

ABC 33.I 
 

-9.07 2.30 
        

ABC 33.II   -7.92 2.66                 

MGT 35B Cc20a -13.09 0.24                 

MGT-31a   -15.61 -1.99                 

Bx 28 Cc20b -13.82 -3.65 0.708018 56.4 706.9 319.9 45.5       

Bx49.I   -8.34 0.02   48.2 314.6 636.1 39.2       

Bx49.II 
 

-10.17 -0.84 
        

Bx50 
 

-8.28 0.19 
        

Bx51 
 

-10.06 0.37 
 65.2 362.5 93.2 10.6    

Bx52.I Cc21 -8.52 0.86 
        

Bx52.II 
 

-9.58 0.11 
        

Bx61 
 

-8.54 0.08 
        

Bx62 
 

-9.48 -0.47 
        

Bx65 
 

-10.33 0.84 
        

Bx64.I 
 

-12.99 -0.58 0.707683 
       

Bx64.II   -5.64 -2.51                 

MGT 3A   -10.08 2.61                 

MGT-8b 
 

-9.98 2.58 
        

MGT-9b(a) Cc22 -11.16 2.02 
        

MGT-10(b) 
 

-10.98 2.09 
        

MGT-11a 
 

-10.87 2.57 
        

MGT-2   -10.11 2.20                 

MGT-9b(b) 
 

-11.55 -3.28 
 50.8 1348.4 74.5 39.2    

MGT-9b(c) Cc23 -12.15 -1.15 0.707700 54.3 338.7 196.5 39.8    
MGT-10(a) 

 
-12.65 -4.14 
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MGT-11b 
 

-13.03 -3.93 
        

MGT-33a 
 

-10.90 -3.30 
        

MGT-33b 
 

-10.22 -1.82 
        

MGT-36   -10.80 -3.55                 

CN27B Jurassic 
SET -6.22 0.72   69.6 995.5 60.1         

CN28B   -8.66 1.69                 

Bx38 Setcomelles 
Mb.  B -1.64 2.97 0.707530 

54.4 422.8 104.0         

Bx 12A.HR Lluçà Fm  
CM -4.86 2.08 0.707329 60.6 3352.4 80.5     

CN12C 
 

-3.31 1.76 0.707317 70.3 1812.9 76.4     
CN31A Lluçà Fm 

CN -3.62 2.4 
        

CN32C 
 

-5.06 1.59 
        

CN38C   -3 2.51                 

Bx8 HR 
Santa Fé 
Fm FB -6.15 2.09 0.707718 55.7 468.9 68.8         

Bx7.HR   -5.80 2.20                 

Bx53 HR   -4.52 2.16   46.9 681.7 109.9         

Bx45.I Congost 
Fm   SJ -5.52 2.38 

        
Bx45.II   -7.51 0.98                 

Bx2A HR   -6.67 0.74 0.707606 38.8 340.8 345.6         

Bx3 HR 

Collada 
Gassó  Fm 

FB -6.99 0.05 

 

       
Bx1.HR   -7.20 -0.50                 

MGT 38.I 
(HR)   -5.67 2.26                 

MGT 38.II 
(HR) 

Sant 
Corneli Fm 

MGT 
-4.19 2.64 

        
MGT-13HR 

 
-3.67 2.36 

        
MGT-14HR   -3.53 2.32                 

Bx42 HR 
Vallcarga 

Fm SA  
ABC 

-2.59 2.39 0.707695 
50.3 2909.2 135.9         

ABC 21B.HR   -3.55 2.82   48.6 2643.3 48.3         

Bx 24HR   -10.22 -1.91   70.1 1382.4 325.0         

Bx25 HR 
Areny Fm   

OC -9.64 -2.04         
Bx28 HR   -7.84 -5.01                 

CN5B Garumnian  
CN -7.67 -13.06 

 50.4 771.7 58.5     
CN20B   -6.84 -11.01   54.1 1362.1 329.0         
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Table S3. U-Pb procedure and results. Sequence of analysis 1 
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Concordia graphs 1  
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Table S4. Sequence of analysis 2 
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Concordia graphs 2  
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