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Thesis presentation and structure 

This thesis constitutes the word that I have done to obtain the degree of PhD at the 

Department of Mineralogy, Petrology and Applied Geology of the Faculty of Earth Sciences of the 

University of Barcelona (UB). This dissertation is presented as a compendium of articles and is 

divided into twelve chapters.  

Chapters 1, 2 and 3 consist of the general introduction, geological setting and the 

methodology, respectively. 

Chapters 4 to 8 consist of the results and they include all the papers related to the research 

done during this thesis. Two of the papers are published, the third one is in review, the fourth one 

is submitted and the fifth one is in preparation: 

Chapter 4: 

Cruset, D., Cantarero, I., Travé, A., Vergés, J., John, C.M. (2016a). Crestal graben fluid 

evolution during growth of the Puig-reig anticline (South Pyrenean fold and thrust belt). Journal 

of Geodynamics 101, 30-50. 

Chapter 5: 

Cruset, D., Cantarero, I., Vergés, J., John, C.M., Muñoz-López, D., Travé, A. (2018). 

Changes in fluid regime in syn-orogenic sediments during the growth of the south Pyrenean fold 

and thrust belt. Global and Planetary Change 171, 207-224. 

Chapter 6: 

Cruset, D., Vergés, J., Albert, R., Gerdes, A., Benedicto, A., Cantarero, I., Travé, A. (in 

review in the journal Geology). U-Pb geochronology applied to fracture-filling calcite cements to 

decipher emplacement and reactivation of SE Pyrenean thrust sheets. 

Chapter 7: 

Cruset, D., Cantarero, I., Benedicto, A., John, C. M., Vergés, J., Travé, A. (submitted to 

Marine and Petroleum Geology). From hydroplastic to brittle deformation: controls on fluid flow in 

the Lower Pedraforca thrust sheet (southern Pyrenees). 

Chapter 8: 

Cruset, D., Vergés, J., Benedicto, A., Gómez-Rivas, E., Cantarero, I., John, C. M., Travé, A. 

(in preparation). Fluid flow evolution from the Mesozoic extension to the Alpine orogeny in the 

Upper Pedraforca thrust sheet (southern Pyrenees). 

In this chapter the introduction, the geological setting, the methodology, the main results and 

part of the discussion are presented. 
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Chapters 9, 10 and 11 consists of the main discussion of the results presented in  

chapters 4 to 8, the main conclusions achieved in this thesis and all the references, respectively. 

Chapter 12 includes the annexes of this thesis, which in addition to geochemical data, also 

include other publications and presentations in international congresses:  

Annex 1: Geochemical data from Chapter 4 (Cruset et al., 2016). 

Annex 2: Geochemical data from chapter 5 (Cruset et al., 2018). 

Annex 3: Data repository from Chapter 6 (Cruset et al., in review). 

Annex 4: Geochemical data from chapter 7 (Cruset et al., submitted). 

Annex 5: Geochemical data from chapter 8 (Cruset et al., in preparation). 

Annex 6: Other publications: 

Cruset, D., Cantarero, I., Travé, A., Vergés, J. (2015). Evolución diagenética durante el 

crecimiento del anticlinal de Puig-reig (cinturón de pliegues y cabalgamientos surpirenaico). 

Geogaceta. 58, 27-30. 

Cruset, D., Vergés, J., Cantarero, I., Travé, A. (2019) From rock-buffered to open fluid 

system during emplacement of the Lower Pedraforca thrust sheet (South Pyrenees). In: Doronzo 

D., Schingaro E., Armstrong-Altrin J., Zoheir B. (eds.) Petrogenesis and Exploration of the Earth’s 

Interior. Proceedings of the 1st Springer Conference of the Arabian Journal of Geosciences 

(CAJG-1), Tunisia 2018. pp 215-217. 

Annex 7: Oral presentations: 

Cruset, D., Cantarero, I., Travé, A., Vergés, J., John, C. M. (2016b). Fluid migration during 

the Cadí thrust sheet emplacement (South Pyrenean fold and thrust belt). GEOFLUIDS VIII 

conference, Wuhan, China. June 22-27, 2016. 

Cruset, D., Cantarero, I., Vergés, J., Travé, A. (2017) Fluid rock relationships during the 

formation and inversion of an extensional basin (Upper Pedraforca thrust sheet, South Pyrenean 

fold and thrust belt). International Meeting of Sedimentology 2007. Toulouse, France, October 

10-12, 2017.
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Summary 

The south eastern Pyrenees allowed us to study the relationships between fluid flow and 

deformation in a complete section of a well-preserved fold and thrust belt. Furthermore, this study 

enables us to decipher the main controls on fluid flow and to perform a conceptual model of fluid 

migration in fold and thrust belts by comparing the southern Pyrenees with other orogens 

worldwide.  

A combination of field-based and petrographic observations together with geochemical 

analyses was used to determine the origin of fluids from which these cements precipitated, the 

conditions of fluid migration and the fluid-rock relationships. These methods were applied to 

carbonate host rocks and calcite and dolomite cements precipitated in fractures and in 

intergranular and vug porosities. 

The integration of the methodology allowed us to define up to 20 fluid flow events for the 

Upper Pedraforca thrust sheet, Eight for the Lower Pedraforca thrust sheet, seven for the 

Vallfogona thrust, which is the southern margin of the Cadí thrust sheet, and two for both the 

Abocador thrust and the Puig-reig anticline, which are located in the foreland Ebro basin. 

During the late foreland stage of the south Pyrenean fold and thrust belt, the Puig-reig 

anticline formed. Structural and microstructural analysis developed in this fold demonstrate that 

at outcrop scale fracturing was controlled by rigidity contrasts between layers, diagenesis and 

structural position within the anticline, whereas grain size, cementation and porosity controlled 

deformation at the microscopic scale. Petrographic and geochemical studies of calcite 

precipitated in host rock porosity and fault planes reveal the presence of two migrating fluids, 

which represents two different stages of evolution of the Puig-reig anticline. During the layer-

parallel shortening, hydrothermal fluids with temperatures between 92 and 130 ºC circulated 

through the main thrusts to the permeable host rocks, reverse and most of strike-slip faults 

precipitating as cement Cc1. During the fold growth, meteoric waters circulated downwards 

through normal and some strike-slip faults and mixed at depth with the previous hydrothermal 

fluid, precipitating as cement Cc2 at temperatures between 77 and 93 ºC. Integration of the results 

from the Puig-reig anticline in this work and the El Guix anticline indicates that hydrothermal fluids 

did not reach the El Guix anticline, in which only meteoric and evolved meteoric waters circulated 

along the fold. 

In the south Pyrenean foreland basin, Hydrothermal fluids at temperatures up to 154 °C, 

migrated from the Axial zone to the foreland basin and mixed with connate fluids in equilibrium 

with Eocene sea-water during lower and middle Eocene (underfilled foreland basin). As the thrust 

front progressively emerged, low-temperature meteoric waters migrated downwards the foreland 

basin and mixed at depth with the hydrothermal fluids from middle Eocene to lower Oligocene 

(overfilled non-marine foreland basin). The comparison of the fluid flow models from the Southern 

Pyrenees with other orogens worldwide, seems to indicate that the presence or absence of thick 
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evaporitic units highly control fluid composition during the development of fold and thrust belts. 

Whereas in thrusts not detached along thick evaporite units, mixed fluids are progressively more 

depleted in δ18O and have a lower temperature and lower Fe and Sr contents as the thrust front 

emerges, in thrust detachments through thick evaporite units, the mixed fluids are enriched in 

δ18O. 

From U-Pb geochronology applied to calcite cements, 47 ages for the South Pyrenean fold 

and thrust belt are obtained. Results indicate that fluid migration took place during the Pyrenean 

compression and that deformation migrated from the upper thrust sheets to the lower thrust units 

and to the foreland from 70.5 ± 1.1 Ma to 25 ± 17 Ma. These U-Pb ages also indicate that each 

of the thrust sheets registers its own deformational history as well as the history of the underlying 

thrust units emplaced during tectonic stacking. For instance, the Upper Pedraforca thrust sheet 

records the entire compressional history of the SE Pyrenees. Likewise, the wide distribution of U-

Pb ages within each tectonic unit indicates that deformation was continuous rather than episodic. 

Calcite veins with Neogene ages ranging from 18.9 ± 0.8 Ma to 2.6 ± 1.3 Ma are interpreted as 

having been formed during the Neogene rift and post-rift Western Mediterranean events 

stretching across NE Iberia. These ages are the first evidence demonstrating deformation within 

the SE Pyrenees during these post-compressional events.  

In the Lower Pedraforca thrust sheet, during syn-sedimentary hydroplastic normal faulting 

affecting poorly-consolidated Upper Cretaceous sediments and Eocene syn-orogenic sediments, 

calcite cements did not precipitate. During the burial and the layer-parallel shortening, however, 

calcite cements Cc1 to Cc4 precipitated from fluids in a relatively paleohydrological system. Cc3 

precipitated from high-salinity fluids (~+5.4 ‰ VSMOW) with 87Sr/86Sr ratios of 0.707922 and at 

temperatures around 70 ºC. Contrarily, during folding and thrusting, calcite cements Cc5 to Cc8 

precipitated in a more open paleohydrological system. Cc6 precipitated from high-salinity fluids 

(~+5 ‰ VSMOW) with 87Sr/86Sr ratios 0.707817 and at temperatures around 75 ºC. The controls 

of deformation on the paleohydrological system observed in the Lower Pedraforca thrust sheet 

have strong similarities with that observed other areas worldwide under both compressional and 

extensional regimes.  

In the Upper Pedraforca thrust sheet, brines at 125 and 145 ºC migrated through fractures 

during the Early Cretaceous extension. During the Late Cretaceous-Paleocene compression, 

formation waters at temperatures around 80 ºC and in equilibrium with Late Cretaceous seawater 

migrated through main thrust fault zones. As the Upper Pedraforca thrust sheet emplaced, the 

influence of meteoric waters increased, resulting in the slightly decrease of the salinity of migrating 

fluids. During the Eocene-Oligocene reactivation of this thrust unit, also formation waters at 

temperatures between 90 and 100 ºC migrated through main thrust fault zones. However, the 

influence of meteoric waters increased with respect to the Late Cretaceous-Paleocene 

compression, indicating exhumation of the Upper Pedraforca thrust sheet. 
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Stable, clumped and strontium isotopes together with elemental composition and rare earths 

and yttrium analysis indicate that during the emplacement of the Upper and Lower Pedraforca 

thrust sheets, from Late Cretaceous to middle Eocene, the fluid system was dominated by high-

salinity formation fluids and meteoric waters at temperatures ranging between 70 and 90 ºC. In 

these thrust sheets, fluids migrated above evaporite detachments that acted as barriers for the 

input of deep sourced fluids. Contrarily, during the emplacement of the Cadí thrust sheet and 

during the deformation affecting the northern side of the Ebro foreland basin from middle Eocene 

to Oligocene, high-salinity hydrothermal fluids derived from the deeper parts of the Axial zone and 

at temperatures between 100 and 177 ºC, migrated through fractures to the thrust front. 

Hydrothermal fluid flow induced the development of thermal anomalies in the Vallfogonala and 

Abocador thrusts and in the Puig-reig anticline, which are structures rooted at depth with the 

basement. These fluid flow patterns observed during the growth of the south eastern Pyrenean 

fold and thrust belt are similar to that observed in the western side of this orogen. 

The evolution of the fluid regime during the growth of the southern Pyrenees has strong 

similarities to that observed in other orogens worldwide such as the Sevier thrust belt, the western 

Alps, the Ionian zone in Albania, the Nuncios fold Complex in Mexico as some examples. From 

these similarities a conceptual model of fluid flow in fold and thrust belts in which the style of 

deformation is one of the main controlling parameters is performed. In this model, whereas in 

thin-skinned fold and thrust belts the fluid system is controlled by formation, marine and meteoric 

waters, in thick-skinned fold and thrust belts the system is controlled by the input of deep-sourced 

hydrothermal fluids, which induce the formation of thermal anomalies. In both situations, during 

the layer-parallel shortening stretching thrust sheets, the paleohydrological system was closed 

and the fluid-rock interaction was low. In contrast, during later folding and thrusting the system 

opened to the input external fluids and the interaction between fluids and their adjacent host rocks 

decreased progressively.
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1. Introduction 

1.1. Fluid flow and fold and thrust belts 

Fluids interact with rocks during sedimentation, burial, deformation and metamorphism 

(Travé et al., 1998a, Schneider et al., 2008; Jamtveit and Aurstrheim, 2010; Cosgrove, 2015; 

Cantarero et al., 2018). These fluids are responsible of heat and matter transport (Gasparrini et 

al., 2013; Lu et al., 2017), are involved in ore deposition and hydrocarbon accumulations 

(Dewaele et al., 2004; Gasparrini et al., 2013; Perona et al., 2018), and induce seismically-

induced slip and/or hydraulic fracturing (Aydin, 2000; Wiprut and Zoback, 2000; Rutqvist et al., 

2013). Furthermore, the diagenetic products related to fluid flow (clay minerals and calcite and 

dolomite cements) can be aged using Ar-Ar and U-Pb geochronology to constrain the timing of 

fluid migration (Van der Pluijm et al., 2001; Hansman et al., 2018). 

 

Fig. 1.  Schematic representation of the variables, processes and feedback relationships comprising a 
deformation-related fluid system. Redrawn from Evans and Fischer (2012).  

Fluid-related systems are constituted by different components and processes that interact 

among themselves defining a deformation-related fluid system (Fig. 1). Fluid pressure, 

temperature, composition and mobility have a feedback relationship with fluid-related processes 

affecting rock strength, fluid storage and mobility and mesoscopic deformation. The mobility of 

fluids defines the structure of the paleohydrological system (compartmentalized or homogenized). 
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Fluid-related processes affecting rock strength (such as pressure-solution, localized deformation, 

vein mineral precipitation, dolomitization, etc.) influences deformation (Fig. 1), which has a 

feedback relationship with mesoscopic deformation (e.g. fractures, deformation bands, cleavage). 

As a result of the relationships between these processes and feedbacks, the fluid-related system 

has a high complexity which can vary through time (Evans and Fischer, 2012). 

 

 

Fig. 2. Composite block diagram outlining the successive development of deformation structures in relation 
to the ev olution of a carbonate-related fold and thrust belt (Roure et al., 2005). 
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 In the past, the study of fluid flow was focused on specific diagenetic products and processes 

like hydrothermal dolomitization and dickite formation (Sibson et al., 1988; Lacombe et al. 2014). 

Nevertheless, nowadays diagenetic studies are also focused on to shed light on the geodynamic 

and paleohydrological evolution of deformed areas such as fold and thrust belts (Dewever, 2008; 

Vilasi, 2010; Beaudoin et al., 2014; Crognier et al., 2017). 

 

Fold and thrust belts, especially when they are located in the onshore, have been considered 

difficult places to explore for many reasons. Seismic data is insufficient to allow good 

interpretations, reservoir development and charge history are difficult to unravel because of 

uncertainty of the burial history and the tectonic regime tends to lead to a high risk of seal 

breaching (Goffey et al., 2010). However, orogenic belts are a significant objective of research 

since they contain large amounts of resources, especially oil and gas, and give us information 

regarding to plate kinematics (Kendall et al., 2019). During the evolution of fold and thrust belts, 

the development of deformation structures such as bed-parallel and bed-perpendicular stylolite 

planes, conjugate fracture sets and hydraulic fracturing, exert a strong control on the permeability 

and porosity of the reservoir rocks (especially carbonates), and therefore, on fluid flow (Fig. 2). 

During compressional deformation, fluids are expelled into foreland basins through fractures and 

rock porosity induced by tectonics (squeegee-type) and/or topography during the successive 

stages of fold and thrust belts evolution (Oliver, 1986; Heydari, 1997; Bitzer et al., 2001; Pollyea 

et al., 2015) (Fig. 3). 

 

 

Fig. 3. Two dimensional flow systems hypothesized for mountain belts formed by collisional orogeny (continents 
C1 and C2): a) topography-driven flow orthogonal to the range front; b) tectonically-induced “squeegee” model 
for the expulsion of overpressured fluids from an overthrust passive margin. Redrawn from Sibson (2005). 
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Fig. 4.  Synthetic cross section of a fold and thrust belt summarizing the main structural domains as well as 
cementation habitats and carbonate dissolution areas (Roure et al., 2005).   

Key elements such as the structural style and the stratigraphy of fold and thrust belts, as well 

as the petrology and geochemistry of diagenetic products related to fluid flow are easily studied 

in mountainous exposures since in core materials these elements are not always evident. 

Regarding to fluid flow, the challenges of this kind of research are to reconstruct the temperature, 

the chemical composition of the fluids and the prevailing paleohydrological system during the 

development of a compressional belt, as well as their evolution through time. These parameters 

are not homogeneous along the main structural domains of the thrust belt (Fig. 4) and must be 

studied separately and then integrated into an orogen-scale model (Travé et al., 2007).  

1.2. Previous studies 

Previous works on the relationships between fluid migration and deformation in fold and 

thrust belts exist related to fluid flow at orogen scale, such as those developed in the Bighorn 

Basin, in USA (Beaudoin et al., 2014), the Veracruz petroleum province (e.g. Ferket et al., 2006), 

The Mexican fold and thrust belt (Fitz-Díaz et al., 2011); in Northern Oman Mountains (e.g. 

Fontana et al., 2014), in the Spanish Linking Zone (Travé et al., 2004), in the Sicilian fold and 

thrust belt (Dewever, 2008), in the South Pyrenean fold and thrust belt (Travé et al., 2007) and in 

the Wessex Basin, UK (Worden et al., 2015), as some of the examples.  

Detailed research in fluid flow related to compressional deformation has also been studied 

from diverse approaches, such as: 1) hydraulic behavior of fractures (e. g. Moretti et al., 2000; 

Labaume and Moretti, 2001; Breesch et al., 2009), 2) fluid overpressures and fracturing (e. g. 

Cobbold et al., 2013; Mackay, 2015), 3) fluid circulation during folding (e. g. Evans and Fischer, 
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2012; Beaudoin et al., 2015; Cosgrove, 2015) and 4) controls of the style of deformation on fluid 

flow (e. g. Beaudoin et al., 2011 and 2014; Travé et al., 2000 and 2007). Tables 1 to 5 summarizes 

some previous works developed from different approaches in fold and thrust belts worldwide. The 

locations of the studied fold and thrust belts in previous works are in Fig. 5. 

 
Table 1.  Summary of previous works of fluid flow at orogen scale. 

Country Area Age References 

    
Canada Canadian Rocky Mountains Mesozoic-Tertiary Vandenginste et al. (2012) 
    
Mexico Mexican fold and thrust belt Late Cretaceous-

Eocene 
Ferket et al. (2006), Fitz-Díaz 
et al. (2011)  

    
USA Rocky Mountains Mesozoic Vandeginste et al. (2005) 
    
USA Bighorn Basin Late Cretaceous Beaudoin et al. (2014) 
    
UAE Northern Oman Mountains Late Cretaceous-

Miocene 
Breesch (2008), Fontana et al. 
(2014) 

    
Italy Sicilian fold and thrust belt Miocene Dewever (2008) 
    
    
Albania Ionian fold and thrust belt Tertiary Swennen et al. (2000), Vilasi et 

al. (2009) 
    
Belgium Rhenohercynian fold belt Late Carboniferous Schroyen and Muchez (2000) 
    
United 
Kingdom 

Wessex Basin Tertiary Worden et al. (2015) 

    
Spain Linking Zone Eocene-Miocene Travé et al. (2004) 
    
Spain Catalan Coastal Ranges Paleogene Travé et al. (1998b) 
    
Spain South Pyrenean fold and 

thrust belt 
Eocene-Oligocene Travé et al. (2007) 

    
 

Hydraulic behavior of fractures. The hydraulic behavior of faults and joints (Table 2) is of 

great importance since faults can act as paths or barriers for longitudinal and/or transversal fluid 

flow. Changes of this behavior controlled by depth have been studied in the Bolivian sub Andean 

zone by Moretti et al. (2000). These authors observed that at depths higher than 3 km, thrust 

faults can act as a barrier for fluid flow due to authigenic quartz cementation, whereas at shallower 

positions (< 2,5-3 km) act as fluid paths. Fluid compartmentalization in an orogen by thrust faults 

has been reported by Labaume and Moretti (2001) in the Bolivian sub Andean Zone, Breesch et 

al. (2009) in Northern Oman Mountains, Dewever et al. (2013) in the frontal part of the Sicilian 

fold and thrust belt, and by Travé et al. (1997, 1998a, 2000) and Lacroix et al. (2014) in the 

southern Pyrenees. These authors observed how thrust faults can act as barriers for transversal 

fluid flow allowing the development of different diagenetic histories both in the hanging and foot 

wall of these faults. The behavior of fracture corridors as seal-bypass systems has been studied 

in the Sevier thrust belt (Ogata et al., 2014). This work shows how fracture corridors develop 

large-scale networks of preferential fluid-flow pathways (Fig. 6). Similar behavior of fractures has 
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been reported in southwestern Lurestan province (Zagros Mountains, Iran) by Sharp et al. (2010). 

This work shows the controls of fracturing and facies architecture on dolomitization processes. In 

the Chrystalls Beach Complex of New Zealand, fracture mesh generation in underthrust 

sediments favored localized fluid flow and vein formation (Fagereng and Harris, 2014). Finally, 

Hausegger et al. (2009) studied the mechanisms of fault breccia formation in carbonate damage 

zones and its control on the hydraulic behavior of faults in Eastern Alps. 

 

Fig. 5. Location of the fold and thrust belts presented in tables 1 to 5. The color of the boxes indicates the onset 
of conver gence in these fold and thrust belts. 

 

 

Fig. 6. Conceptual model showing the different fracture corridors types, and their relationships for developing a 
large-scale network of preferential fluid flow pathways (Ogata et al., 2014).   

 

 

8



Chapter 1 
 

Table 2. Summary of previous works of the hydraulic behavior of faults. 

Country  Area Age References 

    
New Zealand Chrystalls Beach 

Complex 
Triassic-Jurassic Fagereng and Harris (2014) 

    
Bolivia Sub Andean Zone Neogene Moretti et al. (2000), 

Labaume and Moretti (2001), 
Husson and Moretti (2002)  

    
USA Sevier thrust system Mesozoic-

Tertiary 
Ogata et al. (2014) 

    
Iran Zagros fold and thrust 

belt 
Mesozoic-
Tertiary 

Sharp et al. (2010),  
Shariatinia et al. (2014) 

    
Thailand Khao Khwang fold and 

thrust belt 
Triassic Hansberry et al. (2015) 

    
UAE Northern Oman 

Mountains 
Late 
Cretaceous-
Miocene 

Breesch et al. (2009) 

    
Austria Eastern Alps Mesozoic-

Tertiary 
Hausegger et al. (2009) 

    
Belgium Brabant Massif Late 

Carboniferous 
Piessens et al. (2002), 
Dewaele et al. (2004)  

    
Italy Northern Apennines Miocene Cello et al. (2001),  

Petracchini et al. (2012) 
    
Italy Sicilian fold and thrust 

belt 
Oligocene-
Miocene 

Dewever et al. (2013) 

    
Spain Jaca and Ainsa basins 

(Pyrenees) 
Eocene-
Oligocene 

Lacroix et al. (2013, 2014) 

    
Spain Ainsa Basin 

(Pyrenees) 
Middle Eocene Travé et al. (1997, 1998a) 

    
Spain Eastern Ebro Basin Oligocene Travé et al. (2000) 
    
Switzerland Western Alps Mesozoic-

Tertiary 
Kirschner et al. (1999) 

    
   

Fluid overpressures and fracturing. Other authors focused their research on the development 

of fractures due to fluid pressure built-up. (Table 3). Cobbold et al. (2013) studied several 

examples of bedding-parallel calcite, gypsum and quartz veins formed in different sedimentary 

basins worldwide. Mackay (2015) studied the role of fluids in the structural development of 

southern Canadian Rocky Mountains. Both authors concluded that overpressures are commonly 

related with the generation of hydrocarbons. Petroleum generation increases the fluid pressure 

within the rock driving the system into failure, allowing thrust reactivation and the development of 

bedding-parallel veins (Fig. 7). Li et al. (2013) document the development of fluid overpressures 

due to clay transformations in the Dabashan fold and thrust belt, in China. In this setting, 

overpressure fluids are the main carrier of oil and gas, which are trapped as fluid inclusions in 

calcite veins. Morley et al. (2014) compared two anticlines developed in different settings (deep 
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marine environment in Deepwater region offshore Brunei vs. arid continental environment in 

Central Basin of Iran, Zagros mountains) in order to decipher the main controls on overpressure 

development. These authors observed how the availability of water trapped in the pore-space and 

diagenetic processes like chemical compaction exert a strong influence on the development of 

overpressures. Turner and Williams (2004) highlighted the role of fluid overpressures during basin 

inversion. They document that overpressures induce reactivation of faults which are unfavorably 

oriented with respect to maximum principal stress. Besides, sudden fault reactivation is 

responsible of vertical fluid flow, which can transfer potentially very large volumes of hydrothermal 

fluids from deep to shallower parts of a compressional belt. These results have significant 

implications for the oil and ore industry, as well as for geothermal exploration. 

Table 3. Summary of previous works of fluid overpressures and fracturing. 

Countr y Area Age References 

    
USA Rocky Mountains Mesozoic Mackay (2015) 
    
China Dabashan foreland belt Jurassic-

Cretaceous 
Li et al. (2013) 

    
China Sichuan Basin Late Triassic Zeng (2010) 
    
Iran Zagros fold and thrust 

belt 
Mesozoic-
Tertiary 

Morley et al. (2014) 

    
Spain Jaca and Ainsa basins 

(Pyrenees) 
Eocene-
Oligocene 

Lacroix et al. (2013) 

    

 

Fig. 7. Effect of fluid pressure in fracture development and later sealing. As organic matter is heated 
hydrocarbons volume increases in a confined pore space, resulting in a fluid pressure increase. The Mohr circle 
shifts into failure conditions and hydrocarbons are expelled from the pore space. Heat is lost with the expulsion 
of hydrocarbons as well as fluid pressure. This drives the system back into failure and the hydrocarbons are 
expelled, creating another loss of fluid pressure and heat (Mackay, 2015).    
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Fluid circulation during folding. Folds are one of the main structures investigated from 

different approaches since they are good traps for fluids of economic interest. However, fluid flow 

associated with folding (Table 4) has received less attention than fluid flow during faulting because 

folds are considered as one of the most complex systems in geology (Evans and Fischer, 2012). 

The importance of fluid flow in folds lies in the fact that temperature and pressure affect the folding 

process (Fig. 1). Recent studies focused on the relationships between fluid flow and folding have 

been done in the Southern Pyrenees (Beaudoin et al., 2015), Northern Apennines (Conti et al., 

2010), Central Appalachians (Chandonais and Onasch, 2014; Evans et al., 2012), in the Nuncios 

Fold Complex, Sierra Madre Oriental (Fischer et al., 2009; Lefticariu et al., 2005) and in the North 

Pyrenean Saint-Jean-de-Luz basin (Tilhac et al., 2013). These authors concluded that the folding 

process can change the palaeohydrological behavior of sedimentary units, allowing the 

connection between different hydrostratigraphic units. Another process that occurs during folding 

is the development of overpressures in folds that allow fracture development and therefore can 

affect fluid mobility.  

Table 4. Summary of previous works of fluid flow during folding. 

Countr y Area Age References 

    
Mexico Sierra Madre Oriental Late Cretaceous-

Eocene 
Lefticaariu et al. (2005) 
Fischer et al. (2009) 
Fitz-Díaz et al. (2011)  

    
USA Central Appalachians Devonian Evans et al. (2012) 

Chandonais and Onasch 
(2014) 

    
USA Bighorn Basin Late Cretaceous Beaudoin et al. (2011, 2012, 

2014) 
    
France Saint-Jean-de-Luz Basin Eocene Tilhac et al. (2013) 
    
Italy Northern Apennines Miocene Conti et al. (2010) 
    
Spain Sierras exteriores 

(Pyrenees) 
Eocene-
Oligocene 

Beaudoin et al. (2015) 

    
Spain Eastern Ebro basin Eocene-

Oligocene 
Travé et al. (2000) 

    
 

Controls of the style of deformation on fluid flow. Another factor that can influence 

palaeohydrology in a basin or orogen is the structural style of deformation (Table 5). Beaudoin et 

al. (2011, 2014) discuss the effect of thick-skinned tectonics on fluid flow in the Bighorn Basin 

(Wyoming, USA). Their results suggest that basement-cored folds allow hydrothermal fluids to 

flow vertically from the crystalline basement to fractured cover sedimentary rocks. Travé et al. 

(2000, 2007) and Fischer et al. (2009) studied the fluid flow in a detachment fold in the South 

Pyrenean foreland basin and in the Nuncios Fold Complex (Sierra Madre Oriental), respectively. 

Their results indicate that fluids involved in detachment folds are mainly meteoric and formational 
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fluids mobilized at different depths and that detachments act as barriers for the input of deep-

sourced fluids.  

Table 5. Summary of previous works of controls of the style of deformation on fluid flow. 

Country  Area Age References 

    
Mexico Sierra Madre Oriental Late Cretaceous-

Eocene 
Fischer et al. (2009),  

    
USA Bighorn Basin Late Cretaceous Beaudoin et al. (2011, 2014) 
    
France External Alps Eocene Boutoux et al. (2014) 
    
Spain Eastern Ebro Basin Oligocene Travé et al. (2000) 
    
Spain South Pyrenean fold and 

thrust belt 
Eocene-
Oligocene 

Travé et al. (2007) 

    
 

1.3. Fluid flow in the south Pyrenean fold and thrust belt 

The Pyrenees (Fig. 8) is a doubly-verging orogenic belt generated since the Late Cretaceous 

to the Oligocene due to the collision between the Iberian and European tectonic plates (Muñoz, 

1992). This collision leads to the inversion of previous Mesozoic extensional basins and the 

development of an antiformal stack in the central part of this chain (Muñoz, 1988, 1992; Muñoz 

et al., 1986; Vergés et al., 2002a). 

 

Fig. 8.  Structural map of the NE sector of the Iberian Peninsula where are shown the main structural units of the 
Pyrenees (Vergés, 1993). The red stars represent the outcrops studied in the Jaca and Ainsa basins. The yellow 
star indicates the location of the outcrops studied in the Gavarnie thrust sheet, whereas white and blue stars 
show the outcrops studied in the south central Pyrenees. The red box shows the location of Fig. 9.  
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Studies about fluid flow during the formation of the South Pyrenean fold and thrust belt have 

been carried out in different locations of this orogen (Table 6). These studies represent different 

stages of evolution of the Pyrenees. 

Table 6. Summary of previous works developed in the South Pyrenean fold and thrust belt. 

Area Age Given information References 

    
Sierras Exteriores Eocene-Oligocene Fluid flow during 

folding 
Beaudoin et al. (2015) 

    
Jaca and Ainsa basins  Eocene-Oligocene Fluid flow and 

overpressures and 
hydraulic behavior 
of faults 

Lacroix et al. (2013, 2014, 
2018) 
Crognier et al. (2017) 

    
Ainsa Basin Middle Eocene Fluid flow controls 

on reservoir quality 
and hydraulic 
behavior of faults 

Hoareau et al. (2015) 
Mansurbeg et al. (2009), 
Travé et al. (1997. 1998a) 

    
Central Pyrenees Late Eocene Fluid source and 

mixing processes 
Grant et al. (1990), 
Banks et al. (1991), 
McCaig et al. (2000a, b), 
Trincal et al. (2017). 

    
 Upper Cretaceous Sequence 

stratigraphy and 
Diagenesis 

Booler and Tucker (2002) 

    
  Fluid flow during 

folding 
Nardini et al. (2019) 

    
Southeastern Pyrenees Late Eocene Hydrocarbon 

migration and early 
diagenesis 
products 

Giménez-Montsant et al. 
(1999),  
Caja et al. (2006a, b, 2007)  

    
Eastern Ebro foreland 
basin 

Eocene-Oligocene Hydraulic behavior 
of faults 

Travé et al. (2000) 

    
South Pyrenean fold and 
thrust belt 

Eocene-Oligocene Thrust belt 
evolution 

Travé et al. (2007) 

 Paleocene-
Oligocene 

Fluid flow modelling Bitzer et al. (2001) 

    
    

 

In the Ainsa and Jaca basins (Fig. 8, red stars) there are some works of fluid circulation 

during the activity of the El Monte Perdido thrust under deep water conditions (Travé et al., 1997 

and 1998a; Lacroix et al., 2013 and 2014). In the Hecho Group (Ainsa basin), Mansurbeg et al. 

(2009) studied the effect of diagenetic processes on reservoir quality, and Hoareau et al. (2015) 

studied the burial diagenesis in prodelta facies of the Sobrarbe deltaic complex. These authors 

concluded that the inherited detrital composition of the host rock can control the diagenetic 

evolution of a reservoir. In the Sierras Exteriores (southern margin of the Jaca Basin, Fig. 8, red 

stars), Beaudoin et al. (2015) documented the controls of fold-related fractures on fluid flow and 

its evolution during the development of the Pico del Aguila Anticline, a detachment fold developed 

during the middle Eocene to the Oligocene. 
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In the northwestern sector of the south central Pyrenees (Fig. 8, yellow star) some authors 

studied the chemical composition of high-salinity fluid inclusions in order to determine the source 

and behavior of fluids during the activity of the Gavarnie thrust sheet (Grant et al., 1990; Banks 

et al., 1991; McCaig et al., 2000a, b). The results highlight that these fluids were derived from 

Triassic brines and reveal the difficulty of expelling high-density fluids from the upper crust. This 

fact allowed these fluids to be involved in successive fluid flow events in the same zone over 

hundreds of millions of years. Trincal et al. (2017) studied in the same structure and documented 

the rock transformations by basement-derived fluids under low-grade metamorphism associated 

to thrusting. In the Southeastern sector of the Central Pyrenees (Fig. 8, white star) Booler and 

Tucker (2002) studied the controls of sea level changes on the early diagenesis in carbonate 

platforms in the Bóixols-Sant Corneli anticline. These Authors concluded that changes in the 

water table can control the development of different diagenetic products and therefore, it can give 

us further information during the sequence stratigraphy analysis of carbonate platforms. In the 

same anticline, Nardini et al. (2019) documented the fluid flow evolution from the early- to post-

folding stage (Fig. 8, blue star). Their results reveal that during the early contraction the fluid 

system was dominated by Lower Cretaceous seawater, whereas during the main stage of folding, 

the system opened to meteoric waters which mixed at depth with the previous fluid. Finally, during 

the post-folding deformation stretching the Bóixols anticline, connate evaporated marine fluids 

migrated through newly-formed fractures. 

In the south eastern Pyrenees (Fig. 9) fluid flow studies were mainly concentrated in the Cadí 

Thrust sheet, which is constituted of Permian, Triassic, Upper Cretaceous and lower to middle 

Eocene rocks (Vergés, 1993). The presence of oil shows made this structure an interesting target 

for oil companies (Clavell, 1992). Fluid flow studies in the Cadí thrust sheet have been focused 

especially on the oil-rich sedimentary units in the northern and southern margins of this structure. 

The main source rock in this area is the Armàncies formation, located in the northern margin of 

the Cadí thrust sheet. This sedimentary unit is composed of marine carbonates, marls and shales 

and was deposited during the middle Eocene (Giménez-Montsant, 1993). Works done by Caja et 

al. (2006a, b, 2007) (Fig. 9, blue stars) documented the relationships between oil migration and 

fracturing in the Armàncies and Corones formations, applying thermometry of oil and aqueous 

fluid inclusions within fracture-filling calcite cements. Other works in the Cadí thrust sheet reported 

the presence of organic matter-rich levels in the turbidite sediments of the Vallfogona formation 

in the southern margin of the Cadí thrust sheet (Permayer and Caja, 2007; Caja and Permayer, 

2008) (Fig. 9, red star). However, these organic matter accumulations are not related with fluid 

flow through fractures, but with anoxic episodes during the deposition of the Vallfogona formation. 

Finally, Giménez-Montsant et al. (1999) studied the silica concretions developed within the 

carbonate facies of the Corones formation (Fig. 9, blue stars). These authors revealed the role of 

early mechanical compaction and sediment dewatering in silica supply derived from sponge 

spicule dissolution. 
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In the Ebro foreland Basin only one work has been done by Travé et al. (2000) (Fig. 9, green 

star). These authors studied the fluid circulation through pre-thrust veins and major thrust faults 

affecting the El Guix Anticline (eastern Ebro foreland basin). This anticline is a detachment fold 

generated during the last stages of deformation stretching the South Pyrenean foreland basin, 

which developed under endorheic conditions. This work documents the controls of the underlying 

saline Cardona formation on fluid composition and how faults act as regional fluid conduits when 

they are active.   

 

 

Fig. 9.   A) Map of the Iberian Peninsula where is shown the l ocation of the Pyrenees and Fig. 9 B. B) Structural 
map of the south eastern Pyrenees from Vergés (1993). The blue stars show the location of the outcrops studied 
by Caja et al. (2006a, b and 2007) and Giménez-Montsant et al. (1999). The red star shows the location of the 
outcrop studied by Permayer and Caja (2007) and Caja and Permayer (2008 ). The green star shows the location 
of the studie d outcrop by Travé et al. (2000).  

 

The work published by Travé et al. (2007) integrated fluid flow studies done in the Ainsa 

Basin (Fig. 8) and southeastern Pyrenees (Fig. 9) in order to perform an evolution model during 

the development of the South Pyrenean fold and thrust belt. However, not all the structural units 
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forming this orogen have been studied and therefore, a detailed study within the complete pile of 

superimposed south Pyrenean thrust sheets is needed to decipher evolution of the fluid regime 

during each stage of the evolution of this fold and thrust belt. 

1.4. Problems to solve in this thesis 

Considering the reported literature, there is a scarcity of studies documenting the evolution 

of fluids during the deformation of a whole section of a fold and thrust belt, since most of these 

previous works focused on the scale of individual folds and thrusts faults.  

Another conflictive point is that the crosscutting relationships between diagenetic products 

related to fluid flow events (cements) are frequently unclear. It is because the tectonic evolution 

of fold and thrust belts is complex, and results in multiple stages of deformation and fluid flow 

events (Cosgrove, 2015). Additionally, the not preservation of syn-orogenic sediments in the 

thrust front in orogens with a high level of erosion makes difficult to constrain the absolute timing 

of the deformation and related fluid flow. Therefore, geochronological methods must be applied 

to fluid flow studies to constrain the timing of the migration of fluids and deformation in orogens. 

Finally, there are relatively new analytical methods (e.g. Clumped isotopes, U-Pb 

geochronology, rare earth analysis) that are not extensively applied in the previous works. It would 

be interesting to apply these procedures to a case of study in order to reveal new proxies for fluid 

flow analysis.  

1.5. Objectives of this thesis 

The main objective of this thesis is to perform a conceptual model of fluid flow in fold and 

thrust belts, using a complete section of the south eastern Pyrenean fold and thrust belt as 

analogue. The southern Pyrenees have been selected as object of study due to: 1) the availability 

of an extensive geological data base (Garrido-Mejías, 1973; Puigdefàbregas et al., 1986; Sáez 

and Riba, 1986; Berástegui et al., 1990; Burbank et al., 1992; Vergés, 1993, 2002a); 2) the 

preservation of the structures; 3) the presence of oil shows (Caja et al., 2006a, b, 2007); and 4) 

the possibility to apply relatively new analytical methods not used in previous studies to study fluid 

flow. To deal with the main aim proposed, this thesis has been divided into four secondary 

objectives: 

1) To study the evolution of the fluid regime during the development of the south eastern 

Pyrenean fold and thrust belt. 

 

2) To constrain the absolute timing of syn-tectonic fluid migration in the south eastern 

Pyrenees. 

 
3) To study the relationships between the evolution of the deformation and the 

paleohydrological system. 
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4) To perform a fluid flow model at the scale of the southern Pyrenees.

To generate the model of fluid flow at the scale of the southern Pyrenees proposed in 

objective 4 of this thesis, the results obtained in the objectives 1, 2 and 3 will be integrated with 

previous studies about fluid flow done in other areas of the Pyrenees (Travé et al. 1997, 1998a, 

2000, 2007; Lacroix et al., 2011, 2014, 2018; Beaudoin et al., 2015; Crognier et al., 2017; Nardini 

et al., 2019). Finally, the Pyrenees will be compared with other orogens worldwide (Sevier thrust 

belt, Mexican fold and thrust belt, Ionian zone, Northern Oman Mountains and others) to stablish 

a conceptual model of fluid flow in fold and thrust belts. 

The relationships between the objectives proposed and the articles mentioned in the 

presentation of this thesis are explained in the following lines: 

Study the evolution of the fluid regime during the development of the south eastern 

Pyrenean fold and thrust belt. The evolution of the fluid regime during the growth of the south 

eastern Pyrenees is documented in detail in Cruset et al. (2015, 2016a and b, 2017, 2018, 2019) 

and in Chapters 4, 5 and 8. In these studies, composition, origin and temperature of the fluids 

migrating through the south Pyrenean thrust sheets will be deciphered integrating structural 

analyses, petrographic observations and geochemical methods applied to calcite and dolomite 

cements precipitated in fractures (e.g. carbon, oxygen and strontium isotopes, clumped isotopes 

thermometry, elemental composition analysis). The results document the evolution of the fluid 

regime during the change from an underfilled marine to an overfilled non-marine foreland basin.  

Absolute timing of syn-orogenic fluid flow.  U-Pb geochronology has been applied to 

fracture-filling calcite cements to constrain absolute ages for syn-tectonic fluid flow during the 

growth of the southern Pyrenees, as well as to improve the accuracy of the sequence of 

deformation within the south Pyrenean thrust sheets. The results indicate that compressional 

deformation ranged from the Late Cretaceous to the Oligocene and that deformation continued 

during the Neogene rift and post-rift Western Mediterranean events stretching across north east 

Iberia. This research has been included in Chapter 6 and in a scientific article that is in review in 

the journal Geology. 

Relationships between the evolution of the deformation and the paleohydrological 

system.  The study a whole history of fluid flow evolution from syn-sedimentary hydroplastic 

deformation to later brittle fracturing will allow us to characterize the controls of deformation on 

fluid regime as deformation of a studied structure evolves through time. Results of this research 

are included in Chapter 7 and in an article submitted to the journal Marine and Petroleum Geology. 

Geochemical analyses shed light on the changes in the paleohydrological system (open versus 

closed) during the compressional history of one of the thrust sheets forming the southern 

Pyrenees. 

17



Chapter 1 

18



Chapter 2

Geology of the south eastern Pyrenees

19



20



Chapter 2 

 
 

2. Geology of the south eastern Pyrenees 

2.1. Structure of the south eastern Pyrenees 

The Pyrenees, formed within the framework of the Alpine orogeny and consist of a doubly 

verging orogenic belt generated during the continental collision between Iberia and Eurasia plates 

(Fig. 10), from Late Cretaceous to Miocene (Muñoz, 2002; Vergés et al., 2002a). This collision 

resulted from the partial subduction of the Iberian plate beneath the Eurasian plate (Choukroune, 

et al., 1989; Roure et al., 1989; Muñoz, 1992, 2002; Vergés et al., 1995, 2002a).  

 

Fig. 10. A) Structural map of the NE sector of the Iberian Peninsula where are shown the main structural units of 
the Pyrenees (Vergés, 1993). The blue line indicates the location of Fig. 10B. The red box indicates the location 
of Fig. 11B. B) Eastern Pyrenees crustal-scale balanced cross-section from Vergés et al. (1995). 
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Prior to the Alpine compression, the north Iberian margin was affected by lithosphere extension 

during the Late Triassic and Early Jurassic, which favored the deposition of extensive carbonate 

sediments in platforms during the Jurassic (Mey et al., 1968; Peybernès, 1976; Vergés and 

García-Senz, 2001; Aurell et al., 2002; Martín-Chivelet, 2002). During the Late Jurassic and  Early 

Cretaceous, the reactivation of the Pyrenean rifting resulted in the opening of the Bay of Biscay, 

which induced diapirism by the flow of Upper Triassic evaporites and the formation of salt-related 

basins (Rios, 1948; Brinkmann and Lögters, 1968; Serrano and Martínez del Olmo, 1990; McClay 

et al., 2004; Canérot et al., 2005; López-Mir et al., 2014; Poprawski et al., 2014; Saura et al., 

2015; Tavani et al., 2018). In the north Pyrenean zone, however, this extension produced the 

extreme thinning of the continental crust and the exhumation of upper mantle rocks during the 

Late Aptian and the Albian-Cenomanian (Lagabrielle et al., 2010; Clerc and Lagabrielle, 2014; 

Clerc et al., 2016). After this rifting event and prior to the Pyrenean compression, moderate 

subsidence associated with post-rift thermal contraction affected the area (Martín-Chivelet, 2002). 

During the collision between Iberia and Eurasia plates, the previous Mesozoic extensional basins 

were inverted, and an antiformal stack constituted of basement-involved thrust sheets developed 

in the central part of the chain (Axial zone), acting as a boundary between the North and south 

Pyrenean fold and thrust belts (Muñoz, 1992). 

The south Pyrenean fold and thrust belt (Fig. 11) consists of a sequence of south-verging 

thrusts sheets emplaced in a piggy-back thrust sequence (Puigdefàbregas et al., 1992) and 

detached predominantly above Triassic evaporites (Séguret, 1972) and Eocene evaporites 

deposited in the foreland basin (Vergés et al., 1992; Sans, 2003).  

The structures studied in this thesis from top-and-older to bottom-and-younger consist of the 

complete stacking of south eastern Pyrenean thrust sheets (Upper Pedraforca, Lower Pedraforca 

and Cadí), and their related Ebro foreland basin (Fig. 11). These structures are described below: 

Upper Pedraforca thrust sheet. It is the oldest cover thrust sheet of the eastern sector of 

the south Pyrenean fold-and-thrust belt. It consists of an extensional basin affected by diapirism, 

incorporated into the Pyrenean orogen during the Late Cretaceous-Palaeocene compression 

(Puigdefàbregas and Souquet, 1986; Vergés, 1993; Saura et al., 2015) and reactivated during 

the Eocene-Oligocene (Vergés, 1993). The Upper Pedraforca thrust sheet emplaces Upper 

Triassic, Jurassic and Cretaceous pre-compressive rocks over Upper Cretaceous to Palaeocene 

syn-orogenic sediments of the south Pyrenean foreland basin (Vergés, 1993; Martínez et al., 

2001; García-Senz, 2002). 

Lower Pedraforca thrust sheet. This structure consists of an allochthonous klippe detached 

in the Upper Triassic Keuper facies and emplaced from Lower to Middle Eocene (Puigdefàbregas 

et al., 1986; Burbank et al., 1992). The emplacement of this structural unit was under marine 

conditions, as attested by the syn-orogenic fan delta conglomerates of Queralt deposited at the 

thrust front (Vergés, 1993). 
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Fig.11. A) Regional map of the Iberian Peninsula showing the location of the south Pyrenean fold and thrust belt 
(yellow box). B) Simplified geological map showing the main structural units forming the south Pyrenean fold 
and thrust belt from Vergés (1993). C) Geological cross section of the South Pyrenean fold and thrust belt from 
Vergés (1993) where are shown the studied thrust sheets in this thesis. The location of the cross-section is 
located in Fig. 9.  

Cadí thrust sheet.  The lowermost Cadí thrust sheet is linked to the Axial Zone antiformal 

stack formed by the Orri and Rialp basement thrusted units (Muñoz, 1992), which are 

unconformably overlain by thin Mesozoic rocks and thick Paleogene rocks. The southern 

boundary of the Cadí thrust sheet is the Vallfogona thrust. The activity of this thrust fault started 
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in the middle Eocene under marine conditions and finished during the lower Oligocene under 

continental conditions (Burbank et al., 1992a, 1992b; Vergés, 1993; Vergés and Burbank, 1996; 

Cruset et al., in review). 

Ebro foreland basin. It represents the non-marine stage of the South Pyrenean foreland 

basin (Vergés et al, 2002b), which developed from the middle Priabonian (Costa et al., 2010). 

The fold system deforming the eastern region of the Ebro foreland basin was detached above the 

Cardona evaporites (Sans et al.,1996; Sans, 2003). 

2.2. Stratigraphy of the south eastern Pyrenees 

The rocks forming the studied thrust sheets range in age from the Upper Triassic to the 

Oligocene and include pre-rift, syn-rift and post-rift marine rocks and marine to continental syn-

orogenic sedimentary units. 

The stratigraphy of the Upper Pedraforca thrust sheet is similar to that in its western 

equivalent, the Bóixols thrust sheet (García-Senz, 2002; Mencos et al., 2015) and is divided into 

pre-rift, syn-rift and post-rift marine sediments and marine to continental syn-orogenic sediments 

(Fig. 12). The pre-rift sequence is composed of Triassic and Jurassic rocks. Triassic units consist 

of evaporites and clays from the Keuper facies, which constitute the main detachment level in the 

Pyrenees, and laminated dolostones from the Isàvena Formation (Séguret, 1972; Calvet et al., 

1993; Arnal et al., 2002). The Jurassic is represented by the Bonansa Formation and in the 

studied area consists of Lower Jurassic dolomitic breccias, laminated limestones and dark marls 

with brachiopods and ammonoids and Middle and Upper Jurassic dolostones (Peybernès 1976; 

Aurell et al., 2002). The syn-rift sequence comprises Lower Cretaceous rocks and consists of 

Berriasian breccias and Valanginian to Albian limestones and marls (García-Senz, 2002). Post-

rift sediments in the UPTS are represented by limestones of the Cenomanian-Turonian Santa Fe 

Formation and Lower Santonian limestones with Lacazina from the Sant Corneli Formation (Mey 

et al., 1968; Skelton et al., 2003; Ullastre and Masriera, 2004). The Syn-orogenic sequence is 

constituted of Upper Cretaceous to Palaeocene sediments. The Upper Cretaceous units consist 

of marine marls, limestones and carbonate breccias of the Late Santonian to Maastrichtian Areny 

Formation. This unit is conformably overlain by the Maastrichtian to Danian marine dark marls, 

coastal siltstones and continental sandstones and conglomerates of Garumnian Facies 

(Puigdefàbregas and Souquet, 1986; Vicente et al., 2015). 

In the Lower Pedraforca thrust sheet, the stratigraphy ranges in age from the Upper Triassic 

to the Oligocene and consists of pre- to syn-orogenic rocks (Fig. 13). Pre-compressive units 

consist of evaporites and red clays from the Keuper facies, Jurassic limestones and dolostones 

from the Bonansa Fm. and Coniacian to Lower Santonian limestones (Mey et al., 1968; Simó, 

1985; Calvet et al., 1993). Syn-orogenic materials consist of Upper Santonian to Campanian 

marine sandstones and limestones from the Vallcarga Fm., Campanian-Maastrichtian coastal 

deposits of the Areny Fm., Maastrichtian-Thanetian continental deposits from the Garumnian 
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facies, Ilerdian limestones from the Cadí Fm., Lutetian-Bartonian marine conglomerates of the 

Coubet Fm. deposited in the thrust front and Oligocene continental conglomerates deposited 

during the reactivation of the Lower Pedraforca thrust sheet (Moeri, 1977; Vergés, 1993; López-

Martínez et al., 1999; Rosell et al., 2001; Oms et al., 2007). 

Figure 12 . Chronostratigraphic diagram showing the main sedimentary units of the Upper Pedraforca thrust sheet 
and their related tectonic events. The age of sedimentary units has been defined according to Mey et al. (1968), 
Peybernès (1976), Puigdefàbregas and Souquet (1986), Calvet et al. (1993), Arnal et al. (2002), García-Senz (2002), 
Skelton et al. (2003) and Vicente et al. (2015). 

The Cadí thrust sheet is constituted of Paleozoic, Mesozoic and Paleogene rocks (Fig. 13). 

Paleozoic rocks constitute the Orri and Rialp basement units and consist of pelitic rocks from the 

Ordovician, Devonian limestones and Permian volcanic and lacustrine rocks. This basement units 

are unconformably overlain by Triassic rocks from the fluvial Bundsandstein facies, marine 

limestones from the Muschlekalk and evaporites and red clays from the Keuper facies, Upper 

Cretaceous marine limestones from the Areny Formation, continental Paleocene deposits from 

the Garumnian, Eocene marine limestones from the Cadí, Corones and Armàncies formations, 

turbidite deposits from the Vallfogona Formation and foreland evaporites from the Beuda 
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Formation (Vergés et al., 1998). The turbidites of the Vallfogona formation are overthrusting the 

Lutetian to Bartonian marls of the Banyoles and Igualada formations. and Priabonian-Rupelian 

syn-tectonic alluvial sediments of the Berga formation, indicating that the Vallfogona thrust, the 

southern margin of the Cadí thrust sheet, was active until the lower Oligocene (Burbank et al., 

1992b; Haines, 2008; Valero et al., 2014). 

Fig. 13. N-S stratigraphic panel of the Lower Pedraforca thrust sheet, Cadí thrust sheet and eastern Ebro Foreland 
Basin modified from Vergés et al. (1998). The age of sedimentary units has been defined according to Burbank 
et al. (1992a, b), López-Martínez et al. (1999), Oms et al. (2007), Costa et al. (2010) and Valero et al. (2014). Shallow 
Benthic Zones (SBZ) are from Serra-Kiel et al. (1998a and b). The white boxes with references Q, G1, PEG, G2 and 
EST indicate the stratigraphic location of the studied outcrops. 

The stratigraphy of the Ebro foreland basin consists of Lutetian and Bartonian marine marls 

(Banyoles and Igualada Formations; Serra-Kiel et al., 2003a, b) followed by the non-marine lower-

middle Priabonian Berga and Solsona Formations (Riba,1973; Puigdefàbregas et al., 1986, 1992; 

Valero et al., 2014) (Fig. 13). These sedimentary units represent the endorheic infill of the Ebro 

foreland  basin (Sáez et al., 2007; Costa et al., 2010).The Berga Formation consists of up to 2500 

m thick alluvial con-glomerates, which grade to the south (study area) to finer fluvial sandstones, 

siltstones and claystones of the Solsona Formation (Williams et al., 1998; Barrier et al., 2010). In 

the studied area, The Berga and Solsona Formations show growth strata geometries, indicating 

coeval deposition during the growth of the Puig-reig anticline and emplacement of the Vallfogona 

thrust (Riba, 1973; Vergés,1993). The Berga Formation displays outstanding growth strata pat-

terns in the Busa syncline, located between the Puig-reig anticline and the Vallfogona thrust (Riba, 

1976; Suppe et al., 1997; Ford et al.,1997).
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3. Methodology 

In this chapter is presented the workflow followed to achieve the proposed objectives (Fig. 

13). It consists of eight steps based on field-based and petrographic observations, as well as 

geochemical analyses. 

 

Fig. 13. Methodology followed to achieve the objectives proposed in this thesis.  
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3.1. Previous work 

The previous step of the methodology consists of the creation of a data base including 

geological maps and cross sections of the study area and previous works from the south 

Pyrenean fold and thrust belt or worldwide (Fig. 13; Step 1). The aim of this early stage was to 

select adequate zones (outcrops) in order to develop the research.  

3.2. Field work  

Fourteen representative outcrops of the complete stacking of south Pyrenean thrust sheets 

were chosen because of their structural position and quality. For each one, structural data was 

acquired (fracture dips and orientations) (Fig. 13; Step 2). After data collection, the studied 

outcrops were characterized and sampled for petrological observations and geochemical 

analyses of calcite and dolomite cements (Fig. 13; Step 3). Each sample was oriented in the field, 

and the strike and dip of a planar surface of the specimen was measured.  

3.3. Laboratory and office work 

From data obtained in the field, a structural analysis of the studied outcrops, a structural 

analysis, petrographic study and geochemical analysis of the collected samples was undertaken 

(Fig. 13; Step 4). Structural data from the different studied outcrops was plotted in lower 

hemisphere Schmidt stereoplots to stablish the structural setting in which sampled structures 

formed. Petrographic observations of polished thin sections made from fracture-filling calcite and 

dolomite cements and host rocks were made using optical and cathodoluminescence microscopy. 

A CL Technosyn cathodoluminescence device Model 8200 MkII operating at 23 kV and 350 μA 

gun current was used to distinguish the different types of cements. Geochemical methods applied 

to calcite ad dolomite cements include carbon, oxygen and strontium isotopes, clumped isotopes 

thermometry, elemental characterization using electron microprobe, rare earths and yttrium 

analysis and U-Pb Geochronology. All these methods are described in detail below:  

Carbon and oxygen isotopes. For carbon- and oxygen-isotope analysis, a 400 μm-thick 

dental drill was employed to extract 60 ± 10 μg of powder from trims containing calcite cements 

and carbonate host rocks. The calcite powder was reacted with 100% phosphoric acid for 2 

minutes at 70 °C. The resultant CO2 was analyzed using an automated Kiel Carbonate Device 

attached to a Thermal Ionization Mass Spectrometer Thermo Electron (Finnigan) MAT-252 

following the method of McCrea (1950). The results were corrected using the standard technique  

from Craig and Gordon (1965) and Claypool et al. (1980), expressed in ‰ with respect to the 

VPDB (Vienna Pee Dee Belemnite) standard. Standard deviation is ± 0.02 ‰ for δ13C and ± 0.05 

‰ for δ18O. 

Strontium isotopes. To apply this method, 100% calcite or dolomite samples are fully 

dissolved in 5 ml of 10% acetic acid and introduced in an ultrasonic bath for 15 minutes. After this 

time, samples are dried after being centrifuged during 10 min at 4000 rpm. The resultant sample 
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is digested in 1 ml of 3 M HNO3 and dried. Finally, the resultant product is digested again in 3 ml 

of 3 M HNO3 and introduced in chromatographic columns. The chromatographic separation of Sr 

was done using an extraction resin type SrResinTM (Trisken International) (crown-ether (4.4’ (5’)-

di-t-butylcyclohexano-18-crown-6). The Sr is recovered with HNO3 0.05 M as eluent. The fraction 

where Sr is concentrated is dried, charged on a Re single filament with 1 μl of H3PO4 1 M and 2 

μl of Ta2O5 and analyzed on a TIMS-Phoenix mass spectrometer. The method of acquisition of 

data consists of dynamic multicollection during 10 blocks of 16 cycles each one, with a beam 

intensity in the 88Sr mass of 3 V. Analyses were corrected for possible interferences of 87Rb. The 
87Sr/86Sr ratios are normalized with respect to the measured mean value of the ratio 
86/Sr/88Sr=0.1194 in order to correct possible mass fractionation during filament charge and 

instrumental analyses. The precision of the analytical standard error or internal precision is 

0.000009. 

Clumped isotope thermometry. This method is applied to calcite and dolomite cements to 

calculate temperatures of cement precipitation as well as the δ18O values of the fluids from which 

these they precipitated. To analyze the samples, 2–3 mg aliquots from cements were measured 

with the Imperial Batch Extraction system (IBEX), an automated line developed at Imperial 

College of London. Each sample was dropped in 105% phosphoric acid at 90 ºC and reacted for 

30 min. The reactant CO2 was separated using a poropak-Q column and transferred into the 

bellows of a Thermo Scientific MAT 253 mass spectrometer (Thermo Fisher GmbH, Bremen, 

Germany). The characterization of a replicate consisted of 8 acquisitions in dual inlet mode with 

7 cycles per acquisition. The post-acquisition processing was completed with a software for 

clumped isotope analysis named Easotope (John and Bowen, 2016). ∆47 values were corrected 

for isotope fractionation during phosphoric acid digestion employing 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 absolute 

reference frame of (Dennis et al., 2011). Carbonate δ18O values were calculated with the acid 

fractionation factors of (Kim et al., 1997). Samples were measured three times and the average 

result was converted to temperatures using the calibration method of (Davies and John, 2019). 

Calculated δ18O values of the fluid are expressed in ‰ with respect to the VSMOW standard 

(Vienna Standard Mean Ocean Water). 

Electron microprobe. Carbon-coated polished thin sections were used to analyse major, 

minor and trace element concentrations on a CAMECA SX-50 electron microprobe. The 

microprobe was operated using 20 kV of excitation potential, 15 nA of current intensity and a 

beam diameter of 10 µm. The detection limits were 135 ppm for Mn, 127 ppm for Fe, 101 ppm for 

Ca, 146 ppm for Na, 180 ppm for Mg and 390 ppm for Sr. Precision on major element analyses 

averaged 0.64% standard error at 2σ confidence levels. 

Rare earth and yttrium analyses. To determine the rare earth and yttrium contents (REE+Y) 

of calcite and dolomite cements and carbonate host rocks, 2samples were analyzed by using high 

resolution inductively coupled plasma-mass spectrometry (HR-ICP-MS), using a Thermo 
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Scientific, model Element XR. Up to 100 mg of powder were sampled from trims using a 400/500 

μm-diameter dental drill. Powdered samples were dried at 40ºC during 24 h and later 100 mg of 

sample were acid digested in closed PTFE vessels with a combination of HNO3+HF+ HClO4 (2.5 

ml: 5 ml: 2.5 ml v/v). The samples were evaporated and, 1 ml of HNO3 was added to make a 

double evaporation. Finally, the sample was re-digested and diluted with MilliQ water (18.2 

MΩcm-1) and 1 ml of HNO3 in a 100 ml volume flask. In order to improve the sensitivity of the 

ICP-MS, a tuning solution containing 1 μg.l-1 Li, B, Na, K, Sc, Fe, Co, Cu, Ga, Y, Rh, In, Ba, Tl, 

U was used, and as internal standard, 20 mg.l-1 of a monoelemental solution of 115In. Reference 

materials are the BCS-CRM nº 393 (ECRM 752-1) limestone, JA-2 Andesite and JB-3 Basalt. The 

precision of the results was expressed in terms of two standard deviations of a set of eight 

reference materials measurements (reference material JA-2), whereas accuracy (%) was 

calculated using 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 analysed elements 

and their detection limits expressed in ppm are: La (0.21), Ce (0.32), Pr (0.04), Nd (0.15), Sm 

(0.03), Eu (0.01), Gd (0.02), Tb (0.003), Dy (0.02), Y (0.20), Ho (0.003), Er (0.01), Yb (0.01) and 

Lu (0.01). The detection limit (DL) was calculated as three times the standard deviation of the 

average of ten blanks. A Multielemental Solution IV-CCS-1 Rare Earths Standard in HNO3, 125ml 

(100 µg/ml) of Inorganic Ventures was used in order to perform the calibration curves.REE and Y 

data are normalized to the Post-Archean Australian Shale (PAAS) from McLennan (1989). 

U-Pb geochronology. The applied method is similar to that previously described by Ring 

and Gerdes (2016) and Burisch et al. (2017). U-Pb ages were acquired in situ in polished mounds 

(2 cm thick) made from hand samples of calcite and dolomite by laser ablation-inductively coupled 

plasma-mass spectrometry (LA-ICP-MS) at Goethe University Frankfurt, using a modified method 

described in Gerdes and Zeh (2006, 2009). A ThermoScientific Element 2 sector field ICP-MS 

was coupled to a Resolution S-155 (Resonetics) 193nm ArF excimer laser (CompexPro 102) 

equipped with a two-volume ablation cell (Laurin Technic). Samples were ablated in a helium 

atmosphere (0.3 L min-1) and mixed in the ablation funnel with 0.9 L min-1 argon and 0.05 L min-

1 nitrogen. Signal strength at the ICP-MS was tuned for maximum sensitivity while keeping oxide 

formation (monitored as 248ThO/232Th) below 0.2% and no fractionation of the Th/U ratio. Static 

ablation used a spot size of 213 μm and a fluence of about 2 J cm-2 at 12 Hz. This yielded for 

National Institute of Standards and Technology Standard Reference Material-614 (NIST SRM-

614) a depth penetration of ~0.6 μms-1 and an average sensitivity of 350,000 c/s μg-1 for 238U. 

The detection limit for 206Pb and 238U was ~0.2 and 0.03 ppb, respectively. Data were acquired in 

fully automated mode overnight in three sequences of 598 analyses each one. Each analysis 

consists of 20 s background acquisition followed by 20 s of sample ablation and 25 s washout. 

During 40 s of data acquisition, the signal of 206Pb, 207Pb. 208Pb, 232Th and 238U were detected by 

peak jumping in pulse counting mode with a total integration time of 0.1s, resulting in 400 mass 

scans. Prior to analysis each spot was pre-ablated for 3 s to remove surface contamination. Soda-

lime glass NIST SRM-614 was used as a reference glass together with two carbonate standards 
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to bracket sample analysis. Raw data were corrected offline using an in-house VBA spreadsheet 

program (Gerdes and Zeh, 2006, 2009). Following background correction, outliers (±2σ) were 

rejected based on the time-resolved 207Pb/206Pb and 206Pb/238U ratios. The mean 207Pb/206Pb ratio 

of each analysis was corrected for mass bias 0.3% and the 206Pb/238U ratio for interelement 

fractionation (~5%), including drift over the sequence time, using NIST SRM-614. Due to the 

carbonate matrix, additional offset factors of 1.061 in seq1 and 0.963 in seq2 have been applied, 

which was determined using WC-1 carbonate reference material (Roberts et al., 2017). The 
206Pb/238U fractionation during 20s depth profiling was estimated to be 3%, based on the common 

Pb corrected WC-1 analyses, and has been applied as an external correction to all carbonate 

analyses. Repeated analyses of a Zechstein dolomite (Gypsum pit, Tettenborn, Germany) used 

as secondary (in-house) standard yielded a lower intercept age of 259.5 ± 5.2 Ma (MSWD = 0.99 

and n = 17) for sequence 1 and 255.3 ± 5.8 Ma (MSWD = 1.4 and n = 18) for sequence 2. A 

stromatolitic limestone from the Cambrian-Precambrian boundary in South-Namibia, analysed 

during sequence 2, yielded a lower intercept ages of 543.8 ± 5.3 Ma (MSWD = 1.4). This is within 

uncertainty identical to the U/Pb zircon age of 543 ± 1 Ma from the directly overlying ash layer 

(Spitskopf formation; Bowring et al., 1993). Altogether the data imply an accuracy and 

repeatability of the method of ~2% or better. The analytical results are presented in Table DR2. 

Data were plotted in Tera-Wasserburg diagrams Fig. DR2 and ages calculated as lower intercepts 

using Isoplot 3.71 (Ludwig, 2009). All uncertainties are reported at the 2σ level. 

From petrographic observations and geochemical analyses, a mineral paragenetic sequence 

of the studied cements, and the composition, origin and temperature of fluids, as well as the 

absolute age of fluid migration were well constrained (Fig. 13; Step 5). From the integration and 

interpretation of petrographic, geochemical and structural data, the tectonic evolution of the 

studied outcrops, as well as the characterization of the fluids from which calcite and dolomite 

cements precipitated is constrained (Fig. 13; Step 6). Then, from the combination of the fluid 

characterization and the tectonic evolution of the selected studied section of the south eastern 

Pyrenees, the timing of fluid migration and fluid flow evolution during the emplacement of the 

thrust sheets constituting the South Pyrenean fold and thrust belt is stablished, allowing us to 

achieve the secondary objectives of this thesis (Fig. 13; Step 7). To conclude, from the 

comparison of the obtained results in the southern Pyrenees with other orogens worldwide, a 

conceptual model of fluid flow in fold and thrust belts will be presented (Fig. 13; Step 8).
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Chapter 4

Crestal graben fluid evolution during growth
of the Puig-reig anticline (South Pyrenean

fold and thust belt)
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a  b  s  t  r  a  c  t

The  Puig-reig  anticline,  located  in  the South  Pyrenean  fold  and  thrust  belt,  developed  during  the  Alpine
compression,  which  affected  the  upper  Eocene-lower  Oligocene  sediments  of  the  Solsona  and  Berga
Formations.  In  this  study,  we  highlight  the  controls  on  formation  of  joints  and  reverse,  strike-slip  and
normal  faults  developed  in  the  crest  domain  of  the Puig-reig  anticline  as well  as the  relationships  between
fluids  and  these  fractures.  We  integrated  structural,  petrographic  and geochemical  studies,  using for  the
first  time  in  the  SE Pyrenees  the clumped  isotopes  thermometry  to obtain  reliable  temperatures  of  calcite
precipitation.

Structural  and  microstructural  analysis  demonstrate  that  at  outcrop  scale  fracturing  was  controlled
by  rigidity  contrasts  between  layers,  diagenesis  and  structural  position  within  the  anticline,  whereas
grain  size,  cementation  and  porosity  controlled  deformation  at the  microscopic  scale.  Petrographic  and
geochemical  studies  of  calcite  precipitated  in host  rock  porosity  and fault  planes  reveal  the  presence  of
two  migrating  fluids,  which  represents  two  different  stages  of  evolution  of  the Puig-reig  anticline.  During
the  layer-parallel  shortening,  hydrothermal  fluids  with  temperatures  between  92  and  130 ◦C circulated
through  the  main  thrusts  to  the  permeable  host  rocks,  reverse  and  most  of strike-slip  faults  precipitating
as  cement  Cc1.  During  the  fold growth,  meteoric  waters  circulated  downwards  through  normal  and  some

strike-slip  faults  and mixed  at depth  with  the  previous  hydrothermal  fluid,  precipitating  as  cement  Cc2
at  temperatures  between  77 and  93 ◦C.

Integration  of  the results  from  the  Puig-reig  anticline  in this  work  and  the El  Guix  anticline  indicates
that  hydrothermal  fluids  did  not  reach  the  El  Guix anticline,  in  which  only  meteoric  and  evolved  meteoric
waters  circulated  along  the  fold.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

A great variety of tectonic, sedimentary and fluid flow interac-
ions take place during deformation of foreland basins at different
cales and depths. Thus, fluid-rock interactions during deformation
lay a significant role during diagenesis, hydrocarbon migration

nd precipitation of ore deposits as it has been widely recog-
ized (Oliver, 1986; Qing and Mountjoy, 1992; Machel and Cavell,
999; Dewaele et al., 2004; Roure et al., 2005; Evans and Fischer,
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2012; Vandeginste et al., 2012; Beaudoin et al., 2011, 2013, 2014;
Lacombe et al., 2014). In addition, diagenetic processes related to
fluid flow can control the fracture patterns of rocks (Shackleton
et al., 2005; Laubach et al., 2009).

Fluids are expelled into foreland basins by tectonically-induced
squeegee fluid flow, using major thrust faults and permeable rocks
as paths (Oliver, 1986; Machel and Cavell, 1999; Sibson, 2005).
Moreover, other driving forces such as topography and thermal
gradients and changes in tectonic stresses and fluid pressures can
control fluid flow at basin scale (Oliver, 1986; Heydari, 1997; Bitzer
et al., 2001; Lyubetskaya and Ague, 2009). The palaeohydrological
history of these fluids (e.g., fluid composition, pressure, temper-
ature and burial) in deformed fold and thrust belts and foreland

basins is recorded in the composition of the cements precipitated
in rock porosity and fractures (Grant et al., 1990; Banks et al., 1991;
McCaig et al., 2000a; Bitzer et al., 2001; Roure et al., 2005). Thus,
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he study of cements sheds light on the diagenetic and geodynamic
volution of fold and thrust belts.

Joints and faults related to folding in gently deformed foreland
asins allow lateral and vertical migration of fluids across different
ydrostratigraphic units (Travé et al., 2000; Lefticariu et al., 2005;
ischer et al., 2009; Beaudoin et al., 2011; Barbier et al., 2012; Evans
t al., 2012; Evans and Fischer, 2012; Ogata et al., 2014). Previous
ork on the interactions between folding and fluid flow in fold

nd thrust belts worldwide have been conducted in many exam-
les such as the Albanian fold and thrust belt (Vilasi et al., 2009),
orthern Apennines (Conti et al., 2010), Sicilian fold and thrust
elt (Dewever et al., 2013), Appalachians (Srivastava and Engelder,
990; Evans et al., 2012; Chandonais and Onasch, 2014), Bighorn
asin (Beaudoin et al., 2011, 2013, 2014), Sevier thrust belt (Ogata
t al., 2014), Nuncios Fold Complex (Lefticariu et al., 2005; Fischer
t al., 2009) and the Zagros fold and thrust belt (Stephenson et al.,
007; Morley et al., 2014).

The  South Pyrenean fold and thrust belt and its foreland Ebro
asin constitute a well-known and well-preserved case study for
ectonic and sedimentary interactions (Vergés et al., 2002a for a
eview). In this scenario, the study between fluid flow and defor-
ation encompassing a pile of thrust sheets with different ages of

mplacement (Vergés et al., 2002b), may  contribute to better con-
train the large-scale evolution of this fold and thrust belt as well
s of its associated foreland basin (e.g., Van Geet et al., 2002; Travé
t al., 2004; Ferket et al., 2006; Travé et al., 2007; Dewever et al.,
013; Beaudoin et al., 2014).

A first group of studies regarding the fluid evolution of the
outh Pyrenees mainly analysed the inner part of the thrust belt in
he basement of the Axial Zone (McCaig, 1988; Grant et al., 1990;
anks et al., 1991; Knipe and McCaig, 1994; McCaig et al., 1995;
enderson and McCaig, 1996; McCaig et al., 2000a,b). Furthermore,
uid-rock interactions were analyzed in the cover thrust-sheets
long the western side of the Central Pyrenees (Travé et al., 1997,
998a, 2007; Lacroix et al., 2011; Beaudoin et al., 2015). A few
ore works report the fluid evolution of the southeastern Pyrenees

hrusts sheets and foreland basin further east (Travé et al., 2000)
s well as the relationships between fluid flow and hydrocarbon
igration during the Eocene (Caja et al., 2006).
The Puig-reig anticline is located along the footwall of the SE

yrenean outcropping basal thrust (the Vallfogona thrust). This
nticline evolved during the late stages of deformation and thus, it
as affected by the youngest generations of fluids within the fold

nd thrust belt system. This fact will permit further comparison
ith more complex fluid flow scenarios when studying older and
iled thrust sheets (Cadí, Lower Pedraforca and Upper Pedraforca
hrust sheets).

In  this work, we report the fluid flow system evolution during
he development of the Puig-reig anticline, located in the east-
rn sector and frontal most part of the South Pyrenean fold and
hrust belt. We  integrate structural, petrographic and geochemi-
al data with the aim of determining the origin of the fluids from
hich cements precipitated in fractures and host rock porosity, and

heir relationships with deformation. We  use for the first time in
he southern Pyrenees the clumped isotopes thermometry (Ghosh
t al., 2006; Eiler, 2007), which has been recently applied to other
ault zones (Swanson et al., 2012; Bergman et al., 2013) allowing
o obtain reliable precipitation temperatures when fluid inclusions
n calcite does not allow to determine them. Finally, the results
rom the Puig-reig anticline are compared with the El Guix anti-
line along the tip-line of the Pyrenean front (Travé et al., 2000,
007) in order to perform a fluid flow model for the frontal most

art of the South Pyrenean fold and thrust belt.
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2. Geological setting

The  Pyrenees formed by the continental collision between Iberia
and Eurasia plates and consist of a doubly verging orogenic belt gen-
erated from Late Cretaceous to Oligocene (Muñoz, 2002; Vergés
et al., 2002a) (Fig. 1). This collision produced the underthrust-
ing of the Iberian plate below the Eurasian plate as recognised in
deep seismic profiles across the orogen (Choukroune and Team,
1989; Roure et al., 1989). As a result, the previous Mesozoic exten-
sional basins were inverted and an antiformal stack constituted of
basement-involved thrust sheets in the central part of the chain
(Axial zone) developed (Muñoz, 1992). To the north of the Axial
zone, the thick-skinned North Pyrenean fold and thrust belt was
developed whereas to the south, the prevailing structural style was
thin-skinned, resulting in the development of the South Pyrenean
fold and thrust belt (Fig. 1), detached predominantly above Triassic
evaporites (Séguret, 1972) and the Eocene evaporites deposited in
the foreland basin (Vergés et al., 1992). During the emplacement of
the successive thrust sheets, two foreland basins were formed: the
Aquitaine Basin, related to the development of the North Pyrenean
fold and thrust belt and the Ebro Basin, related to the emplacement
of the South Pyrenean fold and thrust belt (Fig. 1). The Ebro Basin
represents the non-marine stage of the South Pyrenean foreland
basin (Vergés, 1993) developed from middle Priabonian time (Costa
et al., 2010). The fold system deforming the eastern region of the
Ebro Basin was detached above the Cardona evaporites (Sans et al.,
1996; Sans, 2003). The Puig-reig anticline developed at the north-
ern edge of the Cardona evaporitic basin, with an oblique trend to
the Pyrenean direction, and represents a complex ramp anticline
between the Beuda and the Cardona thrust flats (Figs. 1 and 2 a )
(Vergés, 1993).

The  Puig-reig anticline is located along the footwall of the SE
Pyrenean basal thrust (the Vallfogona thrust) (Figs. 1 b and 2). It is a
long-wavelength, south-verging and ESE/WNW trending anticline,
slightly oblique to the main Pyrenean structures. The anticline is
formed above a thrust ramp duplicating middle and upper Eocene
marls (Banyoles and Igualada Formations) between the Beuda and
the Cardona evaporitic detachment levels (Fig. 2a) (Vergés et al.,
1992). The backlimb dips between 5 and 17 degrees towards the
north, whereas the forelimb dips up to 40 degrees to the south,
being subhorizontal in its frontal part (Fig. 2b). The Oliana anti-
cline is the continuation of the Puig-reig anticline towards the west
(Fig. 1), showing a much deeper erosion level, reaching the Igualada
marls that are not exposed in the study area.

The stratigraphy of the Puig-reig anticline is composed of
Lutetian and Bartonian marine marls (Banyoles and Igualada
Formations; Serra-Kiel et al., 2003a,b) followed by non-marine
lower-middle Priabonian Berga and Solsona Formations (Riba,
1973; Puigdefàbregas et al., 1986, 1992; Valero et al., 2014). These
units represent the endorheic infill of the Ebro basin (García-
Castellanos et al., 2003; Sáez et al., 2007; Costa et al., 2010; Fig. 3).
The Berga Formation consists of up to 2500 m thick alluvial con-
glomerates, which grade to the south (study area) to finer fluvial
sandstones, siltstones and claystones of the Solsona Formation
(Williams et al., 1998; Barrier et al., 2010).

The Berga and Solsona Formations show growth strata geome-
tries, observed in seismic lines (Vergés, 1993), indicating coeval
deposition during the growth of the Puig-reig anticline and
emplacement of the Vallfogona thrust (Fig. 2a) (Riba, 1973; Vergés,
1993). The Berga Formation displays outstanding growth strata pat-
terns in the Busa syncline, located between the Puig-reig anticline
and the Vallfogona thrust (Riba, 1976; Suppe et al., 1997; Ford et al.,

1997) (Fig. 2a).

The  study area, along the Cardener River, shows good and con-
tinuous exposures of the Berga and mostly Solsona syntectonic
formations forming the Puig-reig anticline, cut by a system of
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ig. 1. (a) Regional map  of the Iberian Peninsula showing the location of the South
ain structural units of the South Pyrenean fold and thrust belt (Vergés, 1993). The

rey  line shows the study area.

aults from which the antithetic normal faults extending its crestal
omain are the most prominent.

.  Methodology

.1. Sampling

The structure of the Puig-reig anticline displays a 10 km long
eological cross section (Fig. 2b). To characterize the evolution of
he fluids during the formation of this anticline, a structural analysis
as combined with the petrographic and geochemical study of 32
olished thin sections made from 26 fracture-filling cements and
ost rocks (Fig. 4).
.2.  Petrography

Petrographic observations were made using optical and
athodoluminescence microscopy. A CITL Cathodoluminescence

39
nean fold and thrust belt (black box; Fig. 1b). (b) Simplified geological map  of the
black line shows the trace of the geological cross section shown in Fig. 2a. The thick

device Model 8200 Mk5-1 operating at 13.7 kV and 250 �A gun cur-
rent was  used to distinguish the different cements. Images from
thin sections were analysed with the software J-Microvision in
order to quantify the host rock components (clasts, cements, poros-
ity). A random point-counting was done, using images of 5 mm2

for coarse to medium sandstones, 1.5 mm2 for fine sandstones,
0.5 mm2 for lutites and 20 mm2 for palustrine-lacustrine lime-
stones. In addition, point-counting was applied in the matrix of host
conglomerates using the same image size areas than in sandstones
and lutites, depending on the grain size.

3.3. Fluid inclusions
Fluid  inclusions were examined in vein calcite cements
to determine composition and temperature conditions of the
mineral-forming fluid. Thick sections were used for petrographic
characterization of the fluid inclusions and for microthermometric
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Fig. 2. (a) Geological cross section of the frontal part of the South Pyrenean fold and thrust belt (Vergés, 1993). The horizontal black line shows the structural position of
Fig.  2b. (b) Geological cross section of the Puig-reig anticline performed in this work. Faults are drafted according to true dips. The black box indicates the location of Fig. 4.

Fig. 3. N-S stratigraphic panel of the eastern Pyrenees and the eastern Ebro Foreland Basin modified from Vergés et al. (1998). The age of sedimentary units has been defined
a he se
m e red 

a

d
h

L
6

ccording to Burbank et al. (1992a,b), Costa et al. (2010) and Valero et al. (2014). T
arine sediments and upper Eocene to upper Oligocene continental sediments. Th

nd  thrust belt.

etermination. Measurements were made on a Linkam THMS-600

eating-freezing stage.

Raman  microspectroscopy analyses were recorded with a
abRam HR800 Jobin-YvonTM microspectrometer equipped with
00 g/mm gratings and using 785 nm (red) and 532 nm (green) laser

40
dimentary record of the foreland basin is separated in Paleocene to upper Eocene
box indicates the sedimentary units in the frontal part of the South Pyrenean fold

excitations. Acquisition timespan was 10 s during 10 accumulation

spectra. Vapour bubbles were analysed in order to determine the
presence of volatile species (CO2, CH4, N2, H2S).
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Fig. 4. Detail of Fig. 2b where are sh

.4. Carbon and oxygen isotopes

Fracture-filling calcite and carbonate host rocks were sampled
or carbon- and oxygen-isotope analysis employing a 400 �m-thick
ental drill to extract 60 ± 10 �g of powder from trims. The calcite
owder was reacted with 100% phosphoric acid for two  minutes
t 70 ◦C. The resultant CO2 was analysed using an automated Kiel
arbonate Device attached to a Thermal Ionization Mass Spectrom-
ter Thermo Electron (Finnigan) MAT-252 following the method
f McCrea (1950). The results are precise to ±0.05‰ for �18O and
0.01‰ for �13C and were corrected using the standard technique

Craig and Gordon, 1965; Claypool et al., 1980), expressed in ‰ with
espect to the VPDB (Vienna Pee Dee Belemnite) standard.

.5.  Clumped isotope thermometry

Aliquots  (replicates) of carbonate samples weighing 2–3 mg
ere measured using an automated line for clumped isotopes
eveloped at Imperial College (The IBEX: Imperial Batch EXtrac-
ion system). The IBEX is a common acid bath device: individual
amples are dropped in 105% phosphoric acid maintained at 90 ◦C,
nd reacted for 30 min. The reactant CO2 is first continuously
rapped during the phosphoric acid reaction by freezing it in a trap

aintained at liquid nitrogen temperature. Subsequently, water is
eparated from the gas by heating up the water trap to −100 ◦C
nder helium flow, and the gas is then passed through a silver trap
o remove sulfur, and through a trap densely packed with Pora-
ak Q held at −35 ◦C. This has the effect of separating the clean
O2 gas from potential contaminants, an essential step given that
he analyte measured (mass 47 of CO2) has a natural abundance of
nly 44 ppm (Eiler, 2007). Lastly, the CO2 is captured in a second
ater trap maintained at liquid nitrogen temperature, transferred

nto a microvolume, and finally transferred into the bellows of the
ass spectrometer. Mass spectrometric analyses were performed

n a MAT  253 from Thermo Scientific following analytical proto-
ols first described for the Imperial College lab in Dale et al. (2014),
nd more generally in Huntington et al. (2009) and Dennis et al.
2011). Full characterization of a replicate consists of 8 acquisitions
n dual inlet mode with 7 cycles per acquisition. Each acquisition
ncludes a peak centre, background measurements and an auto-

atic bellows pressure adjustment aimed at a 15 V signal at mass
4. The sample gas is measured against an Oztech reference gas
tandard. Four inter-laboratory carbonate standards from Meckler
t al. (2014) were measured to transfer the values into the absolute
eference frame (CDES, Dennis et al., 2011), and a fifth standard
Carrara marble) was measured as a sample to ensure data con-
istency. Correction for non-linearity was performed following the
ackground correction method of Bernasconi et al. (2013). Sample
easurements were rejected based on elevated 48 and 49 sig-
als, and the �47 values are corrected for isotope fractionation
uring phosphoric acid digestion using a phosphoric acid correc-
ion of 0.069‰ at 90 ◦C for calcite following Guo et al. (2009).
his value is consistent with a recent empirical evaluation of the

41
he sampled structures in this work.

phosphoric  acid reaction of calcite and aragonite (e.g., Wacker et al.,
2013). Carbonate �18O values are calculated using the acid fraction-
ation factors of Kim and O’Neil (1997). Each sample was measured
at least three times, and the results averaged before being con-
verted to temperatures using the calibration of Kluge et al. (2015).

3.6. Strontium isotopes

For 87Sr/86Sr analyses, four samples of 100% calcite from veins, a
mudstone and a marly host rock were fully dissolved in 0.5 M acetic
acid, dried and redissolved in 3 M HNO3. To eliminate the solid
residue resulting from reprecipitation after chemical dissolution,
samples were centrifuged at 4000 rpm during 10 min  before being
charged in chromatographic columns. Samples were analysed on
Re single filament with 1 �l of H3PO4 1 M and 2 �l of Ta2O5 on
a TIMS-Phoenix mass spectrometer. The data acquisition method
consists of dynamic multicollection during 10 blocks of 16 cycles
each one, with a beam intensity in the 88Sr mass of 3 V. Analyses
have been corrected for possible interferences of 87Rb. During the
analyses, the NBS 987 standard was  analysed 5 times obtaining a
mean value of 0.710248 and a double standard deviation (STDEV
2�) of 0.000008. The results were standardized with respect the
88Sr/86Sr value of 0.1194 in order to correct possible mass fraction-
ations during sample analysis. Precision on major element analyses
average 0.01% standard error at 2� confidence levels.

3.7. Elemental composition

Carbon-coated polished thin sections were used to analyse
major, minor and trace element concentrations on a CAMECA SX-50
electron microprobe. The microprobe was operated using 20 kV of
excitation potential, 15 nA of current intensity and a beam diameter
of 10 �m.  The detection limits were 140 ppm for Mn,  198 ppm for
Fe, 552 ppm for Ca, 128 ppm for Na, 500 ppm for Mg  and 430 ppm
for Sr. Precision on major element analyses averaged 0.64% stan-
dard error at 2� confidence levels.

4. Structural observations

The  studied section of the Puig-reig anticline is deformed by
a system of fractures, which includes planar joints perpendicular
to bedding and normal and strike-slip faults with displacements
smaller than 20 m defining a crestal graben system (Fig. 2b). Few
small low-angle thrusts are observed in the forelimb.

Normal faults, observed in the crest of the Puig-reig anticline,
are trending NW-SE, oblique to the local fold axis but sub-parallel
to the regional trend of the Puig-reig anticline (Fig. 1a). Normal
faults dip from 40 to 70 ◦ either towards the foreland or the hin-
terland and intersect bedding at high angle (Fig. 5a). They show

displacements from a few centimeters to 15 m.  Kinematic indi-
cators on fault planes show a pure strike-slip or oblique-slip set
overprinted by a dip-slip set, pointing to the extensional reac-
tivation of previous strike-slip faults. Fault cores are defined by
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Fig. 5. Outcrop interpretation of the main structural features observed in the Puig-reig anticline. (a) Normal faults (thick blue lines) affecting the forelimb close to the hinge
of  the Puig-reig anticline. (b) Strike-slip (thick black lines) and reverse (thick red line) faults affecting the forelimb of the Puig-reig anticline. Thin black, blue and green
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ines represent conglomerates, sandstones and lutite layers, respectively. Dip direct
edding  and fault dips and fault striae sets measured in the studied section of the 

eferences to colour in this figure caption, the reader is referred to the web version

entimetre-thick discrete planes in normal faults with small dis-
lacements and by 2 m-thick gouges and cataclasites along normal
aults showing larger displacements. The damage zone is consti-
uted of non-cemented small normal faults and joints.

Dextral and less abundant sinistral strike-slip faults are planar
r undulated. They display a high dispersion of trends, dipping from
0 to 90◦ either towards the foreland and the hinterland, and punc-
ually develop conjugated fault sets (Fig. 5b). Strike-slip faults show
igh angle relative to bedding, although it is not constant along the
tudied section. Kinematic indicators on fault planes show a pure
trike-slip or extensional oblique-slip motion. Fault cores are few
entimetres thick discrete planes filled by calcite or up to 2 m thick
ault gouges and cataclasites, whereas damage zones are consti-
uted of small strike-slip faults filled by calcite.

Reverse faults, only observed in the forelimb, are NE-SW trend-
ng, nearly sub-perpendicular to the fold axis and are characterized
y flat-ramp-flat geometries. Displacements are small, ranging
rom a few centimetres to 2 m (Fig. 5b). Reverse faults show low
ngle relative to bedding, regardless of structural position and bed-
ing dip domain. Fault damage zones are not developed whereas
iscrete planes define fault cores. Slickenlines developed on fault
lanes indicate in most of cases dip-slip motion. Reverse faults
re spatially related to layer-parallel faults, showing both faults
etachment horizons at the contact between shales and sand-
tones.

Joints are stratabound fractures affecting the more competent
ayers (sandstones and conglomerates) all along the studied section
f the Puig-reig anticline.
42
nd dips of faults are given. White points show sample locations. Stereograms for all
eig anticline are given. Bedding dips are plotted as lines. (For interpretation of the

 article.)

4.1. Microstructures

The microstructures in the reverse, strike-slip and normal faults
zones are similar and consist of calcite shear veins, extension veins
and stylolites.

4.1.1. Shear veins
Shear  veins are up to 1 centimeter-thick tabular bodies extended

along fault planes, bounded by striated shear surfaces and in most
cases containing internal, mm-spaced shear surfaces. Shear veins
are formed of several millimeter-thick bands of calcite parallel to
the vein walls, locally showing rhomb-shaped veinlets separated
by host rock bands (Fig. 6a). These veinlets were generated by a
crack-seal mechanism and its obliquity with respect shear planes
indicates the sense of shear (Ramsay, 1980; Labaume et al., 1991).
In addition, sometimes shear veins define S-C patterns with cleav-
age planes (Fig. 6a). Locally, stylolites parallel to shear planes are
present.

4.1.2. Extension veins
The  extension veins observed in the studied host rock have

been classified in four types according to their shapes, orientations
and formation mechanisms: (1) microscopic feather fractures; (2)
irregular veins; (3) dilational jogs; and (4) bedding-perpendicular
veins. Microscopic feather fractures are formed perpendicular to
the cleavage developing S-C structures by shearing (Fig. 6a). They
are defined by tapered fractures that are thicker at the con-
tact with shear veins thinning away from the fault. They have

been interpreted to form after fault slip (Conrad and Friedman,
1976; Friedman and Logan, 1977; Blenkinsop, 2008). Irregular
extension veins exhibit fuzzy contacts with the adjacent host
rock (Fig. 6b). Fuzzy contacts may  form by alteration of the host
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Fig. 6. Images from polarizing optical microscope and cathodoluminescence (CL) of the main features of the microstructures affecting the studied host rocks. (a) Sample
GP-R11. Calcite shear vein with an associated microscopic feather fracture (crossed nicols). Note how cleavage perpendicular to the extensional fracture walls is developed
in  the host rock. (b) Sample GP-R11. Irregular extension vein (white triangle) affecting a siltstone layer (crossed nicols). Note how the contact of cement with the host rock is
f ample
G l struc
h

r
s
r
n

uzzy.  (c) Sample GP-R7. Dilational jog filled by blocky calcite (crossed nicols). (d) S
P-R4.  Vein interconnected with a void filled by calcite cement displaying geopeta
ow  the vein and the void are filled by the same calcite cement.
ock wall or by deformation and recrystallization of veins with
harp boundaries (Passchier and Trouw, 2005). Dilational jogs are
homb-shaped veins formed in relay zones between segments of
on-cemented shear planes to form vein arrangements (Fig. 6c).

43
 GP-R2. Bedding-perpendicular veins (white triangles) (crossed nicols). (e) Sample
tures (white triangle). (f) Sample GP-R4. CL image of Fig. 6e (white triangle). Note
Bedding-perpendicular veins are not related to shear planes and
punctually show stylolite contacts with clayey host rocks (Fig. 6d).
The contact between microscopic feather fractures, dilational jogs
and bedding-perpendicular veins and host rock is sharp. Punctually,
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Fig. 7. Fracture porosity vs clay matrix content cross-plot. For each type of host rock the following samples have been analyzed by point counting: Mudstone (GP-R4);
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laystones (GP-R2, 303 and 317); Siltstones (GP-R2, GP-R7, GP-R9 and GP-R10); Fine
311A, 311B, 312A and 314C); Coarse-grained sandstones (GP-R5 and GP-R12); M
314A).

xtension veins show irregular morphologies when are affected by
late stage of shear.

. Petrology

.1. Host rock

The Berga and Solsona Formations consist of alluvial and fluvial
onglomerates, sandstones and lutites and thin intervals of lacus-
rine mudstones arranged in thickening and coarsening upward
equences.

Sandstones are stacked in tabular and channelized bodies with
rain sizes ranging from fine to coarse. They are formed of mature
ublitharenites constituted of 70–80% clasts, 0–5% clay matrix,
0–20% calcite cements and 5% porosity. Sandstones are well-
orted with subrounded clasts made of 80–90% quartz, 10–20%
ithic fragments (limestones and metamorphic rocks) and traces of
eldspar. In coarse-grained sandstones, some carbonate clasts have
ndergone ductile deformation to form pseudomatrix.

Conglomerates, which are stacked in channelized bodies, are
rey in colour, heterometric, polymictic and present both matrix-
nd clast-supported fabrics. They are constituted of 50–80% clasts,
0–20% matrix, 10–20% calcite cement and 0–15% porosity. Clasts
re rounded, with sizes ranging from 2 mm to 20 cm and consist
f lithic fragments mainly derived from Mesozoic and Palaeogene
olostones and limestones in addition to less abundant Palaeozoic
ranitoids and metamorphic rocks. When clasts of different compo-
itions are in contact, pressure solution processes occur. The matrix
s formed by well sorted sandstones (mainly quartz grains) and red
utites.
Lutite layers are composed of red claystones and siltstones. Clay-
tones are constituted of 90–100% of clay minerals and 0–10% of silt
rains (mainly subhedral quartz) whereas siltstones are constituted
f 50–80% of silt grains and 20–50% of clay minerals.

44
ed sandstones (309A, 309B, 313A, 314D1 and 314D2); Medium-grained sandstones
upported conglomerates (GP-R13, 302 and 311F); Clast supported conglomerates

Carbonates are tabular bodies, up to 0.5 m thick, consisting
of palustrine-lacustrine grey-yellow marlstones and brown mud-
stones. Sometimes they exhibit vug porosities cemented by calcite
cement and displaying geopetal structures.

5.2. Host rock and fracture relationships

Point counting indicates that the abundance of fractures highly
differs depending on the composition of the host rock (Fig. 7).

Lutite layers characterized by more than 70% of clay matrix are
hardly affected by cemented fractures (Fig. 7). However, when the
amount of silt increases the fracture porosity raises up to 13–25%
(Fig. 7).

In fine and medium-grained mature sandstones, the intergran-
ular porosity is totally occluded by calcite cement. In such cases,
sandstones are not affected by fractures (Fig. 7). In contrast, in
coarse-grained sandstones, grains are affected by small fractures,
increasing up to a 15% the presence of microfractures filled by cal-
cite cement (Fig. 7).

In conglomerates, the development of fractures differs depend-
ing on the fabric. In matrix supported conglomerates, calcite veins
are less abundant than in clast supported conglomerates (Fig. 7).
These fractures crosscut one or several clasts. The contact between
clasts and matrix sometimes is open and filled by calcite cement
(Fig. 8a).

Mudstones are slightly affected by fractures (Fig. 7), which
locally are interconnected with vug porosities (Fig. 6e and f).

5.3. Calcite cements
Two generations of calcite cement have been recognized:
The first generation (Cc1) shows a zoned bright-orange to

bright-red luminescence and is observed in the intergranular
porosity of the clastic host rocks, vug porosity of host-carbonates
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nd in veins of reverse and most of strike-slip faults. In the inter-
ranular porosity, Cc1 is formed of 5–10 �m in size euhedral blocky
rystals that partially replace the host rock and previous cementa-
ion phases. Evidences of replacement include textures such as:

ig. 8. Images from polarizing optical microscope and cathodoluminescence (CL) of the m
eplacing partially a conglomerate clast made of polycrystalline quartz (white arrows). No
y  calcite cement (crossed nicols). (b) Sample GP-R5. Protrusions of calcite (white triangle
c)  Sample GP-R12. Calcite cement Cc1 replacing a detrital grain (crossed nicols). Note ho
eplacement of fibrous spherulite by calcite (crossed nicols). (e-f) Sample 302. CL imag
ement Cc1. Patches of microsparite with the same luminescence of Cc1 cement (white t

45
namics 101 (2016) 30–50
(1)  corroded borders of quartz and feldspar grains and protrusions
of calcite cement (Fig. 8a and b); (2) pseudomorphs of sand and
silt grains (Fig. 8c) and previous fibrous cements (Fig. 8d); and (3)
patches of Cc1 microsparite within carbonate-derived conglomer-

ain replacement textures observed in host rocks. (a) Sample GP-R13. Calcite cement
te how the contact between silicic clast and conglomerate matrix is open and filled
s) into a quartz grain (Q) indicating replacement of detrital quartz (crossed nicols).
w a remnant of de replaced grain is preserved (white triangle). (d) Sample GP-R12.
e of a dolomite conglomerate clast (non-luminescent) affected by a vein filled by
riangles) are developed in the conglomerate clast.
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Fig. 9. Images from polarizing optical microscope and cathodoluminescence (CL) of the main features of calcite cements. (a) Sample GP-R1. Shear vein (white dashed line)
fi ple 31
t  ceme
f

a
s
a
l
s
c

lled  by fibrous sparite passing laterally to blocky calcite (crossed nicols). (b) Sam
riangles). (c–d) Sample 311A. CL image where is shown the sharp contact between
rom calcite cement Cc1 to Cc2.

te clasts (Fig. 8e and f). Contrarily, calcite cement Cc1 in veins
hows a wider variety of morphologies, such as fibrous, blocky

nd bladed crystals. Fibrous crystals fill shear veins and change
aterally to blocky sparite (Fig. 9a). They are arranged parallel to
hear planes indicating a synkinematic growth. The size of fibrous
alcite is around 1–1.5 mm long and 100–200 �m thick. Blocky

46
1A. Blocky calcite cement with growth zonation present in some crystals (white
nts Cc1 and Cc2. (e–f) Sample 314D2. CL image where is shown the gradual change

crystals,  with growth zonation in punctual cases (Fig. 9b), show dif-
ferences depending on the type of veins where they precipitated. In

shear veins, the size of blocky crystals ranges from 100 to 500 �m
whereas in extension veins the size is smaller (from 5 to 10 �m).
Bladed crystals, with widths and lengths up to 100 �m and 300 �m
respectively, are developed in the margins of all vein types.
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Fig. 10. Sample 311D. Image of optical microscope where is show a fluid inclusion
0 D. Cruset et al. / Journal of

The second generation of calcite cement (Cc2) shows a zoned
ull-orange to dull-red luminescence and it has been only observed

n shear veins of all normal and some strike-slip faults. It consists
f blocky crystals with sizes ranging from 100 �m to 5 mm.

The contact between Cc1 and Cc2 calcite cements within shear
eins is sharp (Fig. 9c and d) or gradual (Fig. 9e and f). Moreover, all
he cement textures in veins and the intergranular porosity show

echanical twinning, subgrain formation and serrated borders.

. Fluid inclusion analysis

Fluid inclusions trapped in calcite cements have been studied
y optical microscope and Raman spectroscopy.

Primary and secondary fluid inclusions have been observed in
oth calcite cement generations. However, their irregular shape
nd variable vapour/liquid ratios indicate that they were stretched
s it is also attested by the wide range of temperatures of
omogenization (between 130–210 ◦C for Cc1 and 120–280 ◦C for
c2) (Fig. 10). Therefore, these fluid inclusions are unusable for
icrothermometry analysis. In addition, the salinity of the fluid

ould not be determined since the obtained elevated ice melting
emperatures indicate the presence of clathrates (Goldstein and
eynolds, 1994), which hide the final disappearance of ice during
elting (Diamond, 1994). It has not been possible to determine the
utectic temperature in this case. Raman spectroscopy was also
pplied in fluid inclusions trapped in calcite cements Cc1 and Cc2.
owever, in all samples, the strong fluorescence of calcite crystals
id not allow to analyse their liquid and vapour phases.

Fig. 11. �18O vs �13C cross-plot of carbonate host rock

47
assemblage. Note how fluid inclusions are stretched, showing an irregular shape
(white triangles).

7. Geochemistry

7.1. Carbon and oxygen isotopes

Within the host rock, carbonate clasts of conglomerates show
�13C values between −3.22 and +3.11‰ VPDB and �18O values
between −8.91 and −3.43‰ VPDB (Fig. 11; Table 1). Palustrine-

lacustrine limestones show �13C values between −3.3 and −2.4‰
VPDB and �18O values between −7.28 and −6.91‰ VPDB (Fig. 11;
Table 1). These values are within the range of carbonates precipi-

s and calcite cements of the Puig-reig anticline.
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Table 1
�18O and �13C values of the host-carbonates and calcite cements Cc1 and Cc2. For the third and fourth columns, the blank spaces represent host rock samples which are not
affected by faults and do not contain calcite cement, respectively.

Sample Description Fault type Cement type �13C VPDB �18O VPDB

GP-R4 Palustrine-lacustrine carbonate Strike-slip −2.73 −7.26
302 Carbonate-derived clast Strike-slip −3.22 −4.70
303 Carbonate-derived clast Strike-slip 3.11 −3.12
311F Carbonate-derived clast Strike-slip 1.22 −7.19
311G Carbonate-derived clast Strike-slip −0.84 −8.91
312A Carbonate-derived clast Normal 0.59 −3.43
EM-1 Palustrine-lacustrine carbonate −2.44 −6.92
PR-1A Palustrine-lacustrine carbonate −3.3 −7.28
PR-1B Palustrine-lacustrine carbonate −2.52 −7.22
GP-R1 Calcite shear vein Strike-slip Cc1 −1.51 −6.74
GP-R1 Calcite shear vein Strike-slip Cc1 −1.51 −6.85
GP-R1 Calcite shear vein Strike-slip Cc2 −1.44 −11.41
GP-R1 Calcite shear vein Strike-slip Cc2 −1.52 −11.06
GP-R1 Calcite shear vein Strike-slip Cc2 −1.34 −12.16
GP-R2 Calcite extension vein Strike-slip Cc1 −1.93 −6.67
GP-R2 Calcite extension vein Strike-slip Cc1 −1.91 −6.60
GP-R2 Intergranular cement Strike-slip Cc1 −1.07 −6.25
GP-R4 Vug porosity Strike-slip Cc1 −1.57 −6.37
GP-R4 Calcite shear vein Strike-slip Cc1 −1.22 −6.30
GP-R4 Calcite shear vein Strike-slip Cc1 −1.41 −6.25
GP-R5 Intergranular cement Strike-slip Cc1 0.53 −5.93
GP-R5 Calcite shear vein Strike-slip Cc2 −2.06 −10.67
GP-R5 Calcite shear vein Strike-slip Cc2 −2.05 −9.96
GP-R7 Calcite shear vein Reverse Cc1 −1.71 −6.29
GP-R7 Calcite shear vein Reverse Cc1 −1.79 −7.76
GP-R7 Intergranular cement Reverse Cc1 −0.62 −6.25
GP-R9A Calcite extension vein Strike-slip Cc1 −0.59 −6.54
GP-R9A Calcite shear vein Strike-slip Cc1 −0.78 −6.17
GP-R9A Calcite shear vein Strike-slip Cc1 −0.82 −6.26
GP-R9A Intergranular cement Strike-slip Cc1 −0.09 −6.72
GP-R9B Calcite shear vein Strike-slip Cc1 −0.85 −6.54
GP-R9B Intergranular cement Strike-slip Cc1 −0.02 −6.74
GP-R10 Calcite shear vein Strike-slip Cc1 −0.11 −6.76
GP-R11 Calcite shear vein Strike-slip Cc1 −1.08 −7.19
GP-R11 Calcite shear vein Strike-slip Cc1 −1.08 −6.69
GP-R11 Intergranular cement Strike-slip Cc1 −1.04 −6.69
GP-R11 Calcite shear vein Strike-slip Cc2 −1.61 −9.67
GP-R12 Intergranular cement Normal Cc1 −1.31 −7.53
GP-R12 Calcite shear vein Normal Cc2 −1.95 −9.63
GP-R12 Calcite shear vein Normal Cc2 −1.99 −9.62
GP-R13 Calcite shear vein Strike-slip Cc1 −1.37 −6.41
GP-R13 Calcite shear vein Strike-slip Cc1 −1.42 −6.44
GP-R13 Intergranular cement Strike-slip Cc1 −0.65 −6.23
302 Calcite extension vein Strike-slip Cc1 0.21 −8.02
302 Calcite shear vein Strike-slip Cc1 0.25 −8.02
302 Calcite shear vein Strike-slip Cc1 −0.51 −9.39
303 Calcite shear vein Strike-slip Cc1 0.10 −7.81
309A Calcite shear vein Strike-slip Cc1 0.23 −7.29
309A Calcite shear vein Strike-slip Cc1 0.11 −7.37
309B1 Calcite shear vein Strike-slip Cc1 −0.40 −7.36
309B1 Calcite shear vein Strike-slip Cc1 −0.40 −7.65
310 Calcite shear vein Strike-slip Cc1 0.96 −6.90
310 Calcite shear vein Strike-slip Cc1 0.75 −7.12
311A Calcite shear vein Strike-slip Cc1 −0.69 −8.79
311A Calcite shear vein Strike-slip Cc2 −0.73 −12.68
311A Calcite shear vein Strike-slip Cc2 −2.13 −11.98
311B Calcite shear vein Strike-slip Cc1 −0.67 −7.21
311B Calcite shear vein Strike-slip Cc1 −1.30 −9.09
311D Calcite shear vein Strike-slip Cc2 −0.95 −13.07
311D Calcite shear vein Strike-slip Cc2 −0.51 −12.46
311F Calcite shear vein Strike-slip Cc1 0.74 −7.05
311F Calcite shear vein Strike-slip Cc1 0.74 −7.07
311G Calcite shear vein Strike-slip Cc2 0.19 −12.99
312A Calcite shear vein Normal Cc1 0.63 −7.57
312A Calcite shear vein Normal Cc2 0.02 −13.11
313A Calcite shear vein Normal Cc2 −1.40 −12.88
313A Calcite shear vein Normal Cc2 −1.80 −13.30
313A’ Calcite shear vein Normal Cc1 −2.34 −7.59
313A’ Calcite shear vein Normal Cc2 −2.30 −11.14
314A Small fracture affecting clasts Normal Cc1 0.15 −7.50
314A Calcite shear vein Normal Cc2 −1.60 −13.10
314A Calcite shear vein Normal Cc2 −0.95 −10.64
314B Calcite shear vein Strike-slip Cc1 0.00 −7.23
314B Calcite shear vein Strike-slip Cc1 0.05 −7.23
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Table 1 (Continued)

Sample Description Fault type Cement type �13C VPDB �18O VPDB

314C Calcite shear vein Strike-slip Cc1 −0.22 −7.41
314C Calcite shear vein Strike-slip Cc1 −0.23 −7.83
314D1 Calcite shear vein Normal Cc1 −1.11 −7.85
314D1 Calcite shear vein Normal Cc2 −1.79 −12.80
314D2 Calcite shear vein Normal Cc1 −1.34 −9.27
314D2 Calcite shear vein Normal Cc2 −1.47 −13.95
314D2 Calcite shear vein Normal Cc2 −2.46 −12.21
317 Calcite shear vein Strike-slip Cc1 −1.23 −8.09
317 Calcite shear vein Strike-slip Cc1 −1.34 −7.50

Table 2
Calcite cement �13C, �18O, �47 and �18Ofluid. n represents the number of analyses per sample.

Sample Cement type n �13C VPDB �18O VPDB �47 T ◦C �18Ofluid VSMOW

309B1 Cc1 3 −0.44 −7.77 0.548 ± 0.009 92 ± 5 4.7 ± 0.6
−6.95 0.494 ± 0.010 129 ± 8 9.2 ± 0.7
-12.32 0.574 ± 0.010 77 ± 5 −1.7 ± 0.7
−12.85 0.551 ± 0.004 90 ± 3 −0.7 ± 0.3
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Fig. 12. 87Sr/86Sr composition of the calcite cements and carbonate host rocks. Grey
diamonds represent veins with calcite cement Cc1. White squares represent veins
with calcite cement Cc2. Black crosses represent palustrine-lacustrine carbonates.
317 Cc1 3 −0.99
311A Cc2 3 -0.77
311D Cc2 3 −0.73

ated in lakes fed by rivers of Pyrenean provenance (Oberhänsli and
llen, 1987).

Calcite cement Cc1 shows �13C values between −2.5 and +1‰
PDB and �18O values between −9 and −6‰ VPDB (Fig. 11, Table 1).
alcite cement Cc2, shows �13C values between −2 and +0.5‰
PDB and �18O values between −14 and −9.5‰ VPDB (Fig. 11,
able 1).

.2. Clumped isotope thermometry

For calcite cement Cc1, the measured �47 values by clumped
sotope geochemistry are 0.548 ± 0.009‰ and 0.493 ± 0.0010‰,

hich translates into temperatures of 92 ± 5 ◦C and 129 ± 8 ◦C using
he form of Kluge et al. (2015) (Table 2). In addition, the �18Ofluid
omposition for calcite cement Cc1 can be reconstructed using the
lumped isotope temperatures, the �18Ocalcite and the equation of
riedman and O’Neil (1977). Thus, the �18Ofluid for Cc1 is estimated
o range between +4.7 ± 0.6 and +9.2 ± 0.7‰ VSMOW.

The measured �47 values for calcite cement Cc2 are
.574 ± 0.010‰ and 0.551 ± 0.004‰, which translate to tempera-
ures of 77 ± 5 ◦C and 93 ± 1 ◦C using the calibration of Kluge et al.
2015) (Table 2). The estimated �18Ofluid for calcite cement Cc2
anges between −1.7 ± 0.7 and −0.7 ± 0.3‰ VSMOW.

.3. Strontium isotopes

The host mudstone has a 87Sr/86Sr ratio of 0.708865 and the
alcite fraction of the marls has a 87Sr/86Sr ratio of 0.708967 (Fig. 12;
able 3).

87Sr/86Sr ratios for calcite cement Cc1 range between 0.709138
nd 0.709246 and between 0.708947 and 0.709002 for calcite
ement Cc2 (Fig. 12, Table 3).

.4. Elemental composition

The elemental composition of calcite cement Cc1 (Fig. 13,
able 4) show values ranging from 600 to 4500 ppm in Mg and
rom 600 to 2800 ppm in Mn. Fe and Sr contents range from below
he detection limit up to 3100 and up to 700 ppm, respectively.
Calcite cement Cc2 (Fig. 13, Table 4) show values from 300 to
300 ppm in Mn and from 300 to 3200 ppm in Fe. Mg and Sr con-
ents range from below detection limit up to 2400 and 3000 ppm,
espectively.

Fig. 13. Elemental composition of the calcite cements. For Mg, Mn, Fe and Sr. Min-
imum, maximum and mean contents are given.
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Table 3
87Sr/86Sr values of palustrine-lacustrine host-carbonates and calcite cements Cc1 and Cc2. For the third and fourth columns, the blank spaces represent host rock samples
which are not affected by faults and do not contain calcite cement, respectively.

Sample Description Fault type Cement type 87Sr/86Sr

GP-R4 Eocene-Oligocene host-mudstone Strike-slip 0.708865
IP-R Eocene-Oligocene host-marly limestone 0.708967
309A Calcite shear vein Strike-slip Cc1 0.709246
311A Calcite shear vein Strike-slip Cc2 0.708947
311D Calcite shear vein Strike-slip Cc2 0.709002
314C Calcite shear vein Strike-slip Cc1 0.709138

Table 4
Minimum, maximum and average values of the elemental composition of the calcite cements Cc1 and Cc2. n represents the number of analyses per calcite cement generation.
For fault types affecting the analyzed samples see Table 1.

Filling stage n Analysed samples Mg (ppm) Mn (ppm) Fe (ppm) Sr (ppm)

Calcite cement Cc1 45 GP-R1GP-R4309A Min. 600 600 <d.l. <d.l.
311A Max. 4500 2800 1100 600
314D2 Av. 2171 1406 544 537
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Calcite cement Cc2 45 GP-R1 311A 311D Min.
312D2 Max.

Av.

. Discussion

Discussion is organized in 5 main subsections discussing (1) the
echanical stratigraphy; (2) the type and origin of fluids across the

uig-reig anticline; (3) the mechanisms of calcite cement precipi-
ation; (4) the relationships between fluid flow and the structural
volution of the Puig-reig anticline and (5) the evolution of fluid
ow at the basin scale comparing the Puig-reig anticline results
ith the El Guix anticline (∼32 km southwards), which is located

long the SE Pyrenean deformation front within the Ebro basin.

.1. Mechanical stratigraphy

Cementation during early burial mostly affected sandstone and
onglomerate layers due to their higher porosity and permeabil-
ty than clayey units. This early cementation, however, increased
he relative mechanical strength of these layers and thus localizing
he generation of stratabound joints across the entire anticline as
escribed in other deformed basins (David et al., 1998; Shackleton
t al., 2005; Laubach et al., 2009). Differences in rock mechanics
etween layers also controlled the development of bed-parallel slip
urfaces and associated reverse faults in the forelimb of the Puig-
eig anticline during compression, as was also observed in other
hrust belts (Treagus, 1988; Bai and Pollard, 2000; Sanz et al., 2008).

Joints were reactivated as strike-slip and normal faults by shear-
ng as evidenced by the high angle dips with respect to bedding
nd the stratabound character of some faults (like joints). Some
f these faults crosscut competent and non-competent layers and
hey are mainly located in the crest and forelimb of the Puig-reig
nticline. Thus, at outcrop scale, fracture patterns in the Puig-reig
nticline were controlled by tectonic stress related to contraction,
ock mechanics, diagenesis and structural position within the anti-
line. These controls on fracturation have been also observed in
ther foreland fold belts (Shackleton et al., 2005; Laubach et al.,
009; Watkins et al., 2015).

At the microscopic scale, the development of microstructures
as controlled by grain size, host rock cementation and poros-

ty. In fine to medium-grained sandstones and matrix-supported
onglomerates, fractures are absent, whereas in coarse-grained
andstones and clast-supported conglomerates, grain crushing

ncreases up to 15% and 8%, respectively (Fig. 7). In conglomerates
n which carbonate and silicic clasts are in contact, stylolite con-
acts are developed instead of fractures. Intergranular porosity of
ll these sediments was occluded by calcite cement Cc1 indicating

50
<d.l. 300 300 <d.l.
2400 2300 3200 3000
1038 1268 1080 886

that cementation together with grain size exerted a strong control
on fracture development. In this study, coarse-grained rocks are
more prone to fracturing than finer rocks, as was also observed from
experimental tests by Chuhan et al. (2002) in sandstones, report-
ing an increase of grain crushing during compaction related with
an increase of grain size. In fine lutite units (claystone) and con-
glomerates supported by clay matrix fractures are hardly present
(Fig. 7) because the absence of cements makes them to behave as
ductile levels when are affected by deformation. Siltstone layers
were more permeable, and are partially cemented, increasing their
stiffness and facilitating brittle deformation. Therefore, develop-
ment of fractures in lutite layers was controlled by cementation,
which changed rock mechanics (Laubach et al., 2009). Fractures
in palustrine-lacustrine mudstones were controlled by vug poros-
ity (Fig. 6e and f), which probably facilitated fracture nucleation
(Vajdova et al., 2010).

8.2. Type and origin of the fluids

The type of fluid that flowed through the intergranular poros-
ity of host rocks and fault planes has been determined by using
the isotopic and elemental composition of the carbonate cements
(Meyers and Lohmann, 1985; Banner and Hanson, 1990).

8.2.1. Cement Cc1
Calcite cement Cc1, precipitated in the intergranular porosity,

reverse and most of strike-slip faults. The temperatures from which
cement Cc1 precipitated (between 92 ◦C and 129 ◦C) would imply
burial depths between 4 and 5 km, assuming a geothermal gradient
of 25 ◦C km−1. These depths have never been attained according
to previous works based on cross sections (Vergés, 1993), strati-
graphic profiles (Barrier et al., 2010) and vitrinite reflectance data
(Clavell, 1992; Vergés et al., 1998), which indicate a maximum
depth of 1.7 km for the Solsona Formation in the Puig-reig anti-
cline. Thus, with a thickness of 1.7 km and a geothermal gradient
of 25 ◦C km−1, the temperature reached at the base of the Solsona
Formation was around 42 ◦C, which is lower than that obtained
from clumped isotopes. These results account for the occurrence of
hydrothermal fluids circulating channelized along the thrust faults

from the Palaeozoic basement at depths of around 4–5 km upwards
to the shallower Solsona Formation (Fig. 2a). This hydrothermal
fluid should have flowed rapid enough to be at thermal disequilib-
rium with its adjacent host rock (Beaudoin et al., 2011).
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ig. 14. �18O calcite cement vs �18O host rock cross plot. Grey diamonds represent 

epresents the isotopic difference between calcite cements and carbonate host rock

Calcite cement Cc1 is characterized by a narrow range of �18O
from −7.53 to −5.93‰ VPDB) and �13C within the same range of
he host carbonates (Fig. 11), probably a result of the buffering of the
ore-water isotopic composition by the host carbonates (Marshall,
992; Travé et al., 1998b; Fig. 14). �18O of strike-slip faults have

 wider range of values (from −9.63 to −6.25‰ VPDB), with some
eins in disequilibrium with their host carbonates (Fig. 14).

The  calculated �18Ofluid from clumped isotope thermometry
Table  3) range between +4.7 and +9.2‰ VSMOW, within the range
f formation, metamorphic and magmatic waters (Taylor, 1987).
agmatic waters are ruled out since magmatism is not developed

uring the formation of the Pyrenees. However, we have no evi-
ences to discern between formation and metamorphic waters.
he high 87Sr/86Sr values (between 0.709138 and 0.709246) indi-
ate that the hydrothermal fluid interacted with a highly radiogenic
ource (Fig. 12, Table 2). The source for this highly radiogenic
uid can be the Palaeozoic basement located at depth and/or
he Palaeozoic-derived silicic clasts of the Solsona and Berga For-

ations. The 87Sr/86Sr of Pyrenean Palaeozoic sedimentary rocks
ange between 0.709600 and 0.717000 and between 0.706633 and
.715405 for granitic rocks (Bickle et al., 1988; Banks et al., 1991).
he low radiogenic underlying evaporite units of the Cardona
between 0.70798 and 0.70800), Barbastro (0.70796) and Beuda
between 0.707739 and 0.707980) Formations (Travé et al., 2000;
arrillo, 2012; Carrillo et al., 2014), do not seem to be involved.
he �18O of the Palaeozoic metamorphic rocks in the Pyrenees
between +10 and +16‰ VSMOW; Wickham and Taylor, 1985,
987) and Hercynian granodiorites (up to +9‰ VSMOW; Wickham
nd Taylor, 1987; Losh, 1989; Tempest, 1991) is also consistent with

 fluid highly interacted with the Palaeozoic basement.

.2.2. Cement Cc2
The  �13C of cement Cc2 is similar to that of cement Cc1 (Fig. 11).

owever, the �18O relationship between calcite cement and host

ock indicates that the fluid from which Cc2 precipitated was not
n equilibrium with its adjacent host carbonates (Fig. 14). The
epletion in �18O of Cc2 with respect to Cc1 is interpreted as the
rogressive input of a meteoric external fluid (Travé et al., 1997),
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with calcite cement Cc1. White squares represent veins with calcite cement Cc2. �

more  evident in the crest of the anticline (Fig. 15). The lower
87Sr/86Sr of cement Cc2 with respect to Cc1 (Fig. 12) indicates not
interaction of the fluid with a radiogenic source.

The �18Ofluid obtained from clumped isotopes (Table 3), between
−1.7‰ and −0.7‰ VSMOW, are higher than those of modern rain-
fall in the same area (from −6.4 to −4.6‰ VSMOW; Travé and
Calvet, 2001) and probably also of the upper Eocene and lower
Oligocene rainwater, taking into account that during this time the
Iberian plate was in similar latitude than present day (Rosenbaum
et al., 2002). These values may  result from mixing of meteoric
waters with a more �18O-enriched fluid. The wide range of �18O
(Fig. 11), low Mg  and Mn  content and high Fe and Sr content
(Fig. 13), also account for a mixing between fluids.

Temperatures obtained for calcite cement Cc2 (between 77 ◦C
and 93 ◦C), although lower than those obtained for Cc1, they still
account for hydrothermal fluid flow, taking into account the min-
imum burial depth of 1.7 km and assuming a geothermal gradient
of 25 ◦C km−1. This temperature decrease would also agree with
Cc2 precipitation from the mixing between the hydrothermal fluid
responsible of Cc1 precipitation and a low temperature meteoric
fluid.

The increase in Fe and Sr content in cement Cc2 compared to
Cc1 could be controlled by the progressive burial and compaction of
shale units of the Solsona Formation, leading to ion expulsion from
shales (Coplen and Hanshaw, 1973; Hanshaw and Coplen, 1973;
Travé et al., 1997) and increasing the Fe content towards the deeper
stratigraphic levels (Fig. 15).

8.3. Mechanisms of calcite cement precipitation

Calcite cements Cc1 and Cc2 are in thermal disequilibrium with
the surrounding host rock. However, since calcite has a retro-
grade solubility, and preferentially precipitates when temperature
increases, other parameters have to take into account when calcite

precipitates from a hot ascending fluid (Segnit et al., 1962; Fein
and Walther, 1987). According to Bons et al. (2012) and Beaudoin
et al. (2014), controlling parameters such as changes in pH and
in oxidation conditions as well as fluid mixing influence the Ca
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F nt in calcite cement Cc2. The �18O decreases and the Fe2+ content increases downwards
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Fig. 16. Conceptual models of the structural and fluid flow evolution of the Puig-reig
anticline. Red, blue and green arrows indicate fluid movement. No vertical exagger-
ation. Fluid flow during the layer-parallel shortening. Hydrothermal fluids migrated
along the main faults and more permeable sedimentary units. Below, fluid flow dur-
ing fold growth. During this event, meteoric fluids circulated downwards the normal
faults formed by outer arc extension and mixed with the hydrothermal fluids at
depth.
ig. 15. Detail of the Puig-reig anticline showing the trends in �18O and Fe2+ conte
he stratigraphic record. Minimum and maximum values are given.

versaturation of the fluid, which can promote precipitation of cal-
ite cement, even when fluids are decreasing their temperature.
nother controlling parameter is the decrease in pCO2 during frac-

ure opening. Moreover, during faulting, zones of low pCO2 are
eveloped, allowing fluid migration into fractures and precipitation
f calcite cements Cc1 and Cc2 (Bons et al., 2012).

If calcite cement precipitation was coeval with fracture open-
ng (as evidenced by veins with elongated blocky calcite), the �18O
omposition allows us to determine which specific parameters
ontrolled calcite precipitation (Beaudoin et al., 2014). Thus, the
arrow range of �18O values for calcite cement Cc1 present in the

ntergranular porosity and reverse and some strike-slip faults indi-
ates that precipitation was controlled by pCO2 drop related to
racturing. In contrast, the wide range in �18O in calcite cement
c1 and Cc2 present in some strike-slip and in all normal faults
ay be indicative that the main controlling parameter of calcite

recipitation was mixing of two fluids.

.4. Relationship between fluid flow and structural evolution of
he Puig-reig anticline

In the Puig-reig anticline, calcite cements Cc1 and Cc2 are related
o two fluid flow stages during fold growth. Cement Cc1 is related
o layer-parallel shortening whereas cement Cc2 relates to the fold
rowth. Earlier cements precipitated before the growth of the anti-
line and are totally replaced by calcite cement Cc1 (Fig. 8).

.4.1. Fluid flow during layer-parallel shortening (time T1)
Relationships between fractures and calcite cement Cc1 in

he Puig-reig anticline indicate precipitation during layer-parallel
hortening as evidenced by the constant angular relations between
everse and most of the strike-slip faults with bedding (Fig. 16). The
ame relationships between bedding and fractures during layer-
arallel shortening have been also observed in anticlines formed in
he Zagros fold and thrust belt (Casini et al., 2011; Reif et al., 2012;
avani et al., 2015). Reverse faults in the forelimb and strike-slip
aults in the hinge of the Puig-reig anticline could have been formed
ue to an increase of fluid pressure, controlled by fluid migration
o the fold crest and/or by syntectonic sedimentation, as pointed
ut in other fold-fluid systems (Evans and Fischer, 2012).
During T1, hydrothermal fluids migrated upwards, using faults
s preferential paths. This fluid migrated along the blind thrust
ystem responsible for the development of the Puig-reig anti-
line reaching the overlying Solsona and Berga Formations through
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ig. 17. Fluid flow model of the northern part of the Ebro Basin. Red arrows indica
igration of shallow meteoric waters during T2. For sedimentary units legend see

he reverse and strike-slip fault planes affecting these units
Figs. 16 and 17). These fractures allowed hydrothermal fluid circu-
ation, cementing the permeable layers in the system (sandstones,
onglomerate sand matrix and siltstones) and replacing earlier
ements. Although the studied reverse and strike-slip faults are
elatively small, they probably form a well-connected network
llowing lateral and vertical fluid migration across different strati-
raphic units, as already observed in the Bighorn Basin (Beaudoin
t al., 2013).

.4.2. Fluid flow during fold growth (time T2)
During the second stage of fluid flow, cement Cc2 precipitated

Fig. 16). Normal faults, which are sub-parallel to the regional fold
xis, were formed due to the outer-arc extension of the Puig-reig
nticline during fold growth. In addition, during T2, previous faults
nd bedding-perpendicular joints were passively rotated into the
imbs and suitably oriented strike-slip faults were reactivated as
ormal faults, as observed by the presence of dip-slip striae over-
rinting strike-slip markers in the same fault planes.

Cement Cc2 is only present in fault planes due to the entire
ementation of the more permeable units by cement Cc1 during
1. Small normal and strike-slip faults formed during T2 devel-
ped sufficient vertical connectivity to allow vertical fluid flow
cross the previously cemented sedimentary units. The newly
ormed normal and strike-slip faults changed the palaeohydrologi-
al system acting as paths for low-temperature, probably meteoric,
uids (Fig. 16). These fluids reached the interface between the
olsona and Igualada Formations in the core of the Puig-reig anti-
line (Fig. 17), in accordance with the fault-valve model (Sibson,
981; Henderson and McCaig, 1996). According to this model,
uids migrate downwards through short-displacement faults by
ecrease in fluid pressure (Pf) at depth after the seismogenic cycle
f an underlying thrust fault (Fig. 17). The low-temperature fluids
ere enriched at depth in Fe and Sr and mixed with the hydrother-
al fluid from which cement Cc1 precipitated, according to the
odel of Bons et al. (2014). After mixing, fluids migrated upwards

hrough normal and strike-slip faults (precipitating cement Cc2 by
CO2 drop) due to an increase of Pf related to the build-up stresses
eveloped during compression, as described in the central Pyrenees

Henderson and McCaig, 1996).

This evolution of the fluid flow model is consistent with previous
orks done in fold-fluid systems, reporting the opening of the fluid

ystem to external fluids and mixing during development of fold-

53
d migration of deep formation waters during T1 and T2. Blue arrows indicate fluid
.

related fractures (Travé et al., 2000; Fischer et al., 2009; Beaudoin
et al., 2011; Evans et al., 2012; Ogata et al., 2014).

8.5. Fluid flow at basin scale

8.5.1. The El Guix anticline
The El Guix anticline developed at the southern tip line of the

South Pyrenean fold and thrust belt during the lower Oligocene
(Sans and Vergés, 1995). This anticline is detached above the
Cardona salt, which is the main detachment level between the
deformed and non-deformed foreland basin (Figs. 1 b and 2 a). The
El Guix anticline has a long wavelength (5.6 km), small amplitude
and consists of two anticlines at the present erosion level (Sans,
2003). The sedimentary cover forming the El Guix anticline consists
of the distal part of the Solsona Formation, the deltaic-lacustrine
units of the Súria and Torà formations and the Barbastro gypsum
(Travé et al., 2000). These sediments are located 300 m above the
Cardona detachment horizon and are affected by a set of thrusts
and backthrusts with dips ranging from 27 to 40◦ (Sans and Vergés,
1995).

8.5.2. Puig-reig anticline vs El Guix anticline
In the El Guix anticline, three fluid flow stages were established,

whereas in the Puig-reig anticline only 2 fluid flow stages have been
determined in this study.

The first fluid flow stage of the El Guix anticline was character-
ized by local migration of meteoric waters through microfractures
developed by layer-parallel shortening in a relatively open system.
In the Puig-reig anticline this stage has not been observed. How-
ever, the presence of early cements replaced by calcite cement Cc1
indicates the presence of a previous fluid flow stage.

The second fluid flow stage of the El Guix anticline took place
during the folding and thrusting. During these events, external
meteoric fluids flowed downwards to the detachment horizon
located in the Cardona Formation and through the main back-
thrusts, which acted as effective channelized paths for these fluids
(Travé et al., 2000). During their migration, these meteoric waters
evolved to a formation water composition. In contrast, in the Puig-
reig anticline, hydrothermal fluids circulated along the basal thrust
of the South Pyrenean thrust system (Figs. 2 a and 17). These

hydrothermal fluids were mixed at depth with meteoric waters
that percolated downwards through normal and strike-slip faults.
Cement Cc2 precipitated when the mixed fluids migrated upwards
during compression. The lack of such cements in the El Guix anti-
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line reveals that hydrothermal fluids did not reach the frontal
ost part of the fold and thrust system, indicating that these fluids
ere probably diluted during their forward migration, as has been

lready pointed in other fold and thrust belts such as the Bighorn
asin (Beaudoin et al., 2014).

Formation waters in the El Guix anticline and hydrothermal flu-
ds in the Puig-reig anticline circulated in a rock-buffered system, as
videnced by the �13C signal of calcite cements and carbonate host
ocks. In both structures, fluids interacted with the upper Eocene-
ower Oligocene lacustrine mudstones and marlstones (between
5.6 and −3.71‰ VPDB in the El Guix anticline and between −3.3
nd −2.4‰ VPDB in the Puig-reig anticline). In addition, in the
uig-reig anticline, hydrothermal fluids also interacted with con-
lomerate clasts derived from Jurassic, Cretaceous and Paleogene
arine carbonates (between −3.22 and +3.11‰ VPDB).
The  last fluid flow stage of the El Guix anticline was  interpreted

o have developed during the extensional elastic rebound of the
outh eastern margin of the Ebro basin during the opening of the
alencia Trough in late Oligocene-early Miocene times (Lewis et al.,
996). During this extensional stage, local meteoric fluids flowed
hrough fractures and through vug porosity developed within the
ement of previous microstructures (Travé et al., 2000).

.5.3.  Migration paths
As  discussed previously, hydrothermal fluids are only recog-

ised in the Puig-reig anticline and not in the El Guix anticline. Two
ossible origins are pointed for these hydrothermal fluids: forma-
ion waters or metamorphic fluids. In both cases, large thrust faults
ould have acted as channelled paths for fluids that migrated from

he inner part of the Pyrenees towards the thrust front, as was also
tated in the Ainsa basin (Travé et al., 1997).

Later, low temperature meteoric waters were introduced into
he palaeohydrological system in the frontal part of the South Pyre-
ean fold and thrust belt. In the El Guix anticline, local meteoric
uids, which evolved to formation waters, migrated downwards by

ateral variations of the topography to the detachment level in the
ardona salts (Travé et al., 2000), whereas in the Puig-reig anticline,
uids percolated to deeper parts of this fold through the crestal
raben fracture system reaching the Solsona-Igualada interface and
he blind thrust system that created the anticline.

. Conclusions

A  multidisciplinary approach has been used in this study to
etermine controls on deformation and fluid interactions within

 fault system (normal and strike-slip faults) cutting Eocene-
ligocene alluvial and fluvial deposits of the Berga and Solsona
ormations, along the crestal domain of the Puig-reig anticline in
he SE Pyrenees.

Structural analyses indicate the timing of fracture development,
hich consists first in the development of joints, small reverse

nd strike-slip faults and the later extensional reactivation of suit-
bly oriented strike-slip faults as normal faults. At outcrop scale,
evelopment of these fractures was controlled by rigidity con-
rasts between layers, diagenesis and structural position within the
nticline, whereas grain size, cementation and porosity controlled
eformation at the microscopic scale.

Structural, petrographic and geochemical data from intergranu-
ar cements and calcite veins reveal the presence of two  migrating
uids producing two cementation events: Cc1 related to the layer-
arallel shortening and Cc2 linked to the anticline growth.
Cc1  cement precipitated from an ascending hydrothermal fluid
t temperatures between 92 and 130 ◦C. This fluid had �18Ofluid
etween +4.7 and +9.2‰ VSMOW, relatively high 87Sr/86Sr ratio,
nd high Mn and Mg  content and relatively low Sr and Fe content.
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This  fluid was  probably a result of the buffering of the pore-water
isotopic composition by the host carbonates. Hydrothermal fluids
migrated from around 4–5 km depth through the fracture system,
including most of the strike-slip faults, to reach the Berga and
Solsona Formations, during the layer-parallel shortening, partially
replacing the host rocks by calcite. Cc1 precipitation was induced
by pCO2 drop related to fracturing.

Cc2 cement precipitated from a fluid in disequilibrium with its
adjacent host rock at a temperature between 77 and 93 ◦C. This
fluid, with �18Ofluid between −1.7‰ and −0.7‰ VSMOW, rela-
tively low 87Sr/86Sr and Mg,  and high Sr and Fe content, resulted
from the mixing at depth of the hydrothermal fluid from which
Cc1 precipitated and low-temperature, probably meteoric, waters.
Low-temperature fluids percolated through the crestal graben fault
system according to the fault-valve model during the growth of the
Puig-reig anticline.

Fluid  flow patterns between the Puig-reig and the El Guix anti-
clines along the same transect reveal that hydrothermal fluids
migrated from N to S but did not reach the El Guix anticline along
the tip line of the South Pyrenean fold and thrust belt. In this anti-
cline, local meteoric and evolved meteoric fluids circulated along
the fold.

Hydrothermal fluids derived from the inner part of the Pyrenean
Chain migrated forelandwards, whereas meteoric fluids in the Puig-
reig and the El Guix anticlines were added into the fluid system
along the frontal parts of the evolving Ebro foreland fold and thrust
belt.
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uigdefàbregas, C., Muñoz, J.A., Vergés, J., 1992. Thrusting and foreland basin
evolution in the southern pyrenees. In: McClay, K.R. (Ed.), Thrust Tectonics.
London, Chapman & Hall, pp. 247–254.

ing, H., Mountjoy, E., 1992. Large-scale fluid flow in the middle devonian
presqu’ile barrier, western Canada sedimentary basin. Geology 20, 903–906.

amsay, J.G., 1980. The crack-seal mechanism of rock deformation. Nature 284,
135–139.

eif, D., Decker, K., Grasemann, B., Peresson, H., 2012. Fracture patterns in the
Zagros fold-and-thrust belt: kurdistan region of Iraq. Tectonophysics 576–577,
46–62.

iba, O., 1973. Las discordancias sintectónicas del Alto Cardener (prepirineo
catalán): ensayo de interpretación evolutiva. Acta Geologica Hispanica 8,
90–99.

iba, O., 1976. Syntectonic unconformities of the alto cardener, spanish pyrenees:
a genetic interpretation. Sediment. Geol. 15, 213–233.

osenbaum, G., Lister, G.S., Duboz, C., 2002. Relative motions of africa, iberia and
europe during alpine orogeny. Tectonophysics 359, 117–129.

oure,  F., Choukroune, P., Berastegui, J., Muñoz, J.A., Villien, A., Matheron, P.,
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ergés,  J., Marzo, M.,  Muñoz, J.A., 2002a. Growth strata in foreland settings.

Sediment. Geol. 146, 1–9.

ergés, J., Fernàndez, M.,  Martínez, A., 2002b. The Pyrenean orogen: pre-, syn-, and
post-collisional evolution. In: Rosenbaum, G., Lister, G. (Eds.), Reconstruction
of the evolution of the Alpine-Himalayan Orogen, Journal of the Virtual
Explorer, pp. 55-74.

57
namics 101 (2016) 30–50

Vergés, J., 1993. Estudi Geològic Del Vessant Sud Del Pirineu Oriental I Central.
Evolució Cinemàtica En 3D. Universitat de Barcelona, Barcelona, Spain203
(PhD Thesis).

Vilasi, N., Malandain, J., Barrier, L., Callot, J.P., Amrouch, K., Guilhaumou, N.,
Lacombe, O., Muska, K., Roure, F., Swennen, R., 2009. From outcrop and
petrographic studies to basin-scale fluid flow modelling: the use of the
Albanian natural laboratory for carbonate reservoir characterisation.
Tectonophysics 474, 367–392.

Wacker, U., Fiebig, J., Schoene, B.R., 2013. Clumped isotope analysis of carbonates:
comparison of two different acid digestion techniques. Rapid Commun. Mass
Spectrom. 27, 1631–1642.

Watkins,  H., Butler, R.W.H., Bond, C.E., Healy, D., 2015. Influence of structural
position on fracture networks in the Torridon Group, Achnashellach fold and
thrust belt, NW Scotland. J. Struct. Geol. 74, 64–80.

Wickham, S.M., Taylor, H.P., 1985. Stable isotopic evidence for large-scale seawater
infiltration  in a regional metamorphic terrane; the Trois Seigneurs Massif
Pyrenees, France. Contrib. Mineral. Petrol. 91, 122–137.

Wickham, S.M., Taylor, H.P., 1987. Stable isotope constraints on the origin and
depth of penetration of hydrothermal fluids associated with Hercynian
regional metamorphism and crustal anatexis in the Pyrenees. Contrib. Mineral.
Petrol. 95, 255–268.
(Eds.), Cenozoic Foreland Basins of Western Europe. Geological Society Special
Publications, pp. 69–106.

http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0600
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0605
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0610
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0615
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0620
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0625
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0630
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0635
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0645
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0650
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0655
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0660
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0665
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0670
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675
http://refhub.elsevier.com/S0264-3707(16)30092-8/sbref0675


58



Changes in fluid regime in syn-orogenic
sediments during the growth of the south

Pyrenean fold and thrust belt

Chapter 5

59



60



Contents lists available at ScienceDirect

Global and Planetary Change

journal homepage: www.elsevier.com/locate/gloplacha

Changes in fluid regime in syn-orogenic sediments during the growth of the
south Pyrenean fold and thrust belt
David Cruseta,⁎, Irene Cantareroa, Jaume Vergésb, Cédric M. Johnc, Daniel Muñoz-Lópeza,
Anna Travéa
a Departament de Mineralogia, Petrologia i Geologia Aplicada, Facultat de Ciències de la Terra, Universitat de Barcelona (UB), Martí i Franquès s/n, 08028 Barcelona,
Spain.
b Institut de Ciències de la Terra Jaume Almera, ICTJA-CSIC, Lluís Solé i Sabaris s/n, 08028 Barcelona, Spain
cDepartment of Earth Science and Engineering, Imperial College London, SW7 2BP, UK

A R T I C L E I N F O

Keywords:
Fluid regime
Syn-orogenic sediments
Fractures
South Pyrenean fold and thrust belt

A B S T R A C T

The eastern sector of the south Pyrenean fold and thrust belt developed during the Alpine compression and
affected Upper Cretaceous to lower Oligocene foreland basin deposits. In this study, we determine the changes in
fluid regime and fluid composition during the growth of this fold and thrust belt, integrating petrographic and
geochemical data obtained from fracture-filling cements.

Hydrothermal fluids at temperatures up to 154 °C, migrated from the Axial zone to the foreland basin and
mixed with connate fluids in equilibrium with Eocene sea-water during lower and middle Eocene (underfilled
foreland basin). As the thrust front progressively emerged, low-temperature meteoric waters migrated down-
wards the foreland basin and mixed at depth with the hydrothermal fluids from middle Eocene to lower
Oligocene (overfilled non-marine foreland basin).

The comparison of the fluid flow models from the Southern Pyrenees with other orogens worldwide, seems to
indicate that the presence or absence of thick evaporitic units highly control fluid composition during the de-
velopment of fold and thrust belts. Whereas in thrusts not detached along thick evaporite units, mixed fluids are
progressively more depleted in δ18O and have a lower temperature and lower Fe and Sr contents as the thrust
front emerges, in thrust detachments through thick evaporite units, the mixed fluids are enriched in δ18O.

1. Introduction

Geofluids interact with sediments during development of fold and
thrust belts. These interactions are responsible of ore deposits pre-
cipitation and have an important role during hydrocarbon migration
and diagenesis, which affects reservoir quality (Oliver, 1986; Qing and
Mountjoy, 1992; Machel and Cavell, 1999; Bitzer et al., 2001; Dewaele
et al., 2004; Roure et al., 2005; Evans and Fischer, 2012; Vandeginste
et al., 2012; Rodríguez-Morillas et al., 2013).

The geochemical composition of the diagenetic products related to
fluid flow (cements) depends on the type of fluid, fluid/rock ratios and
host rock composition (Banner, 1995; Swennen et al., 2003; Travé
et al., 2007; Swart, 2015). Furthermore, fluids favor propagation of
fractures, which act as seals or paths (Reynolds and Lister, 1987;
McCaig, 1988; Sibson et al., 1988; Carter et al., 1990; Shackleton et al.,
2005). Fluid migration along fractures and rock porosity is induced by
tectonics (squeegee-type) and/or topography during the successive

stages of fold and thrust belts evolution (Oliver, 1986; Heydari, 1997;
Bitzer et al., 2001; Pollyea et al., 2015). Thus, the study of fracture- and
porosity-filling cements provide information about changes in fluid
regime (e.g. temperature, pressure, burial and fluid composition) and in
turn, sheds light on the tectonic history of compressional belts (Banks
et al., 1991; Marker and Burkhard, 1992; Bitzer et al., 2001; Roure
et al., 2005, 2010).

Studies of the relationships between fluids and deformation in fold
and thrust belts worldwide report two general trends regarding fluid
flow. The first trend consists of the progressive depletion in δ18O of the
fluids, which has been related to the increase of the temperature of
fluids due to the progressive burial of the studied structures (Dewaele
et al., 2004; Travé et al., 2004; Breesch et al., 2009; Vilasi et al., 2009;
Vilasi, 2010; Evans et al., 2012; Vandeginste et al., 2012; Beaudoin
et al., 2014; Fontana et al., 2014). However, other works relate this
depletion to the progressive input of low-temperature meteoric waters
into the fluid system, which mixed at depth with fluids with a higher

https://doi.org/10.1016/j.gloplacha.2017.11.001
Received 18 April 2017; Received in revised form 26 October 2017; Accepted 3 November 2017

⁎ Corresponding author.
E-mail addresses: d.cruset@ub.edu (D. Cruset), i_cantarero@ub.edu (I. Cantarero), jverges@ictja.csic.es (J. Vergés), cedric.john@imperial.ac.uk (C.M. John),

munoz-lopez@ub.edu (D. Muñoz-López), atrave@ub.edu (A. Travé).

Global and Planetary Change 171 (2018) 207–224

Available online 07 November 2017
0921-8181/ © 2017 Elsevier B.V. All rights reserved.

T

61

http://www.sciencedirect.com/science/journal/09218181
https://www.elsevier.com/locate/gloplacha
https://doi.org/10.1016/j.gloplacha.2017.11.001
https://doi.org/10.1016/j.gloplacha.2017.11.001
mailto:d.cruset@ub.edu
mailto:i_cantarero@ub.edu
mailto:jverges@ictja.csic.es
mailto:cedric.john@imperial.ac.uk
mailto:munoz-lopez@ub.edu
mailto:atrave@ub.edu
https://doi.org/10.1016/j.gloplacha.2017.11.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2017.11.001&domain=pdf


temperature and salinity (Immenhauser et al., 2007; Hausegger et al.,
2010; Cruset et al., 2016). The second trend consists of the enrichment
in δ18O of fluids along time due to their interaction with clays
(Dewever, 2008; Dewever et al., 2013), although in the Larra/Eaux-
chaudes thrust (Jaca Basin) and areas affected by salt tectonics, this
enrichment is related to the increase of fluid salinity due to the influ-
ence of evaporites (Fischer et al., 2013; Crognier et al., 2017).

The South Pyrenean fold and thrust belt constitutes a well-known
example in which the relationships between sequential emplacement of
thrust sheets of different ages and syn-tectonic deposits are well-con-
strained (Muñoz et al., 1986; Vergés and Muñoz, 1990; Burbank et al.,
1992a, 1992b; Vergés, 1993; Vergés et al., 2002a, 2002b; Beamud
et al., 2010; Carrigan et al., 2016; Labaume et al., 2016). In addition,
works already done on fluid regime evolution in the Southern Pyrenees
show the same evolution trends regarding fluid flow than those ob-
served in other fold and thrust belts worldwide (Travé et al., 1997,
1998, 2000, 2007; Caja et al., 2006; Caja and Permanyer, 2008; Lacroix
et al., 2011, 2014; Beaudoin et al., 2015; Cruset et al., 2016; Crognier
et al., 2017). Consequently, the southern Pyrenees represent an ex-
cellent laboratory for the study of the changes in fluid regime during
progressive deformation in fold and thrust belts.

In this work we define the changes in fluid regime from the be-
ginning of the emplacement of the South eastern Pyrenean thrust sheets
to the end of contraction, using data from the entire pile of superposed
thrust sheets (Lower Pedraforca, Vallfogona, L'Escala and Abocador
thrusts) within the foreland basin (Vergés, 1993). We determine the
origin of fluids from which cements precipitated in fractures and rock
porosity, their evolution trends during each stage of deformation and
controlling parameters using petrographic and geochemical data
(carbon, oxygen and strontium isotopes, clumped isotopes thermometry
and elemental composition). The results are integrated with previous
studies done in the west central Pyrenees (Ainsa Basin, Travé et al.,
1997; Castillo Mayor klippe and Jaca thrust, Lacroix et al., 2014; Larra/
Eaux-chaudes thrust, Crognier et al., 2017) and the eastern Ebro Basin
(El Guix anticline, Travé et al., 2000, and Puig-reig anticline, Cruset
et al., 2016), to constrain the evolution of fluid regime at the scale of
the south Pyrenean fold and thrust belt, which finally is compared to
other compressional belts.

2. Geological setting

The Pyrenees consist of a doubly verging orogenic belt generated
during the continental collision between Iberia and Eurasia plates, from
Late Cretaceous to Miocene (Muñoz, 2002; Vergés et al., 2002a)
(Fig. 1). This collision resulted from the partial subduction of the
Iberian plate beneath the Eurasian plate (Choukroune, and team, E,
1989; Roure et al., 1989; Muñoz, 1992, 2002; Vergés et al., 2002a,
2002b). The previous Mesozoic extensional basins were inverted and an
antiformal stack constituted of basement-involved thrust sheets devel-
oped in the central part of the chain (Axial zone), acting as a boundary
between the North and south Pyrenean fold and thrust belts (Muñoz,
1992) (Fig. 1).

The south Pyrenean fold and thrust belt consists of a sequence of
south-verging thrusts emplaced in a piggy-back thrust sequence
(Puigdefàbregas et al., 1992) and detached predominantly above
Triassic evaporites (Séguret, 1972) and Eocene evaporites deposited in
the foreland basin (Vergés et al., 1992: Sans, 2003) (Fig. 2).

The four structures selected for this study are located in the south-
eastern Pyrenees (Fig. 1) and are representative of the change from
marine to continental conditions during thrust front migration. The
oldest structure studied is the Lower Pedraforca thrust sheet (Figs. 2a,
3a), an allochthonous klippe detached in the Keuper facies and em-
placed from lower to middle Eocene (Puigdefàbregas et al., 1986;
Burbank et al., 1992a). The emplacement of the Lower Pedraforca
thrust sheet was under marine conditions, as attested by the syn-oro-
genic conglomerates of Queralt related to this structure (Vergés, 1993).

The second structure is the Vallfogona thrust (Figs. 2a, b, 3a), which is
the southern boundary of the Cadí thrust sheet. The activity of this
thrust fault started in the middle Eocene under marine conditions and
finished during the lower Oligocene under continental conditions
(Burbank et al., 1992a, 1992b; Vergés, 1993; Vergés and Burbank,
1996; Haines, 2008). The two youngest structures are the Abocador and
L'Escala thrusts (Figs. 2b, 3a), active from middle to upper Eocene and
from upper Eocene to lower Oligocene, respectively (Travé et al., 2007;
Haines, 2008). These two structures affect the sediments of the Ebro
foreland basin, which form the footwall of the Vallfogona thrust, and
developed under marine-continental transitional conditions (Travé
et al., 2007).

The sediments of the study area range in age between Upper Triassic
and Oligocene and consist of pre- and syn-orogenic deposits related to
the emplacement of the thrust sequence (Fig. 3b). The Lower Pedra-
forca thrust sheet is composed of the pre-orogenic Keuper facies, Lias
and Dogger limestones and dolostones, Santonian limestones and the
syn-orogenic Campanian-Maastrichtian coastal deposits of the Areny
Fm., Maastrichtian-Thanetian continental deposits from the Garumnian
facies, Ilerdian limestones from the Cadí Fm. and Lutetian-Bartonian
conglomerates of the Coubet Fm. (Mey et al., 1968; Vergés, 1993;
López-Martínez et al., 1999; Rosell et al., 2001; Oms et al., 2007). The
hangingwall of the Vallfogona thrust consists of Cuisian-Lutetian tur-
biditic deposits of the Vallfogona Fm, which are overlain by the Lu-
tetian evaporites of the Beuda Fm. (Vergés et al., 1998). These turbi-
dites are overthrusting the Lutetian to Bartonian marls of the Banyoles
and Igualada Fm. and Priabonian-Rupelian syn-tectonic alluvial sedi-
ments of the Berga Fm., indicating that the Vallfogona thrust was active
until the lower Oligocene (Burbank et al., 1992b; Haines, 2008; Valero
et al., 2014). Further south, two formations are involved in the Abo-
cador and L'Escala thrusts. The hangingwalls of both thrusts are con-
stituted of alluvial and fluvial deposits of the Bellmunt Fm. (upper
Lutetian; Moya et al., 1991; Serra-Kiel et al., 2003), whereas the foot-
walls consist of the Bartonian deltaic deposits of the Puigsacalm Fm.
(Mató et al., 1994; Serra-Kiel et al., 2003).

3. Methodology

In order to characterize the evolution of the fluids involved in the
emplacement of the Lower Pedraforca, Vallfogona, Abocador and
L'Escala thrusts, 107 polished thin sections made from host rocks and
fracture-filling cements precipitated during the Alpine compression
were studied using petrographic and geochemical methods.

Petrographic observations were made using optical and cath-
odoluminescence microscopy. A CL Technosyn cathodoluminescence
device Model 8200 MkII operating at 23 kV and 350 μA gun current
was used to distinguish the different generations of cements.

Fluid inclusions were examined in calcite cements to determine
salinity and temperature conditions of the mineral-forming fluid. Thick
sections were used for petrographic characterization of the fluid in-
clusions and for microthermometric analyses. Measurements were
made on a Linkam THMS-600 heating-freezing stage. Fluid inclusions,
with a size ranging between 2 and 5 μm, were cooled and heated to
temperatures around −150 °C and 300 °C, respectively. However, the
attempt to obtain ice melting and homogenization temperatures from
two-phase fluid inclusions (liquid-gas) failed, since changes in bubble
volume were not observed.

Carbon-coated polished thin sections were used to analyze major,
minor and trace element concentrations on a JEOL JXA-8230 electron
microprobe. The microprobe was operated using 20 kV of excitation
potential, current intensity of 6 nA for Ca and Mg and 40 nA for Mn, Fe
and Sr with a beam diameter of 10 μm. Detection limits are 236 ppm for
Ca, 131 ppm for Na, 397 ppm for Mg, 226 ppm for Mn, 78 ppm for Fe
and 291 ppm for Sr. Precision on major element analyses averaged a
standard error of 6.15% at 2σ confidence levels.

Fracture-filling calcite and carbonate host rocks were sampled for
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Fig. 1. Structural sketch of the Pyrenees from Vergés (1993). The white squares show the location of the studied structures in this work: 1) Lower Pedraforca thrust sheet; 2) Vallfogona
thrust; 3) Abocador and L'Escala thrusts. The grey squares show the location of the structures previously studied by other authors that have been compared with our structures: 4) Larra/
Eaux-chaudes thrust (Crognier et al., 2017); 5) Jaca Basin (Lacroix et al., 2014; Crognier et al., 2017); 6) Sierras Exteriores (Beaudoin et al., 2015; Crognier, 2016); 7) Ainsa Basin (Travé
et al., 1997); 8) Gavarnie thrust (McCaig et al., 1995); 9) Puig-reig anticline (Cruset et al., 2016); 10) El Guix anticline (Travé et al., 2000). The purple and red lines indicate the location of
cross-sections shown in Fig. 2a and b, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Cross sections of the studied areas (Vergés, 1993). The color boxes indicate the structural position of the studied outcrops in SE Pyrenees also shown in Fig. 1. Each color is
equivalent to the color of lines and boxes in Figs. 3, 4, 5, 6, 7, 8, 9 and 10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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carbon- and oxygen-isotope analysis employing a 400 μm-thick dental
drill to extract 60 ± 10 μg of powder from trims. The calcite powder
was reacted with 100% phosphoric acid for 2 min at 70 °C. The re-
sultant CO2 was analyzed using an automated Kiel Carbonate Device
attached to a Thermal Ionization Mass Spectrometer Thermo Electron
(Finnigan) MAT-252 following the method of McCrea (1950). The re-
sults were corrected using the standard technique (Craig and Gordon,
1965; Claypool et al., 1980), expressed in ‰ with respect to the VPDB
(Vienna Pee Dee Belemnite) standard.

For clumped isotopes thermometry, aliquots (replicates) of three
carbonate samples weighing 2–3 mg were measured for three out of five
samples (GDV20, GDV30, GDV13, Table 1) using an automated line
developed at Imperial College (the IBEX: Imperial Batch EXtraction

system). In addition, two single measurements of two additional sam-
ples (TAB9, STn(3)(2), Table 1) were measured using a manual vacuum
line described in Dale et al. (2014). In both cases, samples are dropped
in 105% phosphoric acid maintained at 90 °C, and reacted for 10 min.
The reactant CO2 is separated from contaminants using a poropak-Q
column, and transferred into the bellows of a MAT 253 mass spectro-
meter from Thermo Scientific. Full characterization of a replicate con-
sists of 8 acquisitions in dual inlet mode with 7 cycles per acquisition.
All post-acquisition processing were performed using Easotope, a
dedicated software for clumped isotope analysis (John and Bowen,
2016). Δ47 values are corrected for isotope fractionation during phos-
phoric acid digestion using a phosphoric acid correction of 0.069‰ at
90 °C for calcite following Guo et al. (2009), the data is corrected for

Fig. 3. A) Structural sketch of the studied area with outcrop locations. Q samples are referred to the Lower Pedraforca thrust sheet, GDV and GDB to the Vallfogona thrust and TAB and
TES to the Abocador and L'Escala thrusts, respectively. B) NeS stratigraphic panel of the Lower Pedraforca thrust sheet, Cadí thrust sheet and eastern Ebro Foreland Basin modified from
Vergés et al. (1998). The age of sedimentary units has been defined according to Burbank et al. (1992a, 1992b), López-Martínez et al. (1999), Oms et al. (2007), Costa et al. (2010) and
Valero et al. (2014). Shallow Benthic Zones (SBZ) from Serra-Kiel et al. (1998a, 1998b). The color boxes with references Q, GDV, GDB, TAB and TES indicate the stratigraphic location of
the studied outcrops.
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non-linearity using the heated gas method (Huntington et al., 2009) and
projected into the absolute reference frame of Dennis et al. (2011).
Carbonate δ18O values are calculated using the acid fractionation fac-
tors of Kim and O'Neil (1997). Most of the samples were measured at
least three times, and the results averaged before being converted to
temperatures using the calibration of Kluge et al. (2015); in this case,
the error reported represents± 1 standard error of the means. For two
samples (TAB9, STn(3)(2), Table 1), only one measurement was per-
formed and the error reported is± 1 external standard deviation of a
measurement.

For 87Sr/86Sr analyses, samples of 100% calcite from veins and host
rocks were fully dissolved in 0.5 M acetic acid, dried and redissolved in
3 M HNO3. The solid residue resulting from reprecipitation was cen-
trifuged at 4000 rpm during 10 min before being charged in chroma-
tographic columns. Samples were analyzed on Re single filament with
1 μl of H3PO4 1 M and 2 μl of Ta2O5 on a TIMS-Phoenix mass spectro-
meter. The data acquisition method consists of dynamic multicollection
during 10 blocks of 16 cycles each one, with a beam intensity in the 88Sr
mass of 3 V. Analyses have been corrected for possible interferences of
87Rb.

4. Structural and stratigraphic location of the samples

Seven outcrops were studied and sampled to determine the fluid
flow regime in the Lower Pedraforca and Vallfogona thrusts and in the
Abocador and L'Escala foreland thrusts (Fig. 3).

In the Lower Pedraforca thrust sheet, two different outcrops were
sampled along a 1.5 km long transect composed of the Campanian-
Maastrichtian coastal deposits of the Areny Fm. and Maastrichtian-
Thanetian continental deposits from the Garumnian facies (Q, Fig. 3a,
b). This transect consists of three south-verging anticlines formed in the
southern sector of the imbricated thrust system forming the Lower
Pedraforca thrust sheet. The limbs and hinges of these folds are affected
by vug porosity and intense fracturing, which consists of bed-perpen-
dicular joints and reverse and strike-slip faults formed as a result of the
background deformation related to the Lower Pedraforca thrust sheet.
Fault zones related to the major thrusts forming the imbricate system of
the Lower Pedraforca thrust sheet do not outcrop in the studied area.

The Vallfogona thrust was sampled in three different outcrops along
its strike (GDV, GDB1–2; Fig. 3). Outcrops GDV and GDB1 are formed of
up to 450 m-thick fault zones affecting the Cuisian-Lutetian turbidites
of the Vallfogona Fm. and the alluvial sediments of the Berga Fm.
(Fig. 3b). Outcrop GDB2 is formed of an up to 40 m-thick fault zone
affecting only the Berga Fm (Fig. 3b) and consists of a minor thrust fault
related to the activity of the Vallfogona thrust. In the three outcrops,
the fault zones are mainly composed of damage zones both in the
hangingwall and footwall of the Vallfogona thrust in which vug por-
osity, bed-parallel slip surfaces and reverse and strike-slip faults are
concentrated and filled with calcite cement. Sampled fault cores consist
of cm-thick gouges with very scarce calcite veins.

The Abocador thrust (TAB) has been studied in a 200 m-thick fault
zone with a 7 m thick fault core whereas the L'Escala thrust (TES) has
been studied in a 150 m-thick fault zone, with less than 1 m thick fault
core, in both cases cutting through the alluvial sediments of the
Lutetian Bellmunt Fm. and Bartonian deltaic deposits of the Puigsacalm
Fm (Fig. 3a, b). The fault cores of both thrusts are composed of clay-rich
gouges with small calcite veins. Damage zones comprise almost all the
volume of the sampled outcrops and are intensively affected by bed-
perpendicular joints and reverse and strike-slip faults filled by calcite
cement.

5. Fracture analysis

Rocks involved in the studied structures are affected by bed-parallel
slip surfaces, joints, E-W to WSW-ENE trending reverse faults and
predominantly NW-SE and NE-SW trending strike-slip faults (Fig. 4).

Joints are mostly bed-perpendicular, indicating that they formed during
layer-parallel shortening together with bed-parallel slip surfaces (Casini
et al., 2011). However, some of the joints in L'Escala thrust cut the
Bellmunt and Puigsacalm formations at a constant angle regardless
bedding dips, indicating that these fractures formed after folding and
thrusting. The high trend and dip dispersion of joints in the Lower
Pedraforca thrust sheet in contrast to the Abocador and L'Escala thrusts
(Fig. 4) are interpreted that deformation was more intense in the former
structure or that it extended during a longer period. Reverse and strike-
slip faults in the Lower Pedraforca thrust sheet and in the Vallfogona,
Abocador and L'Escala thrusts cut stratification at a high angle re-
gardless bedding dips, suggesting that these fractures formed once
strata was already folded and therefore, after development of bed-
perpendicular joints. The concentration of these faults in the fault zones
of major thrusts and the striae sets measured on their planes (Fig. 4),
indicating a tectonic displacement to the south in agreement with the
regional trend (Vergés, 1993), suggest that they formed during the
activity of the major thrusts.

6. Calcite cements

The integration of textural, petrographic and geochemical data
obtained from fracture-filling cements allows to identify three genera-
tions of calcite cement for the Lower Pedraforca thrust sheet (Cc1 to
Cc3), seven for the Vallfogona thrust (Cc1 to Cc7) and two for the
Abocador thrust (Cc1 and Cc2) (Fig. 5). In the L'Escala thrust, three
calcite cement generations (Cc1 to Cc3) were already identified (Travé
et al., 2007) (Fig. 5).

6.1. Petrology

In the Lower Pedraforca thrust sheet, Cc1 cement is formed of up to
30 μm in size of non-luminescent blocky calcite crystals precipitated in
the intergranular and intragranular porosity of the Upper Cretaceous
Areny Fm. (Fig. 5). Cement Cc2 consists of up to 1 mm of non- to dull
orange luminescent sparite calcite crystals precipitated in vug porosity,
joints and reverse and strike-slip faults postdating Cc1 (Fig. 5) and af-
fecting both the Areny Fm. and Paleocene Garumnian facies. Calcite
cement Cc3 consists of up to 3 mm of zoned dull brown and dull orange
blocky sparite calcite crystals precipitated in vug porosity, reverse and
strike-slip faults cutting the previous fractures and vugs (Fig. 5).

In the Vallfogona thrust, calcite cements Cc1, Cc2, Cc3 and Cc4
consist of dull brown to non-luminescent calcite, precipitated in frac-
tures and porosity of the Lutetian Vallfogona turbidites from the
hangingwall (Fig. 5). Cement Cc1 is formed of 10–20 μm in size blocky
sparite precipitated in the intergranular and intragranular porosity of
the turbidite sandstones (Fig. 5). Cc2 is formed of 200 μm to 2 mm
blocky and up to 1 mm long fibrous sparite precipitated in bed-parallel
slip surfaces, bed-perpendicular joints and vug porosity postdating Cc1
(Fig. 5). Calcite cement Cc3 is formed of up to 1 mm long fibrous calcite
precipitated parallel to the walls of thrust faults postdating Cc2 (Fig. 5).
Cc4 is formed of 100 μm to 2 mm blocky and up to 1 mm long fibrous
sparite precipitated in strike-slip and thrust faults postdating Cc3
(Fig. 5). Calcite cement Cc5 precipitated in strike-slip and reverse faults
and intergranular porosity of Upper Eocene to Oligocene syn-orogenic
alluvial sediments of the Berga Fm. from the thrust footwall (Fig. 5).
This cement is formed of up to 100 μm blocky and up to 1 mm long
fibrous sparite crystals of bright orange calcite (Fig. 5). The presence of
Cc5 cement in sediments younger than those in the hangingwall ac-
counts for a later precipitation with respect to Cc1 to Cc4 cements.
Cements Cc6 and Cc7 are formed of up to 10 μm of zoned non-lumi-
nescent to bright blocky calcite crystals precipitated in vug porosity
cross-cutting Cc4 and Cc5 cements, respectively (Fig. 5). The difference
between these two last cements lies in their elemental composition
(Fig. 6).

In the Abocador thrust, cement Cc1 precipitated in rock porosity
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and strike-slip and thrust faults affecting the Lutetian alluvial sediments
of the Bellmunt Fm. in the hangingwall and Bartonian marls of the
Puigsacalm Fm. in the footwall. Cement Cc2 postdates cement Cc1 and
precipitated in some reactivated thrust faults (Fig. 5). Both cements
consist of orange to bright orange up to 6 μm blocky calcite and up to
10 μm long and 2 μm thick fibrous calcite associated with celestite and
barite (Fig. 5).

In L'Escala thrust, calcite cements Cc1, Cc2 and Cc3 consist of or-
ange to bright orange calcite precipitated in fractures affecting the
Bellmunt and Puigsacalm Fms. (Fig. 5). Cc1 cement is formed of up to
2 mm blocky crystals and up to 0.7 mm long and 200 μm thick fibrous
sparite precipitated in bed-perpendicular pre-thrust joints and thrust
faults (Fig. 5). Calcite cements Cc2 and Cc3 are formed of up to 5 mm
long and 2 mm thick fibrous sparite filling post-thrust strike-slip faults
and post-thrust NW-SE joints respectively (Fig. 5).

6.2. Geochemistry

6.2.1. Elemental composition
Minimum, maximum and mean Fe, Mg, Sr and Mn contents of the

calcite cements precipitated in fractures and rock porosity in the

Vallfogona, Abocador and L'Escala thrusts, and together with already
published data of the Ainsa Basin (Travé et al., 1997), El Guix anticline
(Travé et al., 2000) and Puig-reig anticline (Cruset et al., 2016), are
plotted in Fig. 6 (details in supplementary data), summarizing up to 39
analyzed samples and 747 measures.

The graphic (Fig. 6) shows that the Fe content decreases from the
activity of the Molinos thrust (23,780 ppm) to the last stages of evo-
lution of the Vallfogona thrust (below the detection limit in cement
Cc7), that is, from lower Eocene to lower Oligocene (Fig. 6). However, a
final increase in the Fe content (up to 7731 ppm) is observed during the
lower Oligocene in calcite cements precipitated in the Guix anticline
(Fig. 6). The Sr content also shows a depletion from lower Eocene to
lower Oligocene, with values ranging from 8090 ppm in the Arro syn-
cline and Atiart thrust to below the detection limit in the El Guix an-
ticline (Fig. 6). Contrarily, the Mg and Mn contents do not show a
specific trend during this time span, with values ranging from 4135 to
1452 ppm and from 4239 to below the detection limit, respectively
(Fig. 6).

6.2.2. Carbon and oxygen isotopes
The carbon and oxygen composition of the calcite cements

Fig. 4. Lower hemisphere Schmidt stereoplots representing
fracture data from the different studied outcrops. The
dotted thick black lines indicate the main plane orientation
for thrust faults. The boxes with numbers represent the
structure location in Fig. 1.
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precipitated in the Lower Pedraforca thrust sheet, Vallfogona, Abocador
and L'Escala thrusts, together with already published data from the
Ainsa Basin (Travé et al., 1997), Castillo Mayor klippe and Jaca thrust
(Lacroix et al., 2014), El Guix anticline (Travé et al., 2000) and Puig-
reig anticline (Cruset et al., 2016) is presented in Fig. 7, summarizing
up to 153 analyzed samples.

6.2.2.1. Lower Pedraforca thrust sheet. Upper Cretaceous marine
carbonates from the Areny Fm. show δ13C values ranging between
+1.45 and +1.68‰ VPDB and δ18O values ranging between −4.48
and ‰ −3.20 VPDB (Fig. 7). Palustrine limestones from the Paleocene
(Garumnian facies) show δ13C values ranging between −17.47 and
−3.65‰ VPDB and δ18O values ranging between −8.20 and −4.77‰
VPDB (Fig. 7).

Due to the small size of calcite cement Cc1, only cements Cc2 and
Cc3 were analyzed for carbon and oxygen isotopes analysis. Calcite
cement Cc2 shows δ13C values ranging between −15.18 and −0.38‰
VPDB and δ18O values between −9.21 and −2.61‰ VPDB (Fig. 7),
similar to its adjacent host rock (Fig. 8). Calcite cement Cc3 shows δ13C

values ranging between +0.84 and +1.71‰ VPDB and δ18O values
ranging between −9.86 and −4.39‰ VPDB (Fig. 7). Calcite cement
Cc3 has δ13C similar to the Upper Cretaceous Areny Fm. and the Pa-
leocene Garumnian Facies, whereas it has δ18O slightly depleted with
respect these host rocks (Fig. 8).

6.2.2.2. Vallfogona thrust. Cuisian marine marls from the hangingwall
of the Vallfogona thrust (Vallfogona Fm.) show δ13C values between
−2.56 and −0.26‰ VPDB and δ18O values between −6.94 and
−4.72‰ VPDB (Fig. 7). One sample of Priabonian-Rupelian palustrine
limestones from the footwall of the Vallfogona thrust (Berga Fm.) shows
δ13C values of −2.95‰ VPDB and δ18O values of −7.19‰ VPDB
(Fig. 7).

Due to the small size of Cc1, Cc6 and Cc7 calcite cements, only Cc2,
Cc3, Cc4 and Cc5 calcite cements were analyzed for carbon and oxygen
isotopes (Fig. 7). These calcite cements show a progressive depletion in
δ13C and δ18O from Cc2 to Cc5 (Fig. 7). Cc2 calcite cement shows δ13C
values ranging between −3.86 and −1.08‰ VPDB and δ18O ranging
between −6.24 and −4.74‰ VPDB. Cc3 shows δ13C values ranging

Fig. 5. Cross-cutting relationships between fractures and related calcite cements in the Lower Pedraforca thrust sheet and Vallfogona, Abocador and L'Escala thrusts. The different cement
generations and their main petrographic features as well as host rock formations are indicated.
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between −0.9 and +0.21‰ VPDB and δ18O between −7.55 and
−6.04‰ VPDB. Calcite cement Cc4 shows δ13C values ranging be-
tween −1.74 and −1.38‰ VPDB and δ18O between −7.34 and
−6.74‰ VPDB. Calcite cement Cc5 has δ13C values between −3.05
and −0.57‰ VPDB and δ18O between −9.95 and −7.56‰ VPDB.
Calcite cements Cc2 to Cc5 have δ18O progressively more depleted with
respect their adjacent host rocks, whereas the δ13C do not show a clear
trend (Fig. 8).

6.2.2.3. Abocador thrust. Due to their small size, carbonate clasts from

the Bellmunt Fm. were not sampled. A detrital carbonate clast from the
Bartonian Puigsacalm Fm. (footwall) shows δ13C of −1.69‰ VPDB and
δ18O of −8.05‰ VPDB. The carbonate fraction from marls from the
Puigsacalm Fm. shows δ13C of +0.45‰ VPDB and δ18O of −6.73‰
VPDB (Fig. 7).

Contrarily to the Vallfogona thrust, calcite cements show depletion
in δ13C and enrichment in δ18O from Cc1 to Cc2 (Figs. 7, 8). Cc1 calcite
cement has δ13C values between −2.72 and −1.05‰ VPDB and δ18O
values between −8.81 and −7.61‰ VPDB (Fig. 7). Calcite cement Cc2
has δ13C values between −4.19 and −1.46‰ VPDB and δ18O values

Fig. 6. Elemental composition of the calcite ce-
ments for the Vallfogona and L'Escala thrusts,
Ainsa Basin (Travé et al., 1997), El Guix anticline
(Travé et al., 2000) and Puig-reig anticline
(Cruset et al., 2016). For each structure Mg, Mn,
Fe and Sr minimum, maximum and mean contents
are given. Each of the different color lines re-
present one single structure. Equivalent colors are
used in Figs. 2, 3, 4, 5, 7, 8, 9 and 10. The dashed
grey line indicates the change from marine to
continental conditions of thrust emplacement.
The age of each calcite cement generation is ap-
proximated. (For interpretation of the references
to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 7. δ18O vs δ13C cross-plots of carbonate host rocks and calcite cements from the Lower Pedraforca thrust sheet, Vallfogona, Abocador and L'Escala thrusts, Ainsa Basin (Travé et al.,
1997), Castillo Mayor klippe and Jaca thrust (Lacroix et al., 2014), El Guix anticline (Travé et al., 2000) and Puig-reig anticline (Cruset et al., 2016). Empty symbols represent the
different host rocks.
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Fig. 8. δ13Ccalcite veins vs δ13Chost rocks and δ18Ocalcite veins vs δ18Ohost rocks cross-plots from the Lower Pedraforca thrust sheet, Vallfogona, Abocador and L'Escala thrusts. The dashed black
line represents the equilibrium between calcite veins and their adjacent host rocks.
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between −6.9 and −4.98‰ VPDB (Fig. 7).

6.2.2.4. L'Escala thrust. The carbonate fraction of marls from the
Puigsacalm Fm. (footwall) show δ13C values between −0.80 and 0‰
VPDB and δ18O values between −7.40 and −6.50‰ VPDB (Fig. 7).

In the L'Escala thrust, calcite cements show a progressive depletion
in δ13C and δ18O from Cc1 to Cc3, like in the Vallfogona thrust (Figs.7,
8). Calcite cement Cc1 has δ13C values between −2.8 and −1.90‰
VPDB and δ18O values between −8.80 and −8.30‰ VPDB (Fig. 7).
Calcite cement Cc2 has δ13C values between −0.60 and −0.50‰
VPDB and δ18O values between −9.50 and −9.20‰ VPDB (Fig. 7).
Calcite cement Cc3 has δ13C values between −4 and −3.10‰ VPDB
and δ18O values between −14.40 and −12.60‰ VPDB (Fig. 7).

6.2.3. Clumped isotopes
For this study, clumped isotopes thermometry has been measured in

three calcite cements from the Vallfogona thrust (Fig. 9; Table 1). The
results are presented together with data already published from the
Puig-reig anticline (Cruset et al., 2016) and two preliminary data from
the Abocador thrust and El Guix anticline (Fig. 9; Table 1).

For the Vallfogona thrust, the ∆47 values for calcite cements Cc2,
Cc4 and Cc5 are 0.463 ± 0.002‰, 0.532 ± 0.010‰ and
0.527 ± 0.023‰, respectively. These values translate into tempera-
tures of 154° ± 2 °C (Cc2), 101° ± 6 °C (Cc4) and 105° ± 14 °C
(Cc5) using the equation of Kluge et al. (2015) (Fig. 9). Thus, from
clumped isotopes temperatures and the equation of Friedman and
O'Neil (1977), the δ18Ofluid for Cc2, Cc4 and Cc5 is +12.12 ± 0.14‰,
+6.37 ± 0.63‰ and +4.22 ± 1.37‰ VSMOW respectively (Fig. 9).

In the Puig-reig anticline, the measured ∆47 values in calcite ce-
ments Cc1 and Cc2 are between 0.548 ± 0.009‰ and
0.493 ± 0.0010‰ and between 0.574 ± 0.010‰ and
0.551 ± 0.004‰, respectively. With these values, and from the
equations mentioned above, we obtain temperatures ranging between
92° ± 5 °C and 129° ± 8 °C for Cc1 and between 77 ± 5 °C and
93° ± 1 °C for Cc2 (Fig. 9) and δ18Ofluid for Cc1 and Cc2 is between
+4.7 ± 0.6 and +9.2 ± 0.7‰ VSMOW and between −1.7 ± 0.7
and −0.7 ± 0.3‰ VSMOW respectively (Fig. 9).

In the Abocador thrust, a preliminary measured ∆47 of
0.423 ± 0.03 is obtained for calcite cement Cc2, which translates into
a temperature of 177 ± 40 °C and a δ18Ofluid of +14.1 ± 4.7‰
VSMOW (Fig. 9).

In the El Guix anticline, a preliminary measured ∆47 of
0.487 ± 0.03 is obtained for calcite cement precipitated in a thrust
fault affecting the sediments forming this fold (micro fracture stage 2
(mfs2) in Travé et al., 2000). This value translates into a temperature of
117 ± 25 °C and a δ18Ofluid of +7.1 ± 2.5‰ VSMOW (Fig. 9).

6.2.4. Strontium isotopes
The 87Sr/86Sr ratios of the calcite cements, celestite, host carbonates

and evaporites from the Ainsa Basin (Travé et al., 1997), Vallfogona

and L'Escala thrusts, El Guix anticline (Travé et al., 2000) and Puig-reig
anticline (Cruset et al., 2016) are presented in Fig. 10(for details see
supplementary data). The 87Sr/86Sr ratios of the Cuisian evaporites of
the eastern sector of the south Pyrenean foreland basin (Carrillo, 2012)
and the LOWESS curve (McArthur et al., 2001) are also plotted.

From Lower Eocene to Lower Oligocene an increase of the 87Sr/86Sr
ratios of calcite cements (from 0.707744 to 0.70933) is observed
(Fig. 10). At outcrop scale, the 87Sr/86Sr ratios from older to younger
cements in the Ainsa Basin and the Vallfogona and L'Escala thrusts also
show an increment of the 87Sr/86Sr ratios (Fig. 10). In contrast, in the
Puig-reig anticline this trend is overturned and in El Guix anticline
trends are not observed (Fig. 10).

7. Discussion

In this section, we discuss 1) the type and origin of fluids from
which calcite cements precipitated in each structure; 2) the changes of
fluid regime at the scale of the south Pyrenean fold and thrust belt from
lower Eocene to lower Oligocene; and 3) a conceptual model of fluid
flow in fold and thrust belts.

Table 1
Calcite cement δ13C, δ18O, ∆47 and δ18Ofluid of the Vallfogona thrust and Puig-reig anticline. Preliminary ∆47 and δ18Ofluid for the Abocador thrust and El Guix anticline are also included. n
represents the number of analyses per sample.

Structure Sample Cement type n δ13C VPDB δ18O VPDB ∆47 T °C δ18Ofluid VSMOW

Vallfogona thrust GDV20 Cc2 3 −1.06 −6.04 0.463 ± 0.002 154 ± 2 +12.12 ± 0.1434
GDV30 Cc4 3 −1.66 −7.11 0.532 ± 0.010 101 ± 6 +6.37 ± 0.626
GDV13 Cc5 3 −2.29 −9.64 0.527 ± 0.023 105 ± 14 +4.22 ± 1.37

Puig-reig anticline; Cruset et al. (2016) 309B1 Cc1 3 −0.44 −7.77 0.548 ± 0.009 92 ± 5 +4.7 ± 0.6
317 Cc1 3 −0.99 −6.95 0.494 ± 0.010 129 ± 8 +9.2 ± 0.7
311A Cc2 3 −0.77 −12.32 0.574 ± 0.010 77 ± 5 −1.7 ± 0.7
311D Cc2 3 −0.73 −12.85 0.551 ± 0.004 90 ± 3 −0.7 ± 0.3

Abocador thrust TAB9 Cc2 1 −1.69 −8.22 0.423 ± 0.03 177 ± 40 +14.1 ± 4.7
El Guix anticline STn(3)(2) Mfs2 1 −4.48 −8.62 0.487 ± 0.03 117 ± 25 +7.1 ± 2.5

Fig. 9. Clumped isotopes temperatures (°C) vs calculated δ18Ofluid (‰ VSMOW) for The
Vallfogona and Abocador thrusts, Puig-reig anticline (Cruset et al., 2016) and El Guix
anticline (Travé et al., 2000). δ18O Eocene seawater in ‰ VSMOW is from Tindall et al.
(2010).
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7.1. Type of fluids

The type of fluids that flowed through rock porosity and fractures in
the south Pyrenean fold and thrust belt can be determined by using the
elemental and isotopic composition of the studied calcite cements
(Meyers and Lohmann, 1985; Banner and Hanson, 1990).

The δ13C of the calcite cements in the Lower Pedraforca thrust,
Vallfogona thrust, cement Cc2 in L'Escala thrust, Ainsa Basin (Travé
et al., 1997), El Guix anticline (Travé et al., 2000), Castillo Mayor
klippe and Jaca thrust (Lacroix et al., 2014) and Puig-reig anticline
(Cruset et al., 2016) are similar to their adjacent host rocks (Figs. 7, 8),
indicating that the fluid system was rock-buffered. In contrast, in the
Abocador thrust and in cements Cc1 and Cc3 in L'Escala thrust, the δ13C
of calcite cements shows depletion with respect to their adjacent host
rocks up to 3.42‰ VPDB and 3.8‰ VPDB respectively (Figs. 7, 8). This
depletion can be explained by the input of organogenic or soil-derived
carbon into the fluid system (Irwin et al., 1977; Cerling et al., 1989).

The δ18Ofluid calculated from clumped isotopes temperatures for the
Vallfogona thrust (+12.12‰ VSMOW for Cc2, +6.37‰ VSMOW for
Cc4 and +4.22‰ VSMOW for Cc5), calcite cement Cc1 in Puig-reig
anticline (between +4.7 and +9.2‰ VSMOW), calcite cement Cc2 in
the Abocador thrust (+14.083‰ VSMOW) and El Guix anticline
(+7.09‰ VSMOW) are within the range of magmatic, metamorphic
and formation waters (Taylor, 1987). In the Ainsa Basin, a δ18Ofluid

within the same range of composition (between +9.51 and +16‰
VSMOW) is calculated from fluid inclusion data of celestite formed
within calcite cements precipitated in the Arro syncline (Travé et al.,
1998) and from the equation of Friedman and O'Neil (1977). A mag-
matic origin for these fluids is discarded since magmatism did not de-
velop during the formation of the Pyrenees. Nevertheless, we have no
evidence to differentiate between metamorphic and formation waters.
The sulfur isotope composition of celestite crystals formed within cal-
cite cements in the Ainsa Basin indicates the influence of marine con-
nate waters trapped in the rock porosity (Travé et al., 1997). This in-
fluence has also been reported in calcite veins in the Castillo Mayor
klippe, which are time-equivalent to the first stages of deformation of
the Ainsa basin (Lacroix et al., 2014). However, the 87Sr/86Sr ratios of
all the studied calcite cements are higher than those of Eocene seawater
(Fig. 10). This fact can be explained by fluids in contact with clay mi-
nerals, the input of an external fluid in contact with Paleozoic crystal-
line rocks located at depth of the Axial zone and diluted by connate
marine waters with low 87Sr/86Sr ratios or from the dissolution of
emerged rocks by meteoric fluids (McCaig et al., 1995; Travé et al.,
1997). The temperatures measured in the Vallfogona thrust (154 °C for
Cc2, 101 °C for Cc4 and 105 °C for Cc5), Puig-reig anticline (between
92 °C and 129 °C for Cc1 and between 77 °C and 90 °C for Cc2) and Arro
syncline (between 157 °C and 183 °C) were never reached by burial
according to cross sections (Vergés, 1993) and vitrinite reflectance data
(Clavell, 1992; Vergés et al., 1998) assuming a geothermal gradient of
25 °C km−1, thus indicating a thermal anomaly. Preliminary tempera-
ture data from the Abocador thrust (177 °C) and El Guix anticline
(117 °C) also seem to point to the presence of high temperature fluids.
These results suggest hydrothermal fluid flow along fault zones in the
Vallfogona, Abocador and L'Escala thrusts, background fractures in the
Lower Pedraforca thrust sheet and fold-related fractures and inter-
granular porosity in the Puig-reig and el Guix anticlines, which were
connected at depth with basement-involved thrusts in the inner part of
the Pyrenees, as has been already reported (Bradbury and Woodwell,
1987; McCaig et al., 1995; Travé et al., 2007). However, the progressive
decrease in Sr content (Table 1; Fig. 6) and increase of the 87Sr/86Sr
ratios (Fig. 10) in the thrust front from the lower Eocene to lower
Oligocene, together with the depletion in δ18O (Fig. 7) and decrease in
temperature at outcrop scale in the Ainsa Basin, Vallfogona and L'Escala
thrusts and Puig-reig anticline, account for the input of meteoric wa-
ters, which mixed at depth with the hydrothermal fluids. The depletion
in Fe content and δ18O from older to younger calcite cements related to
the input of meteoric waters has been also observed in the Jaca thrust

Fig. 10. 87Sr/86Sr composition of calcite cements, carbonate host rocks and celestite
minerals from the Vallfogona and L'Escala thrusts, Ainsa Basin (Travé et al., 1997), El
Guix anticline (Travé et al., 2000) and Puig-reig anticline (Cruset et al., 2016). The age of
each calcite cement generation is approximated. The 87Sr/86Sr ratios of the Cuisian
evaporites of the eastern sector of the south Pyrenean foreland basin from Carrillo (2012)
and the LOWESS curve from McArthur et al. (2001) are also plotted. The dashed grey line
indicates the change from marine to continental conditions of thrust emplacement.
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(Lacroix et al., 2014). The progressive depletion in δ18O is related to the
mixing between hydrothermal and meteoric fluids (Immenhauser et al.,
2007), whereas the decrease in Fe content (Fig. 6) could be related to
the progressive input of oxidizing meteoric fluids into the system
(Froelich et al., 1979; Tucker and Wright, 1990), which may have
flowed downwards along faults and joints by topography-driven fluid
flow (Bitzer et al., 2001).

By contrast, in the Abocador thrust, there is enrichment in the
δ18Ocalcite from older to younger cements (Fig. 7). This trend has also
been observed in the Santo Domingo anticline (Sierras Exteriores, south
western Pyrenees) with δ18Ofluid values between −5 and 0‰ VSMOW
in Bartonian-Priabonian veins and between +5 and +10‰ VSMOW in
upper Priabonian-lower Rupelian veins (Crognier, 2016). These authors
interpret the highest δ18Ofluid values as a strong interaction between
meteoric waters and host rocks or by the input of strongly evaporated
fluids. In the same area, in the Pico del Águila anticline, post-folding
calcite veins precipitated from low-temperature meteoric waters
(Beaudoin et al., 2015). From the δ18Ocalcite of these veins (from −2.2
to 0‰ VPDB) together with the temperatures reported by these authors
(below 80 ± 20 °C) a δ18Ofluid between −4 and +11‰ VSMOW is
obtained, suggesting that these meteoric waters could be highly δ18O-
enriched brines. In the Larra/Eaux-chaudes thrust (Jaca Basin), a po-
sitive correlation between the δ18Ofluid, temperature and salinity is
observed from older to younger stages without enrichment in the
δ18Ocalcite (Crognier et al., 2017). These authors suggest that hydro-
thermal fluids interacted with Triassic evaporites which acted as the
detachment level of the Larra/Eaux-chaudes thrust. A positive corre-
lation between the δ18Ocalcite and fluid salinity has also been observed

in fracture-filling calcites precipitated in worldwide areas affected by
salt tectonics (Fischer et al., 2013).

The same scenario could be suggested for: 1) the Abocador thrust,
where preliminary results on clumped isotopes thermometry
(177 ± 40 °C and δ18Ofluid of +14.1‰ VSMOW) and the presence of
barite and celestite associated to calcite cements favor the hypothesis of
hydrothermal fluids interacting with brines released from the under-
lying Eocene evaporites of the Beuda Fm., which acted as the detach-
ment of this structure (Fig. 2b); 2) the El Guix anticline, with calcite
cements without systematic δ18O variation, temperature around
117 ± 25 °C, δ18Ofluid of +7.1‰ VSMOW and halite precipitation in
thrust zones also favoring the hypothesis of a fluid derived from the
underlying Eocene Cardona Salt Formation (Travé et al., 2000) and; 3)
the Larra/Eaux chaudes thrust and Sierras Exteriores with Triassic
evaporites acting as the detachment level of the major thrust faults
(Labaume et al., 2016). Consequently, we suggest that when evaporitic
units are present, the presence of high salinity fluids derived from them,
highly controls the δ18O of the calcite cements.

The presence of the thermal anomalies discussed above, with fluids
in disequilibrium with their adjacent host rocks during millions of
years, indicate the occurrence of thermal convection controlling fluid
flow (Lipsey et al., 2016). According to this mechanism, large volumes
of fluids are driven to the reaction site through fractures and permeable
host rocks during long time periods (Person et al., 1996; Morrow,
1998). Other scenarios, which involve fluid release by heating or de-
compression of interstitial fluids by seal breaking are ruled out, since
these mechanisms provide low volumes of fluids and they do not gen-
erate thermal anomalies (Gomez-Rivas et al., 2014).

Fig. 11. Chronogram of the approximate ages of the different calcite cements in the Lower Pedraforca thrust sheet, Vallfogona, Abocador and L'Escala thrusts, Ainsa Basin (Travé et al.,
1997), Castillo Mayor klippe and Jaca thrust (Lacroix et al., 2014), El Guix anticline (Travé et al., 2000) and Puig-reig anticline (Cruset et al., 2016). The dashed grey line indicates the
change from marine to continental conditions of thrust emplacement.
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7.2. Changes in fluid regime in the south Pyrenean fold and thrust belt from
lower Eocene to lower Oligocene

The geochemical signatures of the calcite cements in the Lower
Pedraforca thrust sheet, Vallfogona, Abocador and L'Escala thrusts,
Ainsa Basin (Travé et al., 1997), Castillo Mayor klippe and Jaca thrust
(Lacroix et al., 2014), El Guix anticline (Travé et al., 2000) and Puig-
reig anticline (Cruset et al., 2016) with respect to their timing of pre-
cipitation (Fig. 11) highlights that hydrothermal fluids have migrated
along the south Pyrenean fold and thrust belt from the lower Eocene to
lower Oligocene (Fig. 12).

From the lower to middle Eocene, hydrothermal fluids migrated
during thrusting along reverse faults, strike-slip faults and joints from
the crystalline basement to the syn-orogenic marine sediments de-
posited in the foreland basin (Fig. 12). During this period, hydrothermal
fluids mixed with connate marine waters expelled from rock porosity by
sediment compaction during the early stages of evolution of the fore-
land basin (Bitzer et al., 2001). The resultant fluid had a sulfur isotope
composition in equilibrium with Eocene marine waters (Travé et al.,
1997), high Fe and Sr contents (Fig. 6), enriched δ18O (Fig. 7) and had
87Sr/86Sr ratios slightly higher than Eocene seawater (Fig. 10).

From the middle Eocene to lower Oligocene, as the foreland basin
changed from underfilled to overfilled, the thrust front progressively
emerged from deep water to endorheic domains (Figs. 11 and 12). The
relative sea-level fall and related change in topographic elevation in-
itiated topography-driven fluid flow (Bitzer et al., 2001) and as a
consequence, the influence of meteoric waters, that mixed at depth with
hydrothermal ascending fluids, increased progressively and changed
the fluid composition (Fig. 12). This change in fluid flow conditions is
reflected in the progressive decrease in Fe and Sr contents (Fig. 6),
temperature (Table 1), depletion in δ18O (Fig. 7) and high 87Sr/86Sr
ratios with respect calcite cements precipitated previously (Fig. 10).
However, in other areas such as the Abocador thrust, El Guix anticline
(Travé et al., 2000) and the Sierras Exteriores and Larra/Eaux-chaudes
thrust (Beaudoin et al., 2015; Crognier, 2016; Crognier et al., 2017),
brines derived from the underlying thick evaporite units interacted with
hydrothermal and meteoric fluids and controlled fluid composition
even when these structures grew under continental conditions.

Assuming that hydrothermal fluid flow was continuous during the
activity of the studied structures, the minimum fluid flow rate has been
roughly estimated considering that fluids migrated from the basement
hanging-wall cut-off to the frontal part of the Lower Pedraforca thrust
sheet (30 km), the Vallfogona thrust (20 km where it has been studied;
Fig. 2A), the Abocador thrust (24 km) and the L'Escala thrust (24 km)
during 6, 11, 5 and 8 Ma, respectively. These ranges of time are based
on magnetostratigraphy and 40Ar/39Ar dating on authigenic illite on
fault planes (Vergés, 1993; Haines, 2008). Thus, for the Lower Pedra-
forca thrust sheet and the Abocador thrust, a minimum fluid flow rate
of 5 km Ma−1 is obtained, whereas for the Vallfogona and the L'Escala
thrusts the minimum calculated rate is 2 and 3 km Ma−1, respectively.
These values are consistent with the lowest rates calculated in other
forelands such as in the Canadian and eastern Venezuelan foothills
(Schneider, 2003) and in the Bighorn Basin (Beaudoin et al., 2014).
This large-scale migration of hydrothermal fluids along the south Pyr-
enean fold and thrust belt was probably controlled by different driving
forces such as squeegee-type fluid flow, which induces rates between 1
and 100 km Ma−1 (Ge and Garven, 1989) but only during short time
periods (Schneider, 2003), coupled with topography and thermal gra-
dients (Lyubetskaya and Ague, 2009).

7.3. Conceptual model of fluid flow in fold and thrust belts

The fluid flow model established for the southern Pyrenees in the
previous section together with previous works done by other authors in
other orogens worldwide (Ferket et al., 2000; Van Geet et al., 2002;
Breesch, 2008; Vilasi, 2010; Vandeginste et al., 2012; Dewever et al.,
2013), indicate that the presence or absence of thick evaporitic units
highly control the final fluid composition. In all cases, ascending hy-
drothermal fluids mixed with low-temperature meteoric fluids (Fig. 13).

However, whereas in thrust sheets not detached along evaporite
units (Fig. 13a), the mixed fluid was progressively more depleted in
δ18O and had lower Fe and Sr contents with respect to the former, not
mixed, hydrothermal fluid (Fig. 13a), in thrust sheets detached along
evaporite successions (Fig. 13b), brines derived from these evaporites
were responsible for the δ18O enrichment of the mixed fluid, without a
systematic increase in Fe and Sr contents (Warren, 2006).

Fig. 12. Fluid flow evolution in the south Pyrenean fold and thrust belt from submarine to continental conditions during thrust front emplacement. The shifts in δ18Ofluid VSMOW, Fe and
Sr content and 87Sr/86Sr ratio from Lower Eocene to Lower Oligocene are also included. The middle Eocene stage is redrawn from Vergés et al. (1995) and the lower Oligocene stage is
redrawn from Vergés (1993). Legend units are in Fig. 2.
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The trend from high δ18O to more depleted values along with,
where documented, the progressive decrease in Fe and Sr contents
(Fig. 13a) during the emersion of the thrust front has been observed in
the Vallfogona and L'Escala thrust, Ainsa Basin (Travé et al., 1997),
Veracruz Basin (Ferket et al., 2000), North Oman Mountains (Breesch,
2008), south Ionian zone (Vilasi, 2010), Canadian Rocky Mountains
(Vandeginste et al., 2012), Bighorn Basin (Beaudoin et al., 2011, 2014),
Castillo Mayor klippe and Jaca thrust (Lacroix et al., 2014) and Puig-
reig anticline (Cruset et al., 2016), which are structures not detached
through thick evaporite units. As these structures emerged, the input of
oxidizing meteoric waters depleted in Sr controlled the decrease in Fe
content (Froelich et al., 1979; Tucker and Wright, 1990), whereas their
mixing with hydrothermal fluids induced δ18O depletion (Immenhauser
et al., 2007). The trend from low δ18O to more enriched values
(Fig. 13b) has been observed in the Abocador thrust, El Guix anticline
(Travé et al., 2000), Central Ionian Zone (Van Geet et al., 2002), Sici-
lian fold and thrust belt (Dewever et al., 2013), Sierras Exteriores
(Beaudoin et al., 2015; Crognier et al., 2015; Crognier, 2016) and
Larra/Eaux chaudes thrust (Crognier et al., 2017), where thrusts are
detached along thick evaporitic units. In the Iudica-Scalpello area (Si-
cilian fold and thrust belt), based on the low salinity of the fluid in-
clusions, this trend is explained by smectite-illite transformations
(Dewever et al., 2013).

8. Conclusions

A multidisciplinary study has been carried out to determine the
changes in fluid regime and composition during the growth of the south
Pyrenean fold and thrust belt from lower Eocene to lower Oligocene.

Integration of petrographic and geochemical data obtained from
fracture-filling calcite cements reveals that hydrothermal fluids mi-
grated from the Axial zone of the Pyrenees to its related foreland basin
during Paleogene compression.

From Lower to Middle Eocene, ascending hydrothermal fluids mi-
grated from the Axial zone to the foreland basin and mixed with con-
nate marine waters trapped in rock porosity. The mixed fluid had
temperatures up to 154 °C, enriched δ18O, 87Sr/86Sr slightly higher than
Eocene seawater and high Fe and Sr contents. From Middle Eocene to
Lower Oligocene, as the thrust front progressively emerged, meteoric
waters migrated downwards the foreland basin by topography-driven
fluid flow and mixed at depth with the hydrothermal fluids. The mixed
fluid was progressively more depleted in δ18O, with temperatures be-
tween 77 and 129 °C, lower Fe and Sr contents and more radiogenic
87Sr/86Sr ratios than the former fluid.

The comparison of southern Pyrenees to other orogens worldwide,
suggests that the presence or absence of thick evaporitic units had a
fundamental role in the fluid composition during fold and thrust belt
evolution. In all cases, hydrothermal fluids migrated along fractures
within thrust sheets and mixed with low-temperature meteoric waters.
When thrusts were not detached through thick evaporite units, the re-
sultant fluid was progressively more radiogenic, more depleted in δ18O
and had a lower temperature and lower Sr and Fe content, as the thrust
front emerged. In contrast, when thrusts were detached along thick
evaporitic units, the resulting fluid was enriched in δ18O.
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Geology: In review 

Abstract 

Using U-Pb geochronology, we document 47 ages for the South Pyrenean fold and thrust 

belt. Results indicate that deformation migrated from the upper thrust sheets to the lower thrust 

units and to the foreland from 70.5 ± 1.1 Ma to 25 ± 17 Ma. These U-Pb ages also indicate that 

each of the thrust sheets registers its own deformational history as well as the history of the 

underlying thrust units emplaced during tectonic stacking. For instance, the Upper Pedraforca 

thrust sheet records the entire compressional history of the SE Pyrenees. Likewise, the wide 

distribution of U-Pb ages within each tectonic unit indicates that deformation was continuous 

rather than episodic. Calcite veins with Neogene ages ranging from 18.9 ± 0.8 Ma to 2.6 ± 1.3 Ma 

are interpreted as having been formed during the Neogene rift and post-rift Western 

Mediterranean events stretching across NE Iberia. These ages are the first evidence 

demonstrating deformation within the SE Pyrenees during these post-compressional events.  

Introduction 

Recent advances in geochronological techniques for dating fracture-filling minerals allow us 

to constrain their ages and therefore to date the activity of the fractures. Ar-Ar and Rb-Sr dating 

of authigenic illites formed in fault gouges are two of these dating methods (Van der Pluijm et al., 

2001). However, these dating methods require the illites to have recrystallized at temperatures > 

100 ºC and call for a complex process of clay fraction separation (Haines, 2008). Sm-Nd and U-
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Th geochronology applied to calcites are also common dating methods, but samples need large 

Sm-Nd ratios, and in the case of the U-Th method, calcites must have formed in the last 6 x105 

years (Flotté et al., 2001; Uysal., 2007; Pickering et al., 2017). U-Pb geochronology of fracture-

filling calcites provides the best overall results for deciphering the timing of polyphasic tectonic 

deformation. Recent dating studies using U-Pb geochronology on calcites have been performed 

in both tectonic extensional settings (Ring and Gerdes, 2016; Roberts and Walker, 2016) and 

compressional settings (Beaudoin et al., 2018; Hansman et al., 2018; Parrish et al., 2018) and 

have been used as well to constrain the diagenetic history of sedimentary basins (Pagel et al., 

2018).   

In fold and thrust belts, long-lasting deformation results in the development of multistage 

fractures and calcite cements (Travé et al., 1997; 2000; 2007; Roure et al. 2005; Cosgrove, 2015), 

which record continuous or episodic deformation during the growth of orogens (Zhang et al., 2004; 

Fitz-Diaz et al., 2014). Therefore, U-Pb geochronology is an excellent method for dating the 

activity and emplacement of each tectonic unit, as well as later reactivation due to thrusting wedge 

propagation. 

In this study we define the complete sequence of emplacement of the south Pyrenean thrust 

sheet stacking from a robust data set of 47 U-Pb ages obtained from the dating of 66 fracture-

filling calcites for the first time. The results enable us to: 1) improve the accuracy of the sequence 

of deformation within the south Pyrenean thrust sheets by constraining the onset, duration and 

end of individual thrust motions; 2) decipher the potential overprinting of the Neogene extension 

affecting the NE of Iberia; and 3) determine if the south Pyrenean compression was continuous 

or episodic.  

Geological setting 

The south Pyrenean fold and thrust belt is a south-verging piggy-back thrust sequence 

emplaced from the Late Cretaceous through to the Oligocene, due to the collision between Iberia 

and Eurasia plates (Macchiavelli et al., 2017). In the SE Pyrenees, this sequence consists of the 

stacking of 3 thrust sheets north of the foreland basin (Fig. 1). From top-and-older to bottom-and-

younger, these thrust sheets constitute the Bóixols-Upper Pedraforca (latest Cretaceous–

Paleocene), the Lower Pedraforca (Paleocene–middle Eocene), and the Cadí (middle Eocene–

late Oligocene) (e.g., Vergés et al., 2002a, b). These thrust sheets are composed of Mesozoic 

series and Paleogene syntectonic deposits. Upper Triassic evaporites at the base of the thrust 

sheets and syntectonic foreland evaporites constitute the detachment levels of these 

allochthonous units. The lowermost Cadí thrust sheet is linked to the Axial Zone antiformal stack 

formed by the Orri and Rialp basement thrusted units (Muñoz, 1992). The SE Pyrenean Eocene–

Oligocene folded foreland basin was sampled in the Puig-reig anticline. 

Calcite cements were collected from each thrust sheet and foreland basin (Fig. 1). The 

analyzed calcites precipitated in (Fig. 2): 1) N-S, NNW-SSE and NNE-SSW en-échelon vein 
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arrays, E-W folding-related veins, and normal faults associated with the internal deformation of 

thrust sheets and syn-orogenic sediments; 2) NW-SE and NE-SW strike-slip faults and E-W 

reverse faults formed within the main thrust fault zones; and 3) calcite cements precipitated 

between sedimentary breccia clasts. Fracture kinematic indicators are consistent with the N-S 

and NNW-SSE regional structural trends observed through the Pyrenees (Tavani et al., 2011; 

Cruset et al., 2016a; 2018; Nardini et al., 2019).  

 
Fig.1. A) Simplified map of the Iberian Peninsula reporting the location of the Pyrenees and the studied area. B) 
Structura l sketch of the studied area with the location of the studied structures and suitable samples for dating. 
For locations of samples which U-Pb dating failed refer to Table DR1 in the GSA Data repository 1.  

 
Fig.2 Sketch representing the fracture patterns targeted in this study: 1) En-échelon vein arrays; 2) Folding 
related veins; 3) Reverse faults; 4) Strike-slip faults; 5) Normal faults. For complementary details see Cruset et 
al., (2016a and 2018) and Nardini et al. (2019).  

Methodology 

The field work consisted of structural fracture network analysis (Cruset et al., 2016a; 2018; 

Nardini et al., 2019) and representative sampling of veins distributed within the internal part of 

thrust sheets and in folded syn-orogenic deposits, and veins belonging to damage zones of main 

reverse, strike-slip and normal faults. The textural characterization of fracture-filling calcites by 

means of petrographic observations shows that most of them precipitated coevally with fracturing 

(elongated sparite parallel or orthogonal to fracture walls). However, other textures, such as 

blocky sparite postdating elongated sparite, suggest late reactivation of fractures. 35 mounts from 
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66 samples were prepared for U-Pb geochronology, using a 193 nm ArF excimer laser coupled 

to an Element2 SF (sector field) ICP-MS. The laser parameters were: 213 μm spot, 12Hz and 2 

J/cm2 of fluence. Data correction was done using an in-house VBA spreadsheet program (Gerdes 

and Zeh, 2009), and plotted using Isoplot 3.75 (Ludwig, 2012) in Tera-Wasserburg concordia 

plots (Fig. DR1 in GSA Data repository1). From these samples, 47 ages, represented with their 

2σ errors, were obtained, four of them showing squared weighted deviates (MSWD) higher than 

2. 

Results 

Using U-Pb geochronology, we documented 47 ages, ranging from 138 ± 12 Ma to 2.6 ± 1.3 

Ma obtained from 43 fracture-filling calcites cements, two calcite cements precipitated between 

sedimentary breccia clasts, and one replacive dolomite (Fig. 3 and table DR2).  

 
Fig.3. Diagram of U-Pb ages (in Ma) from the Bóixols-Upper Pedraforca, Lower Pedraforca and Cadí thrust sheets, 
Axial  zone and foreland Ebro basin. The U-Pb age from the dolomitic host rock from sample P24 is reported in 
table DR2. Color bars on the right indicate the previous estimated ages of deformation in the Pyrenees and in the 
València trough based on Vergés et al. (2002). Ages for the Cadí thrust sheet and for the tectonic activity of the 
foreland Ebro basin are modified according to 1) Rushlow et al. (2013), 2) Meigs et al. (1996) and 3) Carrigan et 
al. (2016a). The timing of the development of the endorheic to exoreic foreland Ebro basin is based on 4) Garcia-
Castellanos et al. (2003) and Costa et al. (2010). 

In the Bóixols-Upper Pedraforca thrust sheet, the ages were divided in three clusters ranging 

from 70.5 ± 1.1 Ma to 54.9 ± 0.7 Ma, from 50 ± 12 Ma to 46.9 ± 3 Ma, and from 39.5 ± 1.2 Ma to 

25 ± 17 Ma, with a higher density of data in the youngest cluster (Fig. 3). Three isolated ages 

ranging from 18.9 ± 0.8 Ma to 14.8 ± 2.3 Ma were also obtained. For the Lower Pedraforca thrust 

sheet, the results define a well-constrained group of ages ranging between 47.9 ± 1.3 Ma and 
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42.3 ± 0.8 Ma in addition to two isolated younger ages of 30.2 ± 2 Ma and 11.9 ± 1.4 Ma (Fig. 3). 

In the Cadí thrust sheet, only one cluster ranging from 37.9 ± 1.8 Ma to 28.4 ± 1.9 Ma and two 

younger ages of 15.3 ± 0.4 Ma and 3.9 ± 5.7 Ma were obtained (Fig. 3). In the Ebro foreland basin 

only one age of 2.6 ± 1.3 Ma was obtained (Fig. 3). The two middle-late Eocene ages of calcite 

cements precipitated between breccia clasts were obtained from Jurassic rocks of the Bóixols-

Upper Pedraforca thrust sheet and range between 37.6 ± 0.84 Ma and 35.9 ± 1.2 Ma (samples 

P9a and P9b). In the same thrust sheet, a replacive dolomite was dated as Lower Cretaceous 

(138 ± 12 Ma). This value is reported in table DR2.   

Four of the samples (B46, P8c, P12a and Q27) have MSWD values higher than 2 indicating 

either a mixing of calcite ages, or some dispersion of the data related to an underestimated 

analytical error, or an initial incomplete equilibration of the Pb isotopes (Rasbury and Cole, 2009). 

Consequently, the results from these four samples must be interpreted with caution.  

Discussion 

The exceptional robustness of our data set allowed us to define, for the first time, the 

sequential emplacement of the SE Pyrenean thrust sheets using U-Pb geochronology. 

Consequently, in fold and thrust belts where growth strata are scarce or completely eroded, this 

method is proven valid to determine the sequence of thrusting. The onset of the south Pyrenean 

deformation migrated to the foreland from the Late Cretaceous to the Oligocene, a timing which 

is in line with previously published estimates based on Meigs et al. (1996), Beamud et al. (2010), 

Rahl et al. (2011), Rushlow et al. (2013), Carrigan et al. (2016) and others (Fig. 3).  

The total duration of the Bóixols-Upper Pedraforca thrust sheet displacement is of ~15.6 My. 

The oldest age obtained is 70.5 ± 1.1 Ma, which is younger than the proposed onset of thrust 

sheet movement by growth strata in the western end of the Bóixols thrust sheet (Mencos et al., 

2015). The total duration of the Lower Pedraforca thrust sheet deformation is only ~5.6 My (47.9 

± 1.3 Ma to 42.3 ± 0.8 Ma). The oldest ages obtained, correspond to two samples (Q11 and Q33) 

from the growth strata along the tip line of the basal thrust of the Lower Pedraforca thrust sheet, 

representing the late tightening of these deposits at the end of the thrust sheet emplacement. It 

is interesting to note that no ages correspond to the initial displacement of the Lower Pedraforca 

thrust sheet. This apparent lack of internal deformation could be due to its low-angle footwall ramp 

geometry. Coeval U-Pb ages obtained within the Bóixols-Upper Pedraforca thrust sheet ranging 

from 47.8 ± 2.8 Ma to 46.9 ± 3 Ma (samples Bx16, Bx16b and Bx33) represent deformation during 

its transport above the underlying Lower Pedraforca thrust sheet. Nevertheless, the age of 50 ± 

12 Ma (sample P11a) could also register the initial tectonic movement of this thrust sheet (Fig. 3). 

U-Pb ages for the Cadí thrust sheet record ~9.5 My of tectonic activity, and only correspond to 

the middle-late displacement of this unit. On the other hand, synchronous ages for the Bóixols-

Upper Pedraforca (39.5 ± 1.2 Ma to 25 ± 17 Ma) and Lower Pedraforca (30.2 ± 2 Ma) thrust 

sheets reflect their out-of-sequence reactivation and therefore, could provide a longer period of 

deformation for the underlying Cadí thrust sheet as evidenced from geological observations (Fig. 
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3). In the folded Ebro foreland basin, no U-Pb ages were obtained related to its compressional 

history (Fig. 3). However, ages within the Cadí (28.7 ± 0.8 Ma to 28.4 ± 1.9 Ma) and Bóixols-

Upper Pedraforca (26.1 ± 2.2 Ma to 25 ± 17 Ma) thrust sheets could be related to the folding and 

thrusting of the foreland basin strata as determined by Meigs et al. (1996) and Carrigan et al. 

(2016) (Fig. 3). 

 

 
Fig.4. Simplified sketch of the southern Pyrenees based on U-Pb ages showing the sequence of deformation and 
its fore landwards propagation. 

Based on its U-Pb ages, the Bóixols-Upper Pedraforca thrust sheet records the entire 

compressional history of the SE Pyrenees (70.5 ± 1.1 Ma to 25 ± 17 Ma), whereas the Lower 

Pedraforca and Cadí thrust sheets document younger ages and shorter periods of deformation 

(47.9 ± 1.3 Ma to 30.2 ± 2 Ma and 37.9 ± 1.8 Ma to 28.4 ± 1.9 Ma, respectively). The distinctive 

ages within the superposed thrust sheets, as well as their wide distribution within each tectonic 

unit, define a piggy-back thrust sequence for the SE Pyrenean allochthonous units and a relatively 

continuous rather than episodic deformation (Fig. 4). 

Finally, U-Pb ages for the three superposed thrust sheets and the foreland basin ranging 

from 18.9 ± 0.8 Ma to 2.6 ± 1.3 Ma could be related to both the Neogene extension occurring in 

NE Iberia and concomitant erosion of the Ebro foreland basin after its opening to the Western 

Mediterranean at 8-11 Ma (Lewis et al., 2000; Garcia-Castellanos et al., 2003; Fillon and Van der 

Beek, 2012) (Fig. 3). These Neogene ages are the first evidence demonstrating deformation 

within the SE Pyrenees during these post-compressional events, since previous published studies 

only report the erosional exhumation of the orogen by applying apatite fission-track 

thermochronology to syn-orogenic sediments (Beamud et al., 2010; Rushlow et al., 2013). 
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Conclusions 

U-Pb geochronology applied to fracture-filling calcite cements in the SE Pyrenean thrust 

system indicates that this method is a powerful tool to constrain the sequence of deformation in 

fold and thrust belts, especially in those in which syn-tectonic sediments are scarce or completely 

eroded. The results of our study indicate that: 1) the thrust front migrated towards de foreland 

from the Late Cretaceous to the late Oligocene (70.5 ± 1.1 Ma to 25 ± 17 Ma); 2) the Bóixols-

Upper Pedraforca thrust sheet documents the entire compressional deformation, whereas the 

Lower Pedraforca and Cadí thrust sheets records younger ages and a shorter period of 

deformation; 3) the continuity over time of the different ages from each thrust sheet indicates 

continuous rather than episodic tectonic activity; and 4) Neogene U-Pb ages ranging from 18.9 ± 

0.8 Ma to 2.6 ± 1.3 Ma indicate, for the first time, the extension of NE Iberia related to the formation 

of the Western Mediterranean. Results show that U-Pb geochronology is an effective method to 

define the sequence of thrust faulting in fold and thrust belts, especially where growth strata are 

scarce or totally eroded. 
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Abstract 

In this contribution we present a multidisciplinary study to decipher the controls of the style 

of deformation on the fluid flow regime using the Lower Pedraforca thrust sheet in the southern 

Pyrenees as an example.  

The integration of field-based and petrographic observations, and geochemical data allowed 

us to differentiate up to eight types of calcite cements (Cc1 to Cc8) precipitated during the 

deformation stretching the Lower Pedraforca thrust sheet.  

During syn-sedimentary hydroplastic normal faulting affecting poorly-consolidated Upper 

Cretaceous sediments and Eocene syn-orogenic sediments, calcite cements did not precipitate. 

During the burial and the layer parallel shortening, however, calcite cements Cc1 to Cc4 

precipitated from fluids in a relatively paleohydrological system. Cc3 precipitated from high-

salinity fluids (~+5.4 ‰ VSMOW) with 87Sr/86Sr ratios of 0.707922 and at temperatures around 70 

ºC. Contrarily, during folding and thrusting, calcite cements Cc5 to Cc8 in a more open 

paleohydrological system. Cc6 precipitated from high-salinity fluids (~+5 ‰ VSMOW) with 

87Sr/86Sr ratios 0.707817 and at temperatures around 75 ºC. 

The controls of deformation on the paleohydrological system observed in the Lower 

Pedraforca thrust sheet have strong similarities with that observed other areas worldwide under 

both compressional and extensional regimes.  
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Introduction 

The study of the evolution of the fluid regime reveals the degree of fluid-rock interaction and 

the input of exotic fluids into the system through time (Breesch et al., 2009; Beaudoin et al., 2014; 

Crognier et al., 2017; Cantarero et al., 2018; Cruset et al., 2018). In the shallow crust, brittle 

deformation is responsible for the formation of fractures (Marrett and Allmendinger, 1990), which 

act as preferential conduits or seals for the migration of fluids (Missenard et al., 2014; Ogata et 

al., 2014; Maher et al., 2017). However, the conduit or barrier behaviour is not steady-state and 

it can evolve trough time, especially due to: 1) variations in the stress field, forcing changes in the 

tectonic regime (Sibson, 1995; Wiprut and Zoback, 2000; Soumaya et al., 2015); 2) the increase 

of fluid pressure, which can produce seismically-induced slip and/or hydraulic fracturing (Aydin, 

2000; Wiprut and Zoback, 2000¸ Rutqvist et al., 2013); 3) fracture sealing by cements due to fluid 

regime changes (temperature, pressure, composition), (Benedicto et al., 2008; Beaudoin et al., 

2014); and 4) a combination of the previous factors.  

The reactivation of faults can increase the heterogeneity of fractured reservoirs and the 

uncertainty during reservoir analysis (Roure et al., 2005; Khosravi et al., 2012). Moreover, these 

heterogeneities are also controlled by additional factors such as fault core composition and 

cementation, which also affect fault permeability (Egholm et al., 2008 Dimmen et al., 2017). To 

mitigate these issues, outcrop studies, together with fluid flow analysis, can reduce the uncertainty 

during the evaluation of reservoirs which are under exploration or production stages.  

The southern Pyrenees is an exceptionally well-preserved fold and thrust belt in which the 

complete sequence of thrust sheets and the age of their related syn-tectonic deposits are well 

known (Vergés and Muñoz, 1990; Vergés, 1993; Cruset et al., in review). In this compressional 

belt, the relationships between fluid migration and deformation have been studied either in its 

Paleozoic basement (McCaig et al., 1995, 2000; Trincal et al., 2017), cover thrust sheets 

constituted of Mesozoic and Paleogene rocks (Travé et al., 1997, 1998; Beaudoin et al., 2015; 

Crognier et al., 2017; Cruset et al., 2018; Lacroix et al., 2014, 2018; Nardini et al., 2019) and in 

its foreland basin, constituted of Paleogene rocks (Travé et al., 2000; Cruset et al., 2016a). Other 

studies in the southern Pyrenees report the presence of fractures formed in hydroplastic (Soliva 

and Benedicto, 2004, 2005; Soliva et al., 2006, 2008) and brittle (Shackleton et al., 2005, 2011; 

Tavani et al., 2011; Gutmanis et al., 2017) regimes. However, the relationships between fluids 

and these styles of fractures, as well as their evolution through time, have not been studied yet.  

In this contribution, we report, for the first time, a whole history of fluid flow evolution from 

syn-sedimentary hydroplastic deformation to later brittle fracturing, using the Lower Pedraforca 

cover thrust sheet in the SE Pyrenees as an example. To deal with the aim of this study, previous 

fracture and isotope preliminary data already presented in Cruset et al. (2018) are extended. 

Besides, the absolute timing of fluid migration has been well-constrained using U-Pb 

geochronology of the studied fracture-filling calcite cements (Cruset et al., in review). We focus 

on three meso-scale (metre-scale) fracture systems which are correlative through time: 1) 
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hydroplastic normal faults (as defined by Petit and Beauchamp (1986) and Petit and Laville 

(1987); 2) background fracture systems, which consist of stratabound bed-perpendicular en-

échelon vein arrays and bed-parallel slip surfaces; and 3) non-stratabound fracture systems 

formed of reverse, strike-slip and normal faults. The fracture analysis is combined with 

petrographic observations and geochemical data (carbon, oxygen and strontium isotopes, 

clumped isotopes thermometry and elemental composition) of calcite cements precipitated in the 

fractures affecting the Lower Pedraforca thrust sheet. The results obtained shed light on the 

changes in fluid regime related to fracturing within this thrust sheet.  

Geological setting 

The Pyrenees (Fig. 1A) formed due to the continental collision that resulted from the partial 

subduction of the Iberian plate beneath the Eurasian plate from Late Cretaceous to Miocene 

(Choukroune et al., 1989; Roure et al., 1989; Muñoz, 1992, 2002; Vergés et al., 2002). As a result, 

the previous Mesozoic rift basins were inverted, and an antiformal stack of thrust sheets 

constituted of basement units (the Axial zone) developed in the center of the Pyrenean chain 

(Fig.1B), acting as a boundary between the north and south Pyrenean fold and thrust belts 

(Muñoz, 1992). 

The south Pyrenean fold and thrust belt (Fig. 1B, C and 2A) consists of a piggy-back 

sequence of south-verging thrusts (Puigdefàbregas et al., 1992), detached predominantly above 

Upper Triassic (Séguret, 1972) and Eocene evaporites deposited in the foreland basin (Vergés 

et al., 1992; Sans, 2003). In this work, we study the Lower Pedraforca thrust sheet (LPTS) (Fig. 

1C and 2A), which consists of an allochthonous klippe detached in the Upper Triassic Keuper 

facies and emplaced from Lower to Middle Eocene (Puigdefàbregas et al., 1986; Burbank et al., 

1992a; Cruset et al., in review). The emplacement of this structural unit was under marine 

conditions, as attested by the syn-orogenic fan delta conglomerates of Queralt deposited at the 

thrust front (Vergés, 1993). 

The stratigraphy of the LPTS ranges in age between the Upper Triassic and the Oligocene 

and consists of pre- to syn-orogenic rocks (Fig. 2B). Pre-compressive units consist of evaporites 

and red clays from the Keuper facies, Jurassic limestones and dolostones from the Bonansa Fm. 

and Coniacian to Lower Santonian limestones (Mey et al., 1968; Simó, 1985; Calvet et al., 1993). 

Syn-orogenic materials consist of Upper Santonian to Campanian marine sandstones and 

limestones from the Vallcarga Fm., Campanian-Maastrichtian coastal deposits of the Areny Fm., 

Maastrichtian-Thanetian continental deposits from the Garumnian facies, Ilerdian limestones from 

the Cadí Fm., Lutetian-Bartonian marine conglomerates of the Coubet Fm. deposited in the thrust 

front and Oligocene continental conglomerates deposited during the reactivation of the Lower 

Pedraforca thrust sheet (Moeri, 1977; Vergés, 1993; López-Martínez et al., 1999; Rosell et al., 

2001; Oms et al., 2007). 
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Fig. 1 A) Regional map of the Iberian Peninsula showing the location of the south Pyrenean fold and thrust belt 
(black box). B) Simplified geological map showing the main structural units forming the south Pyrenean fold and 
thrust belt (Vergés, 1993). The thick pink line indicates the location of the cross-section shown in Fig. 1C. The 
dashed blue box indicates the location of Fig. 2A. C) Geological cross section of the Lower Pedraforca thrust 
sheet from Vergés (1993) showing the structural position of the studied outcrops. 
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Methodology 

Five outcrops (Q, G1, PEG, G2 and EST) located in the southern (Q, G1) and the northern 

(G2, EST) margins and in the internal nappes forming the LPTS (PEG) were chosen to study the 

structural controls on fluid flow during the formation of this structure (Fig.  2). 

 

Fig. 2 A) Structural sketch of the studied area with outcrop locations. White boxes bounded by red lines indicate 
the are as studied by Soliva and Benedicto (2004, 2005) and Soliva et al. (2006, 2008) in the Lower Pedraforca 
thrust sheet. B) N-S stratigraphic panel of the Lower Pedraforca thrust sheet, Cadí thrust sheet and eastern Ebro 
Foreland Basin modified from Vergés et al. (1998). The age of sedimentary units has been defined according to 
Burbank et al. (1992a, b), López-Martínez et al. (1999), Oms et al. (2007), Costa et al. (2010) and Valero et al. (2014). 
Shallow Benthic Zones (SBZ) are from Serra-Kiel et al. (1998a and b). The white boxes with references Q, G1, 
PEG, G2 and EST indicate the stratigraphic location of the studied outcrops. 

Bedding and fractures were measured on the field and crosscutting relationships between 

fractures were stablished. The fracture analysis was carried out using the program Win-Tensor 

(v5.8.8.) (Delvaux and Sperner, 2003). Each fracture system is plotted in Lower hemisphere 

Schmidt stereoplots and their associated stresses are calculated. Additionally, sampling of 

fracture-filling calcite cements and related host rocks was undertaken for petrographic 

observations and geochemical analyses. 
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Petrographic observations of 57 polished thin sections made from six different host rocks and 

eight fracture-filling calcite cements were made using optical and cathodoluminescence 

microscopy. A CL Technosyn cathodoluminescence device Model 8200 MkII operating at 23 kV 

and 350 μA gun current was used to distinguish the different types of cements. 

For carbon- and oxygen-isotope analysis, a 400 μm-thick dental drill was employed to extract 

60 ± 10 μg of powder from trims containing calcite cements and carbonate host rocks. The calcite 

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

analyzed using an automated Kiel Carbonate Device attached to a Thermal Ionization Mass 

Spectrometer Thermo Electron (Finnigan) MAT-252 following the method of McCrea (1950). The 

results were corrected using the standard technique  from Craig and Gordon (1965) and Claypool 

et al. (1980), expressed in ‰ with respect to the VPDB (Vienna Pee Dee Belemnite) standard. 

Standard deviation is ±0.02 ‰ for δ13C and ± 0.05 ‰ for δ18O. 

Clumped isotope thermometry was applied to two fracture-filling calcite cements to calculate 

temperatures of precipitation as well as the δ18O values of the fluids from which these cements 

precipitated. This method has been applied to previous fluid flow studies with good results, 

avoiding problems related to fluid inclusion stretching during microthermometric analyses of 

carbonate cements (Swanson et al., 2012; Mangenot et al., 2018; Nardini et al., 2019). The two 

analyzed samples (Q2 and Q24) are representative of calcite cements Cc3 and Cc6. To analyze 

them, 2–3 mg aliquots from cements were measured with the Imperial Batch Extraction system 

(IBEX), an automated line developed at Imperial College of London. Each sample was dropped 

in 105% phosphoric acid at 90 ºC and reacted for 30 min. The reactant CO2 was separated using 

a poropak-Q column and transferred into the bellows of a Thermo Scientific MAT 253 mass 

spectrometer (Thermo Fisher GmbH, Bremen, Germany). The characterization of a replicate 

consisted of 8 acquisitions in dual inlet mode with 7 cycles per acquisition. The post-acquisition 

processing was completed with a software for clumped isotope analysis named Easotope (John 

and Bowen, 2016). ∆47 values were corrected for isotope fractionation during phosphoric acid 

digestion employing 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 absolute reference frame of (Dennis et al., 2011). Carbonate δ18O 

values were calculated with the acid fractionation factors of (Kim et al., 1997). Samples were 

measured three times and the average result was converted to temperatures using the calibration 

method of (Davies and John, 2019). Calculated δ18O values of the fluid are expressed in ‰ with 

respect to the VSMOW standard (Vienna Standard Mean Ocean Water). 

One sample of carbonate host rock and three fracture-filling calcites were analyzed for 
87Sr/86Sr isotopes. 100% calcite samples are fully dissolved in 5 ml of 10% acetic acid and 

introduced in an ultrasonic bath for 15 minutes. After this time, samples are dried after being 

centrifuged during 10 min at 4000 rpm. The resultant sample is digested in 1 ml of 3 M HNO3 and 

dried. Finally, the resultant product is digested again in 3 ml of 3 M HNO3 and introduced in 

chromatographic columns. The chromatographic separation of Sr was done using an extraction 
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resin type SrResinTM (Trisken International) (crown-ether (4.4’ (5’)-di-t-butylcyclohexano-18-

crown-6). The Sr is recovered with HNO3 0.05 M as eluent. The fraction where Sr is concentrated 

is dried, charged on a Re single filament with 1 μl of H3PO4 1 M and 2 μl of Ta2O5 and analyzed 

on a TIMS-Phoenix mass spectrometer. The method of acquisition of data consists of dynamic 

multicollection during 10 blocks of 16 cycles each one, with a beam intensity in the 88Sr mass of 

3 V. Analyses were corrected for possible interferences of 87Rb. The 87Sr/86Sr ratios are 

normalized with respect to the measured mean value of the ratio 86Sr/88Sr=0.1194 in order to 

correct possible mass fractionation during filament charge and instrumental analyses. The 

precision of the analytical standard error or internal precision is 0.000009. 

Carbon-coated polished thin sections were used to analyse major, minor and trace element 

concentrations on a CAMECA SX-50 electron microprobe. The microprobe was operated using 

20 kV of excitation potential, 15 nA of current intensity and a beam diameter of 10 µm. The 

detection limits were 135 ppm for Mn, 127 ppm for Fe, 101 ppm for Ca, 146 ppm for Na, 180 ppm 

for Mg and 390 ppm for Sr. Precision on major element analyses averaged 0.64% standard error 

at 2σ confidence levels. 

Results 

Outcrop description 

Structural studies and sampling were carried out on five studied outcrops (Q, G1, PEG, G2 

and EST, from south to north) belong to the imbricate thrust system forming the Lower Pedraforca 

thrust sheet (Fig. 1B and 2A).  

The Q outcrop corresponds to the frontal part of the LPTS, a few hundreds of meters to the 

north of Berga village (Fig. 2A). The general structure of this outcrop consists of three imbricated 

thrust nappes in which the outcropping rocks are the Upper Cretaceous Areny Formation and the 

Paleocene Garumian facies (Fig. 1C). To the south, this structure is unconformably overlain by 

lower to middle Eocene syn-orogenic sediments showing growth strata geometries. 

The G1 and PEG outcrops are located 3 km to the north and 10 km to the NW from Berga 

village, respectively (Fig. 2A). They consist of frontal thrust fault zones corresponding to the 

northern nappes of the LPTS (Fig. 1C and 2A). In the outcrop G1, the hangingwall is constituted 

of the Upper Triassic Keuper facies, which gradually change upwards to the Lower Jurassic rocks 

of the Bonansa Formation. These later are unconformably overlain by the Upper Cretaceous 

Vallcarga Formation. The footwall of the G1 outcrop is formed of rocks of the Upper Cretaceous 

Vallcarga Formation. The PEG outcrop consists of a thrust fault affecting the footwall of a major 

thrust nappe forming the LPTS (Fig. 1C and 2A). In this area, both the hangingwall and the 

footwall are formed of Paleocene Garumnian rocks. 

The G2 outcrop is located in the northernmost part of the LPTS, 1 km to the south of Bagà 

village (Fig. 1 and 2A). In this area, the LPTS is tilted to the south due to the formation of the 

Ripoll syncline during the emplacement of the Cadí thrust sheet (Fig. 1C). The outcrop consists 
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of the thrust fault zone which is the boundary between the Lower Pedraforca thrust sheet 

(hangingwall) and the Cadí thrust sheet (footwall). The hangingwall is formed of Upper Triassic 

Keuper facies conformably overlain by Lower Jurassic rocks, whereas the footwall is formed of 

the middle Eocene Campdevànol Formation. 

Finally, the EST outcrop is located 3 km to the NE of Gósol village (Fig. 1 and 2A). It consists 

of Oligocene conglomerates deposited in the footwall of the LPTS and related to its later 

reactivation. These conglomerates are unconformably overlying the middle Eocene Armàncies 

Formation from the Cadí thrust sheet (Fig. 2B).   

Host rocks 

The studied rocks in the LPTS involves sedimentary Jurassic, Upper Cretaceous, Paleocene, 

middle Eocene and Oligocene materials. 

Jurassic rocks from the Bonansa Formation consist of millimeter-thick laminated mudstones. 

The Upper Cretaceous host rocks include the marine Vallcarga and Areny Formations. The 

Vallcarga Formation is formed of grainstones with up to 10% of detrital quartz. Microfauna 

includes Orbitoides and Hemicyclammina indicating an upper Santonian age (Pons and Caus, 

1996). The Areny Formation is mainly composed of grainstones of peloids, miliolids, bryozoan 

and echinoid fragments and changes northwards to wackestones of gastropods, algae and 

scleractinian coral fragments.  

The Paleocene Garumnian facies consist of continental detrital and carbonate rocks. Detrital 

rocks include red clays with orange and purple colorations, with abundant Microcodium that 

occasionally replaces the whole rock, and fine-grained sandstones formed of quartz (~10%) and 

carbonate clasts (~80-90%). These sandstones have a good sorting and are well-cemented. 

Regarding the Garumnian carbonate deposits, they are grey-brown mudstones and wackestones 

with charophyta.  

Middle Eocene syn-orogenic sediments deposited in the Lower Pedraforca thrust front are 

formed of well-cemented, medium-grained grey sandstones with a good sorting. Detrital 

components consist of Microcodium fragments from the Garumnian (~5-10%), limestone clasts 

(~70%), quartz (~10%) and Nummulites (~10%).  

Oligocene conglomerates are formed of centimeter- to meter-scale carbonate clasts 

supported by a matrix constituted of well-cemented and coarse-grained sandstones with a good 

sorting. Detrital components of the matrix are lithics derived from carbonates (>60%), 

metamorphic rocks and quartz. 

Fracture analysis 

Rocks forming the LPTS were affected by up to seven fracture sets (F1 to F7) summarized 

in Fig. 3. 
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Fig. 3 Lower hemisphere Schmidt stereoplots representing fracture data from the different studied outcrops, their 
associ ated calcite cements and different stages of deformation. U-Pb ages from Cruset et al. (in review). Fracture 
systems F1, F3 and F6 are restored with respect to bedding. The grey boxes with references Q, G1, PEG, G2 and 
EST represent the outcrops location in Figs. 1 and 2. Thick dashed black lines represent mean planes for each 
fracture system. 

 

Fracture set F1 consists of E-W stratabound normal faults affecting the Upper Cretaceous 

Areny Fm. and middle Eocene syn-orogenic sediments deposited in the thrust front (Fig. 3). These 

faults dip from 45º to 80º either towards the north or south, have a length of up to 2 m, millimeter 

thickness, show displacements up to 10 cm and soft, undulated grooves and striae sets (Fig. 4A 

and B). These features are indicative of hydroplastic deformation as defined by Petit and 

Beauchamp (1986) and Petit and Laville (1987). Calculated stress orientations indicate a N-S 

extension with vertical σ1 and horizontal σ2 and σ3 (Fig. 3). These fractures do not have calcite 
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cements, although occasionally calcite veins with reverse striae sets are present, resulted from a 

later reactivation. Fracture set F1 has been observed in outcrop Q. The second fracture set F2 

consists of bed-parallel slip surfaces formed at the contact between clays and more competent 

layers of the Areny Fm (Fig. 3) and Garumnian facies in outcrop Q (Fig. 4C). F2 fractures have a 

thickness of up to 1 cm and a length of few centimeters.  

 

Fig. 4 Outcrop images showing the main features of fracture systems F1, F2 and F3 within the Lower Pedraforca 
thrust she et. A-B) E-W hydroplastic normal faults F1 in the Upper Cretaceous Areny Formation and middle 
Eocene syn-orogenic sediments, respectively. C) Bed-parallel slip surfaces F2 affecting Paleocene sediments. 
D-E) N-S, NNW-SSE and NNE-SSW en-échelon vein arrays F3 affecting middle Eocene syn-orogenic sediments 
and the Upper Cretaceous Areny Formation, respectively. Bed dip directions and dips are given. White points 
indicate sample location. 

Fracture set F3 consists of N-S, NNW-SSE and NNE-SSW en-échelon vein arrays (Fig. 3, 

4D and E). F3 are bed-perpendicular, stratabound and show sub-vertical dips after restoring 

bedding to the horizontal (Fig. 3). F3 show openings of up to 2 cm and lengths of up to 30 cm. 

These fractures affect the Upper Cretaceous Areny Fm., the Paleocene Garumnian facies and 
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the middle Eocene syn-orogenic sediments. Calculated stress orientations for F3 indicate a N-S 

strike-slip motion, with vertical σ2 and horizontal σ1 and σ3 (Fig. 3). F3 has only been observed 

in outcrop Q.  

 
Fig. 5 Outcrop images showing the main features of fracture systems F4, F5 and F7 within the Lower Pedraforca 
thrust she et. A) Reverse faults F4 and associated veins within the Upper Cretaceous Areny Formation. B) 
Pressure solution cleavage formed in the core of a F4 thrust fault. C) Hydraulic breccia formed in the damage 
zone of a F4 thrust fault. D) F5 strike-slip faults affecting the Upper Cretaceous Areny Formation. E) F7 normal 
faults affecting Oligocene conglomerates. Bed dip directions and dips are given. White points indicate sample 
location. 

Fracture set F4 is constituted of E-W, NE-SW and NW-SE reverse faults zones and their 

associate veins affecting Jurassic and Upper Cretaceous rocks from the Bonansa, Areny and 

Vallcarga Formations (Fig. 3 and 5A). These faults dip between 15º and 75º towards the N and 

NW, are not stratabound, have a constant orientation regardless bed dips, are filled with calcite 
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and occasionally show hydrocarbon seeps. Fault cores are formed of thick S-C zones with 

development of pressure-solution cleavage (Fig. 5B) or thin discrete planes formed of up to 2 cm-

thick shear veins. F4 show lengths from few centimeters to tens of meters. In thrust faults in which 

thick units of Upper Triassic evaporites are involved, however, hydraulic breccias are developed 

within the most competent rocks within the footwall (Fig. 5C). The calculated stress orientation for 

F4 indicates a N-S (outcrops G1, PEG and G2) and NW-SE (outcrop Q) reverse motion, with 

vertical σ3 and horizontal σ1 and σ2 (Fig. 3). In outcrop Q, some of the reserve faults formed due 

to the reactivation of hydroplastic normal faults F1. 

The fifth fracture set (F5) consists of N-S, NW-SE, NNW-SSE and NE-SW strike-slip faults 

dipping between 45º and 90º and affecting Upper Triassic, Jurassic, Upper Cretaceous and 

Paleocene rocks. Fault planes are discrete, formed of shear veins with a thickness of up to 2 cm 

and show striae sets indicating dextral and sinistral motion (Fig. 3 and 5D). F5 faults have lengths 

of up to 5 meters. Calculated stress orientations for F5 indicate NW-SE, N-S and NE-SW strike-

slip motion in outcrops Q, G1, G2 and EST, respectively (Fig. 3). Like F4, strike-slip faults have a 

constant angle regardless bed dips.  

Fractures F6 consists of 1 cm-width and up to 5 cm-long N-S sub-vertical veins observed 

occasionally in thrust fault zones of the outcrop G1 (Fig. 3). These fractures affect folded Jurassic 

strata in a constant angle, indicating their post-folding formation. The stress orientation for F6 

indicates NNW-SSE strike-slip motion (Fig. 3).  

Fracture set F7 consists of normal faults affecting the Oligocene conglomerates related to 

the reactivation of the Lower Pedraforca thrust sheet studied in outcrop EST (Fig. 5E). These 

faults are NNW-SSE strike, dip between 60º and 80º either towards the SW and NE and show 

fault displacements from 1 to 2 m (Fig. 3). Fault planes are discrete, formed of up to 2 cm-thick 

extensional veins and show lengths of up to 20 meters. Calculated stress orientations for F7 

indicate an ENE-WSW extension. 

Petrology 

The petrography of fracture, vug and moldic porosity, as well as for cements within in the 

LPS have allowed us to identify eight types of calcite cement (Cc1 to Cc8). The main features 

and crosscutting relationships of these cements are summarized in Figures 6 and 7. Some of the 

collected samples for this study are located in Fig. 5 for reference.  

Cc1 consists of non-luminescent microsparite precipitated in the intergranular and moldic 

porosity of the Areny Formation in outcrop Q (Fig. 6A and B). Cc2 consists of blocky calcite 

crystals of more than 1 mm in size. This cement is non-luminescent and precipitated in vug 

porosity affecting the Garumnian facies in outcrop Q and in the intergranular porosity of breccias 

within the Jurassic limestones in outcrop G1 (Fig. 7). Cc3 consists of blocky calcite crystals 

ranging from 100 to 300 μm and fibrous calcite crystals parallel to fracture walls ranging from 200 

μm to 2 mm long. This cement is orange luminescent and precipitated in F2 and F3 fractures and
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Fig. 6 Images from polarizing optical and cathodoluminescence (CL) microscopes of the main features of calcite 
cement s and microstructures. A-B) Crosscutting relationships between intergranular porosity and veins filled 
with calcite cements Cc3 and Cc5. C-D) Image showing veins forming F4 reverse faults filled with calcite cement 
Cc6. E-F) Calcite cement Cc8 filling veins forming F7 normal faults. 

in vug porosity postdating Cc1 and Cc2 in outcrop Q (Fig. 6A, B and 7). Cc4 consists of blocky 

and bladed crystals ranging between 250 μm and 2 mm and between 300 μm and 1 mm long, 

respectively. This cement is dull-orange to orange luminescent and precipitated in reactivated F1 

fractures and in F3 veins affecting Eocene syn-orogenic sediments in outcrop Q (Fig. 7). Cc5 

consists of sparite crystals ranging from 100 to 700 μm. This cement is zoned, from non-

luminescent to dull orange and precipitated in vug porosities within the Areny Formation and in 

some fractures F4 postdating the previous cements in outcrop Q (Fig. 6A and B). Cc6 consists of 

blocky microsparite and from 200 μm to 2 mm long fibrous crystals parallel to fracture walls or 

blocky sparite filling rhomb-shaped veinlets formed by crack-seal mechanism (Fig. 6C and D). 

This cement is dull-brown and precipitated in vug porosities within the Areny Formation and in F4 
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and F5 fractures postdating Cc5 (Fig. 7). Cc6 has been observed in outcrops Q, G1, G2 and PEG. 

Cc7 consists of blocky calcite crystals ranging from 100 μm to 1mm (Fig.7). This cement is dull 

to bright orange and precipitated in F6 fractures. Cc7 is only observed in outcrop G1. Calcite 

cement Cc8 consists of blocky crystals ranging from 500 μm to more than 2 mm in size and shows 

orange luminescence (Fig. 6E and F). Cc8 has been only observed within fractures F7 in outcrop 

EST. 

 

Fig. 7 Cross-cutting relationships between fractures and related calcite cements in the Lower Pedraforca thrust 
sheet. 
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Geochemistry 

Carbon and oxygen isotopes 

The carbon and oxygen isotopic composition of carbonate host rocks and calcite cements 

within the Lower Pedraforca thrust sheet is presented in Fig. 8 and Table S1. 

Lower Jurassic marine limestones have δ13C ranging from +1.5 to +4 ‰ VPDB and δ18O 

between -5.2 and -3.6 ‰ VPDB (Fig. 8A). Marine carbonates from the Upper Cretaceous 

Vallcarga Formation have δ13C values between +2.1 and +2.5 ‰ VPDB and δ18O between -4.1 

and -3.1 ‰ VPDB (Fig. 8A). Marine carbonates from the Upper Cretaceous Areny Formation have 

δ13C between +1.5 and +1.7 ‰ VPDB and δ18O between -4.5 and -3.2 ‰ VPDB (Fig.8). 

Paleocene palustrine limestones have δ13C between -17.5 and -3.7 ‰ VPDB and δ18O between 

-8.2 and -4.8 ‰ VPDB (Fig.8A). A carbonate clast from Oligocene conglomerates has a δ13C of 

+1.1 ‰ VPDB and a δ18O of -2.8 ‰ VPDB (Fig. 8A). 

In order to simplify the discussion of the calcite cements, they have been grouped into: 1) 

calcite cements with δ18O in equilibrium with their adjacent host rocks and 2) cements with δ18O 

in disequilibrium with their adjacent host rocks (Fig. 8B). 

Calcite cements from Cc1 to Cc5 show δ13C and δ18O values in equilibrium with their adjacent 

host rocks (Fig.8B). Cc1 has δ13C of +1.5 ‰ VPDB and δ18O of -5.2 ‰ VPDB (Fig.8A). Cc2 has 

δ13C values between -10.1 and -6.6 ‰ VPDB and δ18O values between -6.5 and -5 ‰ VPDB 

(Fig.8A). For Cc3, the δ13C ranges between -10.8 and -0.4 ‰ VPDB and the δ18O ranges between 

-6.4 and -3.9 ‰ VPDB (Fig.8A). Cc4 has δ13C values between -5.9 and -3.7 ‰ VPDB and δ18O 

between -6.9 and -2.6 ‰ VPDB and Cc5 has δ13C values between +0.8 and +1.6 ‰ VPDB and 

δ18O ranging between -5.7 and -4.4 ‰ VPDB (Fig. 8A).  

On the other hand, calcite cements from Cc6 to Cc8 show δ18O values in disequilibrium with 

their adjacent host rocks though their δ13C values are in equilibrium with it (Fig. 8B). For Cc6, the 

δ13C ranges between -8.9 and +3.7 ‰ VPDB and the δ18O between -10.7 and -5.8 ‰ VPDB 

(Fig.8A). Cc7 has δ13C values between -1.73 and -0.94 ‰ VPDB and δ18O ranging between -11.3 

and -9.58 ‰ VPDB (Fig.8A). The δ13C for Cc8 ranges between -0.3 and -0.2 ‰ VPDB and the 

δ18O between -7.3 and -6.2 ‰ VPDB (Fig.8A). 

Clumped isotopes thermometry 

For this study, clumped isotopes thermometry has been applied to calcite cements Cc3 and 

Cc6, since they represent a change in fluid regime during the evolution of the LPTS. The results 

are presented in a δ18Ofluid vs clumped temperature cross-plot (Fig. 9) and in Table S2. 

Temperature in ºC and δ18Ofluid in ‰ VSMOW of fluids are calculated from measured ∆47 in 

carbonate cements using the equation of Davies and John (2019) for clumped isotope 

temperature and Friedman and O’Neil (1997) for the δ18Ofluid. 
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Fig. 8 δ18O vs δ13C and δ18Ocalcite cements  vs δ18Ohost rock  cross-plots from the Lower Pedraforca thrust sheet. The 
dashed black line represents the equilibrium between calcite veins and their adjacent host rocks. 
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For Cc3, the ∆47 is 0.579 ± 0.011 ‰, which translates into a temperature of 69.08 ± 5.34 ºC 

and a δ18Ofluid of 5.42 ± 0.87 ‰ VSMOW. The analysed ∆47 for Cc6 is 0.579 ± 0.008 ‰, which 

translates into a temperature of 74.16 ± 4 ºC and a δ18Ofluid of 5.08 ± 0.67 ‰ VSMOW.  

 

 

Fig. 9 Clumped isotopes temperatures in ºC vs calculated δ
18Ofluid  (‰ VSMOW) for calcite cements Cc3 and Cc6 

within t he Lower Pedraforca thrust sheet. δ
18O of Eocene seawater in (‰ VSMOW is from Tindall et al. (2010). 

 
Fig. 10 87Sr/86Sr composition of calcite cements and carbonate host rocks from the Lower Pedraforca thrust sheet. 
The 87Sr/86Sr ratios of the LOWESS curve from McArthur et al. (2001) are also plotted. The dashed grey areas 
indicate the 87Sr/86Sr ratios of middle Eocene seawaters and the Upper Triassic seawater. 

Strontium isotopes 

The Areny Fm. limestone has an 87Sr/86Sr ratio of 0.707841 (Fig.9, Table S2). Only calcite 

cements Cc3, Cc5 and Cc6 could be sampled, obtaining 87Sr/86Sr ratios of 0.707922, 0.708230 

and 0.707817, respectively (Fig.10, Table S3). 
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Elemental composition 

The Fe, Mg, Sr and Mn contents and Ca/Fe ad Mg/Ca molar ratios of calcite cements Cc1, 

Cc3, Cc4, Cc5 and Cc6 are presented in tables S4 and S5.  

 

 
Fig. 11 Elemental composition of the calcite cements within the The Lower Pedraforca thrust sheet. A-B) Fe vs 
Mg and Fe  vs Mn cross-plots of calcite cements Cc1, Cc3, Cc5 and Cc6. C) Ca/Fe vs Mn/Ca cross-plot of calcite 
cements Cc1-Cc3, Cc5 and Cc6. Areas bounded by blue, green and red thick lines represent the composition of 
marine, meteoric and formation fluids, respectively. 

 

The elemental composition of calcite cement Cc1 shows values ranging from 172 to 1940 

ppm in Fe and from 1096 to 6925 ppm in Mg. Sr and Mn contents range from below the detection 

limit to 3592 and 361 ppm, respectively. Calcite cement Cc3 has values ranging from below the 

detection limit to 548 ppm in Fe and from 289 to 4169 ppm in Mg. The Sr and Mn contents range 

from below the detection limit to 879 and 477 ppm, respectively. In calcite cement Cc4, the Fe 
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content is below the detection limit, whereas Mg shows values ranging from 801 to 4560 ppm. 

The Sr and Mn contents range from below the detection limit to 275 and 384 ppm, respectively. 

For calcite cement Cc5, Mg content ranges from 672 to 2765 ppm and the Fe, Sr and Mn contents 

range from below the detection limit to 3028, 1851 and 365 ppm, respectively. The Mg content of 

calcite cement Cc6 range from 679 to 4353 whereas its Fe, Sr and Mn contents range from below 

the detection limit to 3021, 656 and 362 ppm, respectively. 

The distribution of results in a Fe vs Mg and Fe vs Mn cross-plot shows two different fields 

characterized by different slopes and defined by the envelope of the regression lines of the 

different cements (Fig. 11A and B). The first field (dashed line) includes calcite cements Cc1 and 

Cc3 and shows a high slope whereas the second one (dotted line) includes cements Cc5 and 

Cc6 and shows a lower slope with respect to that in the previous cements. 

Molar ratios between Ca and Fe, Sr, Mn and Mg were calculated from the formula of McIntire 

(1963) and using KMg=0.097 at 70 ºC (Katz, 1973), KFe=5 (Tucker and Wright, 1990), KMn=8 at 

25º C (Lorens, 1981), KSr=0.08 at 100ºC (Kinsman, 1969). The Ca/Fe molar ratio of cements Cc1, 

Cc3, Cc5 and Cc6 ranges from 1390 to 15903, from 4963 to 19934, from 836 to 6993 and from 

880 to 3912, respectively. The Mg/Ca molar ratio ranges from 0.0474 to 0.30378 for Cc1, from 

0.06884 to 0.1802 for Cc3, from 0.03428 to 0.19737 for Cc4, from 0.02966 to 0.12077 for Cc5 

and from 0.04393 to 0.19532 for Cc6. The Ca/Fe and Mg/Ca ratios are plotted in Fig. 11C. The 

Sr/Ca molar ratios of cements Cc1, Cc3, Cc4, Cc5 and Cc6 range from 0.00599 to 0.052244, 

from 0.00557 to 0.01283, from 0.0065 to 0.0201, from 0.00518 to 0.02744 and from 0.0061 to 

0.01917, respectively. The Mn/Ca ratios range from 0.0000317 to 0.0000848 for Cc1, from 

0.0000319 to 0.000113 for Cc3, from 0.0000333 to 0.0000906 for Cc4, from 0.00025 to 

0.0000859 for Cc5 and from 0.0000231 to 0.0000832 for Cc6.  

Discussion 

Timing of fracture development 

The seven fracture sets F1 to F7 studied in the present work were formed in different stages 

of evolution of the Lower Pedraforca thrust sheet. 

The hydroplastic behaviour of F1 normal faults indicate that they were formed when the 

sediments were still poorly consolidated (Petit and Beauchamp,1986; Petit and Laville, 1987) and 

therefore, we interpret that they formed at shallow depths soon after deposition of the Upper 

Cretaceous Areny Formation and Middle Eocene syn-orogenic sediments. Similar fracture 

patterns also affecting the Areny Formation have been observed in other areas of the LPTS 

(Soliva and Benedicto, 2004, 2005; Soliva et al., 2006, 2008) (Fig. 2A).  

Fractures F2, F3, F4 and F6 were dated using U-Pb geochronology of calcite cements Cc3, 

Cc4, Cc6 and Cc7 (Cruset et al., in review). The obtained ages (from 47.9 ± 1.3 Ma to 42.29 ± 

0.84 Ma) indicate that these fractures formed at the end of the LPTS emplacement. Additionally, 

crosscutting relationships between fractures and bedding allow us to differentiate the different 
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stages of deformation during this later emplacement. For instance, fracture systems F2 and F3 

are arranged parallel and perpendicular to bedding respectively. These fracture patterns are 

observed at regional scale and are typical from the background deformation formed during layer-

parallel shortening, during the first stages of compression in many fold and thrust belts (Casini et 

al., 2011; Tavani et al., 2015). Fracture systems F4, F5 and F6 have a constant orientation 

regardless of the beds dip, indicating that they formed during the main or late stages of folding, 

once strata were already tilted (Casini et al., 2011). The youngest ages were obtained in calcite 

cement Cc7 precipitated in fractures F6 (from 42.99 ± 0.94 Ma to 42.29 ± 0.84 Ma), revealing that 

they formed after F4 and F5. The presence in the thrust front of hydroplastic normal faults F1 with 

striae sets showing a reverse motion indicate that they were reactivated during this late stage as 

well as in other areas of the LPTS (Fig. 2A), where they show oblique and strike-slip striae sets 

(Soliva and Benedicto, 2004, 2005). F1 hydroplastic normal faults were reactivated probably to 

accommodate tilting and changes the orientation during folding or due to tectonically-induced 

increase of fluid pressure (Letouzey et al., 1990; Sibson, 1995; Aydin, 2000; Wiprut and Zoback, 

2000; Chi et al., 2012; Cobbold et al., 2013; Rutqvist et al., 2013; Soumaya et al., 2015; Wiseall 

et al., 2018). The presence of hydraulic breccias in thrust fault zones and normal faults tilted to 

low angle or to 0º can be accounted for by a combination of both processes.  

Normal faults F7 affect well-cemented Oligocene conglomerates. Their NNW-SSE 

orientation is not consistent with the E-W trend of the main south Pyrenean structures (Vergés 

and Muñoz, 1990). The U-Pb age obtained for cement Cc8 precipitated in F7 (30.2 ± 2 Ma) 

suggests that their formation could be related to an E-W extensional collapse of the Oligocene 

conglomerates deposited during the Eocene-Oligocene reactivation of the LPTS (Cruset et al., in 

review).  

Evolution of the paleohydrological system 

The evolution of the palaeohydrological system through time within the Lower Pedraforca 

thrust sheet is inferred from the geochemical data of calcite cements Cc1 to Cc8. 

The δ13C of all studied calcite cements is similar to their adjacent host rocks, indicating a high 

interaction between fluids and host rocks (Fig. 8). Therefore, the high dispersion in δ13C values 

responds to fluids interacting with carbonate host rocks from different origins (Fig. 8). Likewise, 

the δ18O values for calcite cements Cc1 to Cc5 are similar to their adjacent host rocks, reporting 

high fluid-rock interaction and a relatively closed fluid system (Fig. 8). For calcite cements Cc6 to 

Cc8 however, the δ18O is progressively more depleted with respect to their adjacent host 

carbonates, suggesting an opening of the paleohydrological system to fluids (Fig. 8). Such 

depletion in δ18O, is interpreted in other areas of the southern Pyrenees and orogens worldwide 

as: 1) a change to hotter conditions during its precipitation; or 2) the input of meteoric waters 

which mixed at depth with hotter and more saline fluids (Travé et al., 1997; Immenhauser et al., 

2007; Breesch et al., 2009; Vilasi, 2010; Vandeginste et al., 2012; Beaudoin et al., 2014; Lacroix 

et al., 2014; Cruset et al., 2016a; 2018; Nardini et al., 2019).  
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The two fields observed in the Fe/Mn and Mg/Fe cross-plots (Fig.11A and B) also indicate 

the behavior of the paleohydrological system during fluid migration within the LPTS. Thus, as the 

distribution coefficient of Mn (KMn) is higher than the distribution coefficient of Fe (KFe), in a 

closed paleohydrological system, Mn decreases faster in the fluid than Fe (Dromgoole and Walter, 

1990). By opposition, if Fe decreases faster than Mn, the system is open. In the LPTS, calcite 

cements Cc1 and Cc3 fall in the field with a higher slope (Fig. 11B) that is with Mn decreasing 

faster than Fe, and thus, reflecting a relatively closed system and high fluid-rock interaction. 

Contrarily, cements Cc5 and Cc6 fall in the field with a lower slope, which denotes that Fe 

decreases faster than Mn, and therefore, that they precipitated in a more open paleohydrological 

fluid system in which fluid-rock interaction was low. However, this fact is in contrast with the 

evidence of equilibrium in δ18O between cement Cc5 and its adjacent host rock (Fig. 8). However, 

low water-rock ratios could explain δ18O through reequilibration of the fluid with host rock values 

(Banner and Hanson, 1990).  

The elemental composition of the calcite cements also indicates the type of fluids migrating 

within the LPTS, since it is inherited from the former fluid. The Mn/Ca  and Sr/Ca molar ratios of 

calcite cements Cc1, Cc3, Cc4, Cc5 and Cc6 (from 0.000231 to 0.0000906 for Mn/Ca and from 

0.00518 to 0.05224 for Sr/Ca) are within the range of formation waters (McIntire, 1963; Howson 

et al., 1987; Tucker and Wright, 1990). The Mg/Ca and Ca/Fe ratios of calcite cements Cc1 and 

Cc3 (from 0.02966 to 0.30378 for Mg/Ca and from 1390 to 19934 for Ca/Fe) indicate the influence 

of marine, formation and meteoric waters (Tucker and Wright, 1990; Kolker and Chou, 1994; 

Steuber and Rauch, 2005; Ligi et al., 2013) (Fig. 11C), whereas in calcite cements Cc5 and Cc6 

(from 0.02966 to 0.19432 for Mg/Ca and from 836 to 6993 for Ca/Fe) are within the range of 

meteoric and formation waters (Howson et al., 1987; Tucker and Wright, 1990; Kolker and Chou, 

1994). These results suggest that during the evolution of the fluid system, the influence of marine 

waters is higher during the precipitation of cements Cc1 and Cc3, when the fluid system was 

relatively closed (Fig. 11C). In contrast, during the precipitation of calcite cements Cc5 and Cc6, 

the influence of meteoric and formation waters was higher, accounting for the opening of the fluid 

system to these fluids (Fig. 11C).  

The 87Sr/86Sr ratios of calcite cements Cc3 (0.707922) and Cc5 (0.708230) are higher than 

expected for cements precipitated from Middle Eocene seawater (McArthur et al., 2001) and thus, 

fluids had to interact with a more radiogenic source. The values of Cc3 fall within the range of the 

Upper Triassic evaporites from Keuper (Fig. 10), indicating that fluids from which this cement 

precipitated may have interacted with the Upper Triassic evaporites. This interpretation is 

supported by the high δ18O VSMOW of the fluid obtained from clumped isotopes thermometry 

(5.42 ± 0.68 ‰ VSMOW). For Cc5 however, the 87Sr/86Sr ratio indicates that the fluid interacted 

with an even more radiogenic source, which in this case could be the continental deposits from 

the Garumnian. On the other hand, calcite cement Cc6 shows the lowest 87Sr/86Sr ratio (0.707817, 

Fig. 10), which could indicate the influence of either middle Eocene seawaters or of brines from 

the Upper Triassic Keuper facies, which act as a detachment of the thrust system (McArthur et 
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al., 2001). However, like in Cc3, the δ18O of the fluid from which Cc6 precipitated (5.08 ± 0.0.87 

‰ VSMOW) indicates the influence of Upper Triassic hot brines rather than seawater.  

Relationships between deformation style and fluid flow 

From the integration of fracture, petrological and geochemical data, a conceptual model 

divided in five stages (F1 to F5) showing the relationships between fluid flow and fracturing during 

the development of the LPTS is presented (Fig. 12). 

During the first stage (T1, Fig.3 and 12A), hydroplastic normal faults formed soon after the 

deposition of the Upper Cretaceous Areny Formation at shallow conditions. During this event, 

there was no precipitation of cement within F1 faults. This fact could be due to that faulting of 

poorly consolidated sediments with internal heterogeneities occasionally form zones of low 

permeability (Caine and Minor, 2009; Loveless et al., 2011), or that calcite tend to precipitate 

within fractures in areas with elevated pressures and temperatures (Lee et al., 1996). Therefore, 

at surficial conditions fluids might not be saturated in calcite. 

During T2 (Fig.12B), formation fluids with marine influence and in equilibrium with their 

adjacent host rocks precipitated as calcite cements Cc1 and Cc2 in the intergranular, moldic and 

vug porosities within the Jurassic Bonansa and Upper Cretaceus Areny Formations and 

Paleocene Garumnian facies. These cements precipitated previously to the compression related 

to the emplacement of the LPTS, as evidenced by crosscutting relationships between cements 

Cc1 and Cc2 and cement Cc3 (Fig. 6A and B and 7). Therefore, they probably precipitated during 

burial diagenesis of the Jurassic, Upper Cretaceous and Paleocene sediments. 

At stage T3, during the layer-parallel shortening, fractures F2 and F3 formed in the studied 

area (Fig.3 and 12C). Hot brines (~70 ºC) derived from the Upper Triassic evaporites and in 

equilibrium with adjacent Upper Cretaceous and Paleocene host rocks (Fig. 8), migrated through 

fractures F2 and F3 and precipitated as calcite cements Cc3 and Cc4 in a relatively closed system 

(Fig. 11C). During T3, hydroplastic normal faults F1 in the Upper Cretaceous Areny Formation 

were cut by fractures F3, without being reactivated. In the thrust front however, hydroplastic 

normal faults developed within middle Eocene syn-orogenic sediments within Q outcrop were 

reactivated as they were tilted, allowing fluids to migrate and the precipitation of calcite cement 

Cc4.  

During the fourth stage (T4), F4 reverse and F5 strike-slip faults and F6 veins developed 

during the folding and thrusting stage (T4, Fig.3 and 12D). During this event, recorded by cements 

Cc5, Cc6 and Cc7, the fluid system opened and the interaction between hot brines from the 

Keuper facies and host rocks decreased (Fig. 8, 10 and 11C). As deformation increased, F1 

hydroplastic normal faults in the Upper Cretaceous Areny Formation were reactivated as reverse 

faults in the thrust front, whereas in other areas were reactivated as strike-slip faults, allowing 

fluid migration (Soliva and Benedicto, 2004, 2005; Soliva et al., 2006, 2008) (Fig. 2A). Such 

reactivations were induced by fluid pressure build-up and/or reorientation of pre-existing fractures
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Fig. 12 Conceptual model of fluid flow evolution during the emplacement of the Lower Pedraforca thrust sheet. 
A) T1, pre-compressive hydroplastic deformation. B) T2, burial diagenesis. C) T3, early contraction. D) T4, late 
folding and thrusting. E) T5, reactivation of the thrust system. For each stage, the type of migrating fluids, 
associated calcite cements and fractures formed are given. Legend units are in Fig. 1C. 
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during folding (Letouzey et al., 1990; Sibson, 1995; Aydin, 2000; Wiprut and Zoback, 2000; Chi 

et al., 2012; Cobbold et al., 2013; Rutqvist et al., 2013; Soumaya et al., 2015; Wiseall et al., 2018). 

Fluids migrated along discrete fault planes or hydraulic breccias formed by fluid overpressures, 

which act as preferential paths in areas with low permeability (Aydin, 2000).   

Finally, during the reactivation of the thrust system (T5, Fig. 3 and 12E) normal faults F7 

formed, and fluids also in disequilibrium with their adjacent host rocks migrated through fractures 

where cement Cc8 precipitated in a relatively open system. 

In our model, the differences in fluid flow behavior between the layer-parallel shortening and 

the late folding and thrusting have strong similarities with that observed in other fold and thrust 

belts worldwide. In all cases, fluid-related processes are controlled by the evolution of deformation 

patterns (Evans and Fischer, 2012). For instance, in the Bighorn Basin (Sevier thrust belt, USA), 

a closed paleohydrological system prevails during the layer-parallel shortening, whereas it opens 

to basement-derived fluids during the fracturing associated to folding and thrusting (Beaudoin et 

al., 2013). Likewise, in the Mexican fold and thrust belt and in the central Appalachians, fluids are 

stratigraphically segregated during the early deformation, whereas during fold tightening the fluid 

system is interconnected (Lefticariu et al., 2005; Fischer et al., 2009; Fitz-Diaz et al., 2011; Evans 

et al., 2012). Finally, in the Northern Oman Mountains, pre-burial fluids migrated through fractures 

in a rock-buffered system and deep-sourced fluids migrated through thrust faults during the main 

stage of compression (Breesch et al., 2009). In this last example, main thrust faults acted as 

barriers for transversal fluid flow, since evidences of migration of fluids were not observed in the 

hangingwall. These controls of deformation on the fluid regime in compressional settings are also 

observed in extensional regimes (Benedicto et al., 2008; Baqués et al., 2010; Cantarero et al., 

2014). In these examples, during the first stages of the upwards propagation of normal faults, the 

paleohydrological system is relatively closed with high fluid-rock interaction. In contrast, during 

the final stages of deformation the system changes to a more open one, in which fluid-rock 

interaction is lower.         

Conclusions 

The integration of field-based and petrographic observations, together with geochemical data 

allow us to differentiate up to eight calcite cements (Cc1 to Cc8) revealing the evolution of the 

paleohydrological system during the emplacement of the Lower Pedraforca thrust sheet. 

Calcite cements Cc1 to Cc4 precipitated from fluids in a relatively closed paleohydrological 

system in which the fluid-rock interaction was high. Calcite cement Cc3 precipitated from brines 

derived from the Upper Triassic evaporites acting as a detachment of the Lower Pedraforca thrust 

system (δ18Ofluid ~+5.4 ‰ VSMOW) with 87Sr/86Sr ratios of 0.707922 and at temperatures around 

70 ºC. Contrarily, calcite cements Cc5 to Cc8 precipitated from fluids in a more open 

paleohydrological system in which the interaction between fluids and host rocks was low. Cc6 
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also precipitated from brines derived from the Upper Triassic (δ18Ofluid ~+5 ‰ VSMOW) with 
87Sr/86Sr ratios of 0.707817 and at temperatures around 75 ºC. 

Relationships between calcite cements and fractures indicate that: 1) during hydroplastic 

deformation related to the pre-folding stage within the Lower Pedraforca thrust sheet, there was 

no precipitation of calcite cements in fracture planes; 2) during the layer parallel shortening fluids 

migrated in a relatively closed system and fluid-rock interaction was high; and 3) during the folding 

and thrusting related to the emplacement of the Lower Pedraforca thrust sheet and during its late 

reactivation, the fluid-rock interaction decreased as the paleohydrological system opened.  
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Geofluids: In preparation 

Introduction 

Rifted margins are areas where diapirism occurs due to halokinetic movements (Sannemann, 

1968; Jackson et al., 1990; Rowan and Vandeville, 2006; Hudec et al., 2013; Martín-Martín et al., 

2016). Diapirs are structures that strongly control the palaeohydrology of salt-bearing basins, 

since fluids can migrate to salt bodies from adjacent areas and circulate through their boundaries, 

close to the weld zone (Reuning et al., 2009; Smith et al., 2012; Fischer et al., 2013). Resources 

like hydrocarbons and metalipherous ore deposits (i.e. Pb-Zn) associated with the migration of 

such fluids can accumulate below cap-rocks and structural traps related to the diapir growth 

(Rouvier et al., 1985; Sheppard et al., 1996; Davison, et al., 2000; Allen and Allen, 2005; Perona 

et al., 2018). Salt-bearing basins are often incorporated into orogens, and compressive 

deformation structures (e.g. new and reactivated fractures, folds) typically overprint the pre-

existing fracture networks that formed during extension, thus resulting in complex crosscutting 

relationships between different structures (Salardon et al., 2017).   

During compressive basin inversion, thrust faults can behave as paths for the vertical 

migration of overpressured fluids derived from sedimentary basins and/or the underlying 

basement (Sibson, 1995; Beaudoin et al., 2014; Frazer et al., 2014). These structures can also 

act as effective traps for hydrocarbons and become preferred sites for the formation of ore 
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deposits. Furthermore, previous hydrocarbon traps formed before orogenic compression can 

potentially be modified or jeopardized, allowing fluid re-mobilization (Roure et al., 2005; Cooper 

and Warren, 2010). Therefore, achieving a clear understanding of the different structures and 

fluid evolution between extensional and compressional phases before and during the formation 

of an orogen is key for basin analysis and for the exploration and production of georesources. 

The southern Pyrenees is a well-known fold-and-thrust belt that developed due to the Late 

Cretaceous inversion of a series of extensional basins that developed during the Jurassic and 

Cretaceous rifting phases that affected the north of the Iberian plate (Vergés et al., 1995, 2002). 

Both the extensional and compressive structures are well-constrained and documented by 

several studies that deciphered the geometry of the precursor rift basins and the associated 

diapirism, as well as the later thrust sheet emplacement (Martínez et al., 2001; Vergés and 

García-Senz, 2001; García-Senz, 2002; Vergés et al., 2002; Lopez-Mir et al., 2014; Mencos et 

al., 2015; Saura et al., 2015). The evolution of fluid flow during the migration of the south Pyrenean 

thrust front is also well characterized, especially from the Early Eocene to the Oligocene (Cruset 

et al., 2018). Similar studies have also been carried out in the Axial zone (Grant et al., 1990; 

Banks et al., 1991; Trincal et al., 2017), in individual structures within cover thrust sheets (Travé 

et al., 1997, 1998, 2007; Caja et al., 2006; Lacroix et al., 2014, 2018; Beaudoin et al., 2015; 

Crognier et al., 2017; Nardini et al., 2019) and in the Ebro foreland basin (Travé et al., 2000; 

Cruset et al., 2016). The results of these works indicate that fluid flow during the Pyrenean 

compression phases was multiepisodic and report the progressive exhumation of the studied 

structures, as well as the influence on fluid composition of the underlying evaporitic units that 

acted as the detachment level for thrust sheets, the basement rocks and also of connate marine 

fluids trapped within sediments. Contrarily, the relationships between fluid flow and deformation 

during the Mesozoic extension that affected northern Iberia have received less attention. Most of 

the existing studies have been focused mainly on the Jurassic-Cretaceous rifting within the 

Catalan Coastal Ranges (Baqués et al., 2012, 2013; Cantarero et al., 2013, 2014). Other works 

studied the dolomitization events during the Late Jurassic-Early Cretaceous rift and the Late 

Cretaceous post-rift stages in the Iberian Chain (Nadal, 2001; Gomez-Rivas et al., 2014). In the 

Pyrenees and Cantabrian zones, however,  few studies have been carried out about the fluid-

rock interactions during the metamorphism associated with the hyperextension of the north 

Iberian margin (Boulvais, 2016; De Felipe et al., 2017; Salardon et al., 2017) and the origin of Pb-

Zn deposits and dolomitizations during the Mesozoic extension (Munoz et al., 2016; Gasparrini 

et al., 2017). Hence, more data and an integrating study is needed to decipher the differences 

and similarities in fluid flow of post-Variscan extensional and compressional deformation affecting 

the north Iberian margin. In this study, we report the evolution of the fluid systems within the Upper 

Pedraforca thrust sheet, the oldest structural unit of the south Pyrenean fold-and-thrust belt. This 

structure consists of a rift basin affected by halokinetic deformation during the Jurassic-

Cretaceous extension and incorporated into the Pyrenean orogen during the Late Cretaceous 

compression and inversion period. The aims of this study are: 1) to differentiate between 

deformative and fluid flow events related to the Mesozoic extension from those related to the 
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Alpine compression; 2) to characterize the origin and composition of fluids migrating along 

fractures during these two events; and 3) to propose a conceptual fluid flow model of the Upper 

Pedraforca thrust sheet. To achieve them, fracture orientation data, petrographic observations 

and geochemical analyses (REE+Y elements and Sr, C, O and clumped isotopes) are combined 

with published U-Pb ages of the study area (Cruset et al., in review). The comparison of the 

obtained model with other areas, such as the Cantabrian and north Pyrenean zone, the Catalan 

Coastal Ranges and the Iberian Chain enlightens about regional and local fluid flow events along 

rifted margins that later underwent compressional inversion. 

Geological setting  

The Pyrenees (Fig. 1A) are the result of the continental collision between Iberia and Eurasia 

from the Late Cretaceous to the Miocene, within the context of the Alpine orogeny (Choukroune 

et al., 1989; Roure et al., 1989; Muñoz, 1992, 2002; Vergés et al., 2002). Due to this collision, the 

Mesozoic Iberian margin was uplifted and incorporated into the Pyrenean orogen, whose central 

part is the Axial zone, an antiformal stack composed of basement-involved thrust sheets 

dominated by Paleozoic rocks (Fig. 1B) (Muñoz, 1992). This area acts as a boundary between 

the thick-skinned north Pyrenean zone and the south Pyrenean fold and thrust belt (Fig. 1B and 

C), which consists of a piggy-back sequence of south-directed thrust sheets detached above 

Upper Triassic and Eocene evaporites (Fig. 1C) (Séguret, 1972; Vergés et al., 1992; Sans, 2003).  

Prior to the Alpine compression, the north Iberian margin was affected by lithosphere 

extension during the Late Triassic and Early Jurassic, which favored the deposition of extensive 

carbonate sediments in platforms during the Jurassic (Mey et al., 1968; Peybernès, 1976; Vergés 

and García-Senz, 2001; Aurell et al., 2002; Martín-Chivelet, 2002). During the Late Jurassic and  

Early Cretaceous, the reactivation of the Pyrenean rifting resulted in the opening of the Bay of 

Biscay, which induced diapirism by the flow of Upper Triassic evaporites and the formation of salt-

related basins (Rios, 1948; Brinkmann and Lögters, 1968; Serrano and Martínez del Olmo, 1990; 

McClay et al., 2004; Canérot et al., 2005; López-Mir et al., 2014; Poprawski et al., 2014; Saura et 

al., 2015; Tavani et al., 2018). In the north Pyrenean zone, however, this extension produced the 

extreme thinning of the continental crust and the exhumation of upper mantle rocks during the 

Late Aptian and the Albian-Cenomanian (Lagabrielle et al., 2010; Clerc and Lagabrielle, 2014; 

Clerc et al., 2016). After this rifting event and prior to the Pyrenean compression, moderate 

subsidence associated with post-rift thermal contraction affected the area (Martín-Chivelet, 2002). 

The studied structure in this work is the Upper Pedraforca thrust sheet (UPTS) (Fig. 1C), the 

oldest cover thrust sheet of the eastern sector of the south Pyrenean fold-and-thrust belt. It 

consists of an extensional basin affected by diapirism, incorporated into the Pyrenean orogen 

during the Late Cretaceous-Palaeocene compression (Puigdefàbregas and Souquet, 1986; 

Vergés, 1993; Saura et al., 2015) and reactivated during the Eocene-Oligocene (Cruset et al., in 

review). The UPTS emplaces Upper Triassic, Jurassic and Cretaceous pre-compressive rocks 
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over Upper Cretaceous to Palaeocene syn-orogenic sediments of the south Pyrenean foreland 

basin (Vergés, 1993; Martínez et al., 2001; García-Senz, 2002).  

 

Fig. 1.  A) Regional map of the Iberian Peninsula showing the location of the south Pyrenean fold-and-thrust belt 
(black box). B) Simplified geological map showing the main structural units forming the south Pyrenean fold-
and-thrust belt (Vergés, 1993). The thick red lines indicate the location of the composite cross-section in Fig. 1C. 
The dashed blue box indicates the location of Fig. 3A. C). Geological cross section of the Lower Pedraforca thrust 
sheet, from Vergés (1993). 

The stratigraphy of the UPTS is similar to that in its western equivalent, the Bóixols thrust 

sheet (García-Senz, 2002; Mencos et al., 2015) and is divided into pre-rift, syn-rift and post-rift 

marine sediments and marine to continental syn-orogenic sediments (Fig. 2). The pre-rift 
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sequence is composed of Triassic and Jurassic rocks. Triassic units consist of evaporites and 

clays from the Keuper facies, which constitute the main detachment level in the Pyrenees, and 

laminated dolostones from the Isàvena Formation (Séguret, 1972; Calvet et al., 1993; Arnal et al., 

2002). The Jurassic is represented by the Bonansa Formation and in the studied area consists of 

Lower Jurassic dolomitic breccias, laminated limestones and dark marls with brachiopods and 

ammonoids and Middle and Upper Jurassic dolostones (Peybernès 1976; Aurell et al., 2002). The 

syn-rift sequence comprises Lower Cretaceous rocks and consists of Berriasian breccias and 

Valanginian to Albian limestones and marls (García-Senz, 2002). Post-rift sediments in the UPTS 

are represented by limestones of the Cenomanian-Turonian Santa Fe Formation and Lower 

Santonian limestones with Lacazina from the Sant Corneli Formation (Mey et al., 1968; Skelton 

et al., 2003; Ullastre and Masriera, 2004). The Syn-orogenic sequence is constituted of Upper 

Cretaceous to Palaeocene sediments. The Upper Cretaceous units consist of marine marls, 

limestones and carbonate breccias of the Late Santonian to Maastrichtian Areny Formation. This 

unit is conformably overlain by the Maastrichtian to Danian marine dark marls, coastal siltstones 

and continental sandstones and conglomerates of Garumnian Facies (Puigdefàbregas and 

Souquet, 1986; Vicente et al., 2015). 

 
Fig. 2. Chronostratigraphic diagram showing the main sedimentary units of the Upper Pedraforca thrust sheet 
and their  related tectonic events. The age of sedimentary units has been defined according to Mey et al. (1968), 
Peybernès (1976), Puigdefàbregas and Souquet (1986), Calvet et al. (1993), Arnal et al. (2002), García-Senz (2002), 
Skelton et al. (2003) and Vicente et al. (2015).  
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Methodology 

Four outcrops located in the southern (Saldes outcrop - S) and northern margins (Gósol 

outcrop - GS, and Pedraforca outcrop - P), and in the internal part of the UPTS (Coll del Verdet 

outcrop - CV) were selected for the study of the evolution of fluid flow during the emplacement of 

this nappe (Fig.  3). 

Field work consisted of fracture and bedding data acquisition to stablish their crosscutting 

relationships. In addition, sampling of fracture-filling calcite and dolomite cements and their 

adjacent host rocks was undertaken for petrographic observations and geochemical analyses. 

For the analysis of field data, fracture planes were plotted and restored with respect to bedding 

(when appropriate) using the software Win-Tensor (v5.8.8.) (Delvaux and Sperner, 2003). 

Additionally, for each fracture generation observed in this work, their associated stress 

orientations were also calculated with the same software. 

Petrographic observations of 94 polished thin sections made from fracture-filling calcite and 

dolomite cements and host rocks were carried out using optical and cathodoluminescence 

microscopy. A CL Technosyn cathodoluminescence device Model 8200 MkII operating at 23 kV 

and 350 μA gun current was used to distinguish the different types of cements. 

For carbon- and oxygen-isotope analysis, 134 microsamples were prepared using a 400 μm-

thick dental drill to extract 60 ± 10 μg of powder from trims containing calcite and dolomite 

cements and carbonate host rocks. The carbonate powder was reacted with 100% phosphoric 

acid for two minutes at 70 °C for calcite and 15 minutes at 70 ºC for dolomite. The resultant CO2 

was analyzed using an automated Kiel Carbonate Device attached to a Thermal Ionization Mass 

Spectrometer Thermo Electron (Finnigan) MAT-252 following the method of McCrea (1950). The 

results were corrected using the standard technique from Craig and Gordon (1965) and Claypool 

et al. (1980), expressed in ‰ with respect to the VPDB (Vienna Pee Dee Belemnite) standard. 

Standard deviation is ±0.03 ‰ for δ13C and ± 0.05 ‰ for δ18O. 

For clumped isotopes thermometry, two dolomite cements and eight calcite cements were 

analyzed. This method is applied to calculate temperatures of cement precipitation as well as the 

δ18O values of the fluids from which these they precipitated. To analyze the samples, 2–3 mg 

aliquots from cements were measured with the Imperial Batch Extraction system (IBEX), an 

automated line developed at Imperial College of London. Each sample was dropped in 105% 

phosphoric acid at 90 ºC and reacted for 30 min. The reactant CO2 was separated using a 

poropak-Q column and transferred into the bellows of a Thermo Scientific MAT 253 mass 

spectrometer (Thermo Fisher GmbH, Bremen, Germany). The characterization of a replicate 

consisted of 8 acquisitions in dual inlet mode with 7 cycles per acquisition. The post-acquisition 

processing was completed with a software for clumped isotope analysis named Easotope (John 

and Bowen, 2016). ∆47 values were corrected for isotope fractionation during phosphoric acid 

digestion employing a phosphoric acid correction of 0.069 ‰ at 90 ºC for calcite (Guo et al., 2009). 
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The data were also corrected for non-linearity applying the heated gas method (Huntington et al., 

2009) and projected into the absolute reference frame of (Dennis et al., 2011). Carbonate δ18O 

values were calculated with the acid fractionation factors of (Kim et al., 1997). Samples were 

measured three times and the average result was converted to temperatures using the calibration 

method of (Davies and John, 2019). Calculated δ18O values of the fluid are expressed in ‰ with 

respect to the VSMOW standard (Vienna Standard Mean Ocean Water). 

For 87Sr/86Sr analyses, twenty-six samples of 100% calcite and dolomite cements and 

carbonate host rocks were analyzed. Samples were fully dissolved in 5 ml of 10% acetic acid and 

introduced in an ultrasonic bath for 15 minutes. After this time, samples were centrifuged during 

10 min at 4000 rpm and dried. The resultant product was digested in 1 ml of 3 M HNO3 and dried. 

Finally, the sample was digested again in 3 ml of 3 M HNO3 and introduced in chromatographic 

columns. For chromatographic separation of Sr an extraction resin type SrResinTM (Trisken 

International) (crown-ether (4.4’ (5’)-di-t-butylcyclohexano-18-crown-6) was used. The Sr was 

recovered with HNO3 0.05 M as eluent. The fraction where Sr is concentrated was dried, charged 

on a Re single filament with 1 μl of H3PO4 1 M and 2 μl of Ta2O5 and analyzed on a TIMS-Phoenix 

mass spectrometer. The method of data acquisition consisted of dynamic multicollection during 

10 blocks of 16 cycles each one, with a beam intensity in the 
88Sr mass of 3 V. Analyses were 

corrected for possible interferences of 87Rb. 87Sr/86Sr ratios are normalized with respect to the 

measured mean value of the ratio 86/Sr/88Sr=0.1194 in order to correct for possible mass 

fractionation during filament charge and instrumental analyses. The precision of the analytical 

standard error or internal precision is 0.000009. 

To determine the rare earth and yttrium contents (REE+Y) of calcite and dolomite cements 

and carbonate host rocks, 25 samples were analyzed by means of high-resolution inductively 

coupled plasma-mass spectrometry (HR-ICP-MS), using a Thermo Scientific model Element XR. 

Up to 100 mg of powder was sampled from trims using a 400/500 μm-diameter dental drill. 

Powdered samples were dried at 40ºC during 24 h and later 100 mg of sample were acid digested 

in closed PTFE vessels with a combination of HNO3+HF+ HClO4 (2.5 ml: 5 ml: 2.5 ml v/v). The 

samples were evaporated and, 1 ml of HNO3 was added to make a double evaporation. Finally, 

the sample was re-digested and diluted with MilliQ water (18.2 MΩcm-1) and 1 ml of HNO3 in a 

100 ml volume flask. In order to improve the sensitivity of the ICP-MS, a tuning solution containing 

1 μg.l-1 Li, B, Na, K, Sc, Fe, Co, Cu, Ga, Y, Rh, In, Ba, Tl, U was used, and as internal standard, 

20 mg.l-1 of a monoelemental solution of 115In. Reference materials are the BCS-CRM nº 393 

(ECRM 752-1) limestone, JA-2 Andesite and JB-3 Basalt. The precision of the results was 

expressed in terms of two standard deviations of a set of eight reference materials measurements 

(reference material JA-2), whereas accuracy (%) was calculated using 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 analysed elements and their detection limits expressed in ppm 

are: La (0.21), Ce (0.32), Pr (0.04), Nd (0.15), Sm (0.03), Eu (0.01), Gd (0.02), Tb (0.003), Dy 
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(0.02), Y (0.20), Ho (0.003), Er (0.01), Yb (0.01) and Lu (0.01). The detection limit (DL) was 

calculated as three times the standard deviation of the average of ten blanks. A Multielemental 

Solution IV-CCS-1 Rare Earths Standard in HNO3, 125ml (100 µg/ml) of Inorganic Ventures was 

used in order to perform the calibration curves. REE and Y data are normalized to the Post-

Archean Australian Shale (PAAS) from McLennan (1989).  

Results 

Description of the outcrops 

The studied outcrops (Gósol, Pedraforca, Coll del Verdet and Saldes) are taken as 

representative of the whole structure of the Upper Pedraforca Thrust Sheet (UPTS) (Fig. 3A and 

B). Structural studies and sampling were systematically carried out on each of them. 

 

 

Fig. 3.  A) Structural sketch with the location of the studied outcrops (transparent boxes bounded by dashed 
colored lines), Fig. 3B (Dark grey line) and Fig. 4A (yellow line). B) Detailed geological cross-section of the Upper 
Pedraforca thrust sheet from Vergés (1993) showing the structural position of the studied outcrops (grey arrows). 
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Fig. 4. Representative images of the studied outcrops in Fig. 3. A) Sketch of outcrop GS with the location of Figs. 
4B and 7B. B) Interpreted image of the SE limb of the syncline in outcrop GS. The location of Figs. 7A, 7C and 8E 
is given. B) Interpreted image of a fault zone within the P outcrop. The white dashed box indicates the location 
of the image in the right lower corner. C) Image of the outcrop CV with the location of Figs. 8A and 8D. D) Image 
of the S outcrop where the Upper Cretaceous breccias are overthrusting Upper Cretaceous dark marls. 

The Gósol (GS) and Pedraforca (P) outcrops correspond to the northernmost part of the 

UPTS (Fig. 3A and B). The GS outcrop is located at the north of the Gósol village. It consists of 

an ENE-WSW syncline composed of Jurassic limestones and dolostones within the hangingwall 
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of the UPTS (Fig. 4A). This structure is unconformably overlain by 1) syn-rift Lower Cretaceous 

breccias made of fragments of Jurassic dolostones and limestones in its western part and 2) 

Upper Cretaceous syn-orogenic marls and marly limestones in its eastern part (Fig. 3A and 4A 

and B). Towards the south, the Upper Cretaceous rocks are overthrusted by Jurassic limestones 

and dolostones. The described structures agree with halokinetic deformation, which has been 

already reported in the study area by Saura et al. (2015).  

The P outcrop is located 3 km northwest of the Saldes village and corresponds to the damage 

zone of the main thrust of the UPTS. In this area, Campanian breccias made of mudstone 

fragments are affected by reverse and strike-slip faults (Fig. 4C). In the P outcrop, the UPTS is 

tilted to the south due to the later emplacement of the Cadí thrust sheet (Fig. 3B). 

The Coll del Verdet outcrop (CV) corresponds to the internal part of the UPTS, close to the 

Coll del Verdet area in the Pedraforca massif (Fig. 3A and B). The structure of this outcrop 

consists of subvertical beds of Lower Jurassic limestones and marls and Middle Jurassic sucrose 

dolostones corresponding to a weld zone (Saura et al., 2015). These rocks are unconformably 

overlain by a thin layer of carbonate breccias partly replaced by dolomite and thick beds of 

limestones from the Lower Cretaceous (Fig. 4D). 

 The Saldes outcrop (S) corresponds to the frontal part of the UPTS and is located between 

the Gósol and Saldes villages (Fig. 3A and B). It is in an equivalent structural position than the P 

outcrop and consists of a thrust fault zone which acts as a boundary between Upper Cretaceous 

breccias, rudist limestones and yellowish siltstones and sandstones with dinosaur egg fragments 

in the hangingwall, and Upper Cretaceous dark marls with lignite beds in the footwall (Fig. 4E). 

Host rocks 

The Bonansa Formation comprises rocks from the Lower to the Upper Jurassic. Lower 

Jurassic rocks include: 1) Hettangian breccias completely replaced by dolomite with crystals 

ranging between 15 and 30 μm in size and exhibiting planar-s textures, as defined by Gregg and 

Sibley (1984) and Sibley and Gregg (1987), 2) Sinemurian mudstones, with mm-thick planar 

lamination and ripples (Fig. 5A) and 3) Toarcian dark marls and peloidal grainstones with echinoid 

fragments partly replaced by up to 60 μm-width euhedral dolomite crystals (Fig. 5B). Sinemurian 

mudstones are occasionally brecciated. These breccias are cemented by calcite and partly 

replaced by up to 2 mm-wide saddle dolomite crystals (Fig.5 C and D). Middle Jurassic rocks 

comprise sucrose dolostones made of subhedral crystals with sizes ranging from 200 to 400 μm 

and exhibiting planar-s textures (Fig. 5E). Occasionally, these dolostones are completely calcified 

and contain millimeter-size vugs filled with calcite cement. Upper Jurassic rocks include well-

bedded dolostones showing planar-s textures, with moldic porosities filled with dolomite cement 

and centimeter-size vugs filled with calcite cement. The Lower Cretaceous rocks include 1) 

breccias from the Pont de la Torre Formation, composed of fragments of Lower to Upper Jurassic 

limestones and dolostones and Lower Cretaceous wackestones with Trocholina (with fragment 

sizes ranging from few millimetres to the metric scale) and 2) well-bedded dolostones with crystals 
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ranging between 15 and 30 μm in size and showing planar-s textures (Fig. 5F). In the CV outcrop 

(Fig. 3), the Lower Cretaceous breccias are partly replaced by this type of dolomite. Upper 

Cretaceous rocks are constituted of 1) Carbonate breccias from the Areny Formation with 

fragments of mudstones and wackestones with rudists locally cemented by red micrite, 2) dark 

marls with oysters and 3) yellow to reddish siltstones and sandstones with dinosaur eggs 

fragments from the Garumnian. 

    

Fig. 5. Images from polarizing optical microscope and cathodoluminescence (CL) of the main textural features of 
the studie d host rocks. A) Sinemurian mudstones with ripples and planar lamination. B) Toarcian grainstone 
partially replaced by euhedral crystals of dolomite. C-D) CL image of saddle dolomite replacing carbonate 
breccias made of Sinemurian mudstones. E) Middle Jurassic sucrose dolostones with planar-s texture (crossed 
nicols). F) Upper Cretaceous dolostones exhibiting planar-s texture. 
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Fracture analysis 

The host-rocks that form the UPTS are affected by up to eight types of fractures: 1) bed-

perpendicular veins, 2) randomly-oriented veins, 3) bed-parallel veins, 4) normal faults, 5) reverse 

faults, 6) strike-slip faults, 7) E-W-trending fractures and 8) N-S- and NNW-SSE-trending 

fractures. All these structures are summarized in Fig. 6. They are grouped into sixteen fracture 

generations (F1 to F15) according to well-stablished crosscutting relationships based on field and 

microstructural observations and U/Pb geochronology of fracture-filling cements (Cruset et al., in 

review).     

The fracture system F1 consists of a conjugate system of two en-échelon vein arrays striking 

N-S and NNW-SSW, respectively (Fig.6). Fractures F1 are bed-perpendicular, finite apertures of 

up to 2 cm and are cemented by dolomite and calcite cements. Estimated stress orientations 

indicate N-S-directed strike-slip movement with horizontal σ1 and σ3 and vertical σ2. F1 is 

observed only affecting Lower to Upper Jurassic rocks of the GS outcrop (Fig.6 and 7A).  

Fracture system F2 consists of randomly oriented veins filled with calcite and dolomite 

cements and apertures ranging from a few millimeters to up to 2 cm. These veins affect the 

lowermost part of the Lower Jurassic dolomitic breccias of the GS outcrop (Fig. 7B).  

Fracture system F3 consists of bed-parallel slip veins and veins crosscutting bedding at low 

angles. They are associated with hydraulic breccias cemented by dolomite (Fig. 6). Fractures of 

this system affect Jurassic rocks, strike parallel to the axis of the syncline observed in the GS 

outcrop and appear concentrated in its SE limb (Fig. 3 and Fig. 6). 

Fracture system F4 is represented by E-W-oriented normal faults dipping up to 50º 

predominantly to the south (Fig. 6 and 7C). The calculated stress orientations indicate N-S 

extension with vertical σ1 and horizontal σ2 and σ3. F4 has been observed affecting Lower 

Cretaceous breccias of the Pont de la Torre Formation in the GS outcrop. 

Fractures F5 are reverse faults formed in the damage zone of large thrusts in the UPTS. 

These fault zones include discrete WNW-ESE reverse fault planes gently dipping to the north and 

filled with calcite cement (Fig.6), as well as hydraulic breccias made of centimeter-size limestone 

clasts cemented by calcite cement. Discrete fault planes postdate hydraulic breccias. The 

calculated stress orientations indicate N-S compression with vertical σ3 and horizontal σ1 and 

σ2. F5 has been only observed in the P outcrop affecting Upper Cretaceous breccias.  

Fracture system F6 consists of NNW-SSE and ENE-WSW-oriented subvertical strike-slip 

faults formed in the same thrust fault zone than reverse faults F5. They also postdate the hydraulic 

breccias in the P outcrop. Estimated stress orientations for F6 indicate NW-SE-directed 

compression (Fig.6). 
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Fig. 6. Lower hemisphere Schmidt stereoplots representing fracture data from the different studied outcrops and 
their associated diagenetic and tectonic stages. Zooms of the stereoplots and the calculated stresses for each 
type of fracture are also represented. The dashed and continuous colored boxes represent each studied outcrop. 
Equivalent colors are used in Figs. 3, 11, 12, 13, 14 and 15. U-Pb ages from Cruset et al. (in review). 
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E-W fractures formed in the internal part of the UPTS and constitute the fracture system F7 

(Fig. 6). These fractures crosscut bedding of Lower Jurassic to Lower Cretaceous rocks at a low 

angle. F7 structures have been only observed in the CV outcrop (Fig. 7A).  

F8 consists of randomly oriented veins filled with calcite and postdating F5 and F6. They are 

formed of Mode I openings of up to 2 mm and have been only observed in outcrop P. 

Fracture system F9 consists of E-W reverse faults formed in the fault zone of a major reverse 

fault in the footwall of the UPTS. They consist of discrete planes and dip between 30º and 70º to 

the south, although sporadically thrust fault planes dipping gently to the north are also observed 

(Fig. 8B). The calculated stress orientations indicate that they formed under N-S compression. F9 

has been observed at the S outcrop (Fig. 6).  

 

Fig. 7. Outcrop and laboratory images showing the main features of fracture systems F1, F2 and F4 within the 
Upper Pe draforca thrust sheet. A) F1 Bed-perpendicular N-S en-échelon vein arrays affecting Upper Jurassic 
dolostones (GS outcrop). B) Dolostones from the basal part of Lower Jurassic rocks affected by randomly 
oriented F2 fractures filled with dolomite and calcite cements (GS outcrop). C) E-W F4 normal faults affecting 
Lower Cretaceous breccias (GS outcrop). 
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F10 is defined by NE-SW and NW-SE strike-slip faults formed in the footwall of the UPTS, 

within the damage zones of large reverse faults (Fig. 6). These are sub vertical fractures (Fig. 8C) 

formed under N-S compression, according to stress inversion estimations (Fig. 6). F10 is affecting 

Upper Cretaceous breccias, marls and siltstones in the S outcrop.  

F11 consists of NE-SW and NW-SE-striking veins occasionally showing strike-slip 

displacements. They developed in the internal part of the UPTS and show openings with lengths 

varying between a few centimeters and meters and appear associated with hydraulic breccias 

(Fig. 8D). These breccias expand tens of centimeters from the main fracture planes and are 

composed of millimeter-sized fragments of sucrose dolostones cemented by calcite cement. 

Stress orientations calculated for F11 indicate N-S strike-slip movement (Fig. 6). F11 has only 

been observed in the CV outcrop postdating F7. 

The fracture system F12 consists of NE-SW reverse faults formed in the hangingwall of the 

UPTS. They are formed of discrete subvertical planes and are observed in the GS outcrop. The 

calculated stress directions reveal that they formed under NW-SE-oriented compression (Fig. 6). 

F13 is formed of sub-vertical N-S and E-W strike-slip faults formed in the hangingwall of the 

UPTS (Fig. 6 and 8C). Their orientations reveal that they formed under NW-SE compression. F13 

is affecting Upper Jurassic dolostones and Lower Cretaceous breccias at the GS outcrop.  

Fracture system F14 is defined by low angle E-W and NE-SW-striking reverse faults dipping 

between 16º and 60º to the north and northwest, although occasionally can also be oriented N-S 

(Fig.6). They consist of discrete planes intermittently exhibiting dip-slip striae sets, and hydraulic 

breccias cemented by calcite cement. They formed under NW-SE compression (Fig.6). F14has 

only been observed in the GS outcrop postdating fractures of sets F12 and F13 (Fig. 8E). 

F15 is composed of NNW-SSE and NE-SW-striking veins dipping between 50º and 90º 

towards the ENE and SSE, respectively (Fig. 6). F15 fractures are located at the damage zone 

of a large fracture postdating the major reverse fault in the frontal part of the UPTS in outcrop S 

(Fig. 3A). Their calculated stress orientations reveal that they formed under NNE-SSW-oriented 

compression with strike-slip movement. 

F16 consists of isolated N-S-oriented fractures dipping between 60º and 90º and show 

constant orientation regardless of bed dip. These fractures are not generally filled by cements, 

although in certain cases they can appear filled with calcite cement. F16 structures affects 

Jurassic and Lower Cretaceous rocks and postdate fractures of the F14 set in the GS outcrop 

(Fig. 8E).  

The integration of the fracture analysis, together with petrographic observations and 

geochemical data obtained from fracture-filling cements allows to identify up to nineteen 

carbonate cements which are described in the next sections. 
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Fig. 8. Outcrop images showing the main features of reverse and strike-slip faults and E-W and N-S fractures 
within the Upper Pedraforca thrust sheet. A) E-W F7 fractures affecting Lower Cretaceous breccias (outcrop CV). 
B) F9 reverse fault emplacing Upper Cretaceous breccias of the Areny Formation over Upper Cretaceous dark 
marls of the Garumnian (outcrop S). C) F10 dextral strike-slip fault affecting Upper Cretaceous breccias (outcrop 
S). D) N-S F11 fractures and associated hydraulic breccias affecting Middle Jurassic dolostones (outcrop CV). E) 
F14 reverse faults and F16 N-S open fractures affecting Lower Cretaceous breccias (outcrop GS) 

Petrology 

Three generations of dolomite cement (Dc1 to Dc3), one type of carbonate sediment 

deposited between carbonate breccia clasts (S1) and sixteen generations of calcite cement (Cc1 

to Cc16) have been observed in the UPTS. The chronology of these cements is summarized in 

Fig. 6, based on field and petrographic observations and on U-Pb dating of carbonate cements. 

Dc1 consists of red luminescent saddle dolomite crystals ranging between 250 and 700 μm 

in size. This cement precipitated in bed-perpendicular veins F1 and moldic porosity within Upper 

Jurassic dolostones in outcrop GS (Fig. 9A and B). Dc2 is formed of non-luminescent saddle 

dolomite with crystal sizes ranging between 200 μm and 2 mm. This cement precipitated within 
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randomly oriented veins F2 and in bed-parallel veins F3 in outcrop GS. Dc3 is formed of red 

luminescent saddle dolomite crystals with sizes ranging between 200 μm and 1 mm and 

precipitated in the moldic porosity of the Upper Jurassic dolostones in outcrop GS. Calcite cement 

Cc1 is formed of up to 2 mm non-luminescent blocky crystals precipitated between Lower-

Cretaceous breccia clasts in outcrop GS. Calcite cement Cc2 is formed of elongated sparite 

crystals ranging between 200 and 500 μm long and arranged parallel to fracture walls. This 

cement is non-luminescent to dull-brown and precipitated in normal faults F4 in outcrop GS. 

 

Fig. 9. Images from polarizing optical and cathodoluminescence microscope (CL) of the studied calcite and 
dolomite cements. A-B) CL image where are shown the crosscutting relationships between Dc1 and Cc10 in F1 
fractures. C-D) Calcite Cc3 replacing S1 red micrite deposited between Upper Cretaceous Breccia clasts. E-F) 
Crosscutting relationships between Cc4 and Cc6 in hydraulic breccias formed in a thrust fault zone of the UPTS.  
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Fig. 10. Images from polarizing optical and cathodoluminescence microscope (CL) of the main features of studied 
calcite  and dolomite cements. A-B) Crosscutting relationships between Cc5 in F7 fractures and Cc15 in F11 
fractures. C-D) Calcite cement Cc12 from F13 fractures postdating Cc10 precipitated in vug porosity. E-F) 
Crosscutting relationships between Cc10 and Cc13 in F14 fractures. 

 

Sediment S1 consists of micrite showing bright to yellow luminescence and deposited 

between clasts of Upper Cretaceous breccias from the Areny Formation in outcrop S (Fig.9B and 

C). Cc3 consists of non-luminescent microsparite. This cement is not filling fractures or the space 

between breccia clasts, but it is replacing sediment S1 as a recrystallization front (Fig.9B and C). 

Calcite cement Cc4 is formed of blocky crystals with sizes ranging between 400 μm and 1mm. 

This cement is orange luminescent to non-luminescent and precipitated in hydraulic breccias 

formed within the main thrust fault zone of the UPTS in outcrop P (Fig.9 E and F). Cc5 is formed 

of elongated calcite crystals arranged parallel to fracture walls and with a length of up to 3 mm. 

This cement is non-luminescent to dull-orange and precipitated in 1) F5 reverse faults and F6 
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strike-slip faults postdating hydraulic breccias cemented by Cc4 in the outcrop P (Fig.9 E and F) 

and 2) in E-W fractures F7 and punctually in N-S fractures F10 in outcrop CV (Fig.10A and B). 

Calcite cement Cc6 is formed of blocky crystals with sizes ranging between 20 and 100 μm. This 

cement is non-luminescent and precipitated within F8 veins post-dating Cc4 and Cc5 in outcrop 

P (Fig.9 E and F).  

Calcite cement Cc7 is formed of up to 1 mm long elongated sparite crystals growing parallel 

to fracture walls and up to 2 mm long bladed crystals arranged perpendicular to fracture walls. 

This cement shows dull-orange luminescence and precipitated in vug porosities and strike-slip 

faults F10 affecting Upper Cretaceous carbonate breccias in outcrop S. Calcite cement Cc8 is 

formed of up to 2 mm long bladed crystals arranged perpendicular to fracture walls. This cement 

is dull-orange to orange luminescent and is observed in outcrops CV and S. In outcrop CV it 

precipitated within N-S fractures F11, which postdate fractures F7 filled with calcite cement Cc5. 

In outcrop S, Cc8 postdates Cc7. Calcite cement Cc9 consists of up to 100 μm blocky crystals, 

showing dull-orange luminescence and precipitated in reactivated veins F1 postdating Dc1 in 

outcrop GS. Calcite cement Cc10 is formed of blocky crystals ranging between 150 and 800 μm 

in size. This cement is non-luminescent to yellow luminescent or zoned dull-orange and 

precipitated in outcrops GS and CV. In outcrop GS, Cc10 precipitated in reactivated fractures F1 

and in vug porosities affecting Upper Jurassic dolostones and Lower Cretaceous breccias (Fig.9A 

and B), and postdates cements Dc1, Dc2, Cc1, Cc2 and Cc9. In outcrop CV, Cc10 precipitated 

between breccia clasts made of Lower Jurassic limestones postdating Cc8. Calcite cement Cc11 

is formed of up to 500 μm blocky calcite crystals. This cement is zoned, dull-brown to non-

luminescent and precipitated within the vug porosity affecting Upper Jurassic dolostones in 

outcrop GS. Cc11 postdates Cc10. Cc12 is formed of 2 mm long elongated sparite crystals 

growing parallel to the walls of reverse faults F12 and strike-slip faults F13. This cement is dull-

orange to orange luminescent postdates Cc10 and Cc11 precipitated in vug porosities within 

outcrop GS (Fig. 10C and D). Calcite cement Cc13 is formed of blocky crystals with sizes ranging 

between 100 μm and 1 mm. This cement is dull-orange and precipitated in outcrop GS in F14 

reverse faults postdating Cc10 that precipitated in vug porosities and fractures F12 and F13 which 

are filled up with Cc12 (Fig.10E and F). Calcite cement Cc14 is formed of blocky crystals with 

sizes ranging between 200 μm and 4 mm. Cc14 shows dull-orange luminescence and precipitated 

in outcrop S within N-S fractures F15, which are postdating fractures F9 filled with Cc8. Cc15 is 

formed of blocky crystals with sizes ranging between 300 μm and 3 mm. This cement is orange 

luminescent to non-luminescent and precipitated within reactivated N-S fractures F11 and 

associated hydraulic breccias postdating Cc5 and Cc10 in outcrop CV (Fig.9A and B). Calcite 

cement Cc16 consists of mm-sized blocky crystals. This cement is non-luminescent and 

precipitated occasionally in N-S fractures F16 in outcrop GS.    
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Geochemistry 

Carbon and Oxygen isotopes 

The carbon and oxygen isotopic composition of carbonate host rocks, calcite and dolomite 

cements, and calcite sediment precipitated within fractures, between breccia clasts and vug 

porosity within the UPTS is presented in Fig. 11 and Table S1. 

 

Fig. 11. δ18O and δ13C cross-plots of carbonate host rocks, dolomite and calcite cements and calcite sediment 
from the Upper Pedraforca thrust sheet. The dashed coloured boxes represent each studied outcrop. Equivalent 
colours are used in Figs. 3, 6, 12, 13, 14, and 15.  

Lower Jurassic limestones have a δ13C ranging between -2.3 and +0.8 ‰ VPDB and δ18O 

between -6.2 and -4.2 ‰ VPDB. Middle to Upper Jurassic replacive dolostones (Rd1) have δ13C 

ranging between +2 and +3.1 ‰ VPDB and δ18O between -2 and +0.5 ‰ VPDB. Calcified 

dolostones from the Middle Jurassic have a δ13C of -1.8 ‰ VPDB and a δ18O of -3.3 ‰ VPDB. 

Upper Jurassic limestones have δ13C values ranging between +0.7 and +1.9 ‰ VPDB and δ18O 

values between -6.1 and -2.4 ‰ VPDB. Lower Cretaceous replacive dolostones (Rd2), have δ13C 

ranging between +0.1 and +1.6 ‰ VPDB and δ18O between -1.9 and -1.6 ‰ VPDB. Lower 

Cretaceous limestones have δ13C values ranging between -1.7 and +1.4 ‰ VPDB and δ18O 

between -3.6 and -3.1 ‰ VPDB. Upper Cretaceous limestones have δ13C ranging between -2.2 
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and +1.1 ‰ VPDB and δ18O between -8.6 and -5.2 ‰ VPDB. Undifferentiated Cretaceous 

limestones have δ13C values ranging between +2.2 and +2.7 ‰ VPDB and δ18O between -6.1 

and -4.3 ‰ VPDB.  The carbonate fraction of grey marls from the Garumnian have a δ13C of -0.2 

‰ VPDB and δ18O of -5.6 ‰ VPDB. Saddle dolomite replacing breccias made of fragments of 

Lower Jurassic limestones and Cc8 (Rd3), have a δ13C of -0.3 ‰ VPDB and δ18O of -6.8 ‰ 

VPDB.  

 

Fig. 12. δ18Ohost rock cross-plot  vs δ18Ocarbonate cement cross-plots from the Upper Pedraforca thrust sheet. The dashed 
coloured box es represent each studied outcrop. Equivalent colours are used in Figs. 3, 6, 11, 13, 14, and 15. 

Dc1 has δ13C values ranging between +1.1 and +1.9 ‰ VPDB and δ18O values between -

4.8 and -2.5 ‰ VPDB. For Dc2, the δ13C ranges between +0.1 and +1.2 ‰ VPDB and the δ18O 

between -6.9 and -6.3 ‰ VPDB. Dc3 has δ13C values ranging between +1.6 and +1.8 ‰ VPDB 

and δ18O values between -8.9 and -8.5 ‰ VPDB. Cc1 has δ13C values ranging between -1.2 and 

-0.2 ‰ VPDB and δ18O values between -10.6 and -7.9 ‰ VPDB, whereas for Cc2, the δ13C 

ranges between -1.0 and -0.6 ‰ VPDB and the δ18O between -12.2 and -9.1 ‰ VPDB. Dc1 has 

δ18O values similar to its adjacent host rock, whereas Dc2, Dc3, Cc1 and Cc2 show a progressive 

depletion from older to younger carbonate cements (Fig.11).  

S1 red micrite filling the intergranular porosity of Upper Cretaceous breccias have δ13C 

values ranging between +1.5 and +1.6 ‰ VPDB and δ18O between -4.8 and -4.2 ‰ VPDB. Cc3 

has a δ13C of +1.9 ‰ VPDB and a δ18O of -2.3 ‰ VPDB. Cc4 has δ13C values ranging between 

-2.4 and +1.3 ‰ VPDB and δ18O values between -5.9 and -5.7 ‰ VPDB. Cc5 has δ13C values 

ranging between -0.9 and +0.4 ‰ VPDB and δ18O values between -14.4 and -8.5 ‰ VPDB. Cc6 
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has a δ13C of -1.4 ‰ VPDB and a δ18O of -6.1 ‰ VPDB. S1, Cc3 and Cc4 show δ18O values 

close to the equilibrium with their adjacent host rocks, whereas Cc5 and Cc6 are in disequilibrium 

(Fig. 12). 

Cc7 has δ13C values ranging between -0.8 and +1.7 ‰ VPDB and δ18O values between -7.5 

and -5.5 ‰ VPDB. For Cc8, the δ13C ranges between -1.1 and +1.9 ‰ VPDB and the δ18O 

between -11.7 and -8.2 ‰ VPDB. Due to its small size, Cc9 was not sampled for carbon and 

oxygen isotopes. For Cc10, the δ13C range between -3.5 and -0.1 ‰ VPDB and the δ18O between 

-7.7 and -3.8 ‰ VPDB. Cc11 has a δ13C of -1.3 ‰ VPDB and a δ18O of -0.8 ‰ VPDB. For Cc12, 

the δ13C ranges between -0.7 and +0.9 ‰ VPDB and the δ18O between -14.3 and -9.6 ‰ VPDB 

Cc13 has δ13C values ranging between -0.6 and + 0.7 ‰ VPDB and δ18O values between -6.6 

and -5.5 ‰ VPDB. Cc14 has δ13C ranging between -6.2 and -0.9 ‰ VPDB and δ18O values 

between -11.5 and -9.2 ‰ VPDB. For Cc15, the δ13C ranges between -5.9 and -1.1 ‰ VPDB and 

the δ18O between -9.1 and -5.5 ‰ VPDB. Finally, Cc16 has δ13C values ranging between -9.3 

and -2.2 ‰ VPDB and δ18O values between -8.2 and -5.4 ‰ VPDB. In a δ18Ohost rock cross-plot vs 

δ18Ocarbonate cement, calcite cements Cc10, Cc17 and Cc16 show values close to the equilibrium with 

their adjacent host rocks, whereas Cc11, Cc8, Cc13 and Cc15 are not in equilibrium (Fig. 12). 

Clumped isotopes thermometry 

Dolomite cements Dc1 and Dc2 and calcite cements Cc4, Cc5, Cc7, Cc8, Cc10, Cc12 and 

Cc14 where analysed for clumped isotopes thermometry (Fig. 13 and Table S2). Temperature in 

ºC and δ18Ofluid in ‰ VSMOW of fluids are calculated from measured ∆47 in carbonate cements 

using the forms of Davies and John (2019) and Friedman and O’Neil (1997), respectively.  

The measured ∆47 value for dolomite cement Dc1 is 0.458 ± 0.014 ‰ (n=4), which translates 

into a temperature of 149.4 ± 12.5 ºC and a δ18Ofluid of +11.2 ± 1.1 ‰ VSMOW. For Dc2, the ∆47 

value is 0.488 ± 0.008 ‰ (n=4) and the calculated temperature and δ18Ofluid are 124.7 ± 6.2 ºC 

and +7.1 ± 0.7 ‰ VSMOW, respectively. ∆47 value for Cc4 is 0.556 (n=1), which translates into a 

temperature of 81± 21.7 ºC and a δ18Ofluid of +6.6 ± 3 ‰ VSMOW. For Cc5, the ∆47 value is 0.558 

± 0.022 ‰ (n=3). The calculated temperature and δ18Ofluid are 79.7 ± 12 ºC and +3.1 ± 1.7 ‰ 

VSMOW, respectively. For calcite cement Cc7, the ∆47 is 0.522 ± 0.007 ‰ (n=3). From this value, 

the calculated temperature and δ18Ofluid are 100.78 ± 4.2 ºC and +9.4 ± 0.6 ‰ VSMOW, 

respectively. For Cc8 the measured ∆47 is 0.521 ± 0.008 ‰ (n=4), which translates into a 

calculated temperature and δ18Ofluid of 101.4 ± 5 ºC and +3.9 ± 0.7 ‰ VSMOW, respectively. For 

Cc10, the ∆47 ranges between 0.675 ‰ (n=1) and 0.702 ± 0.01 ‰ (n=4). The calculated 

temperatures and δ18Ofluid range between 21.6 ± 3 ºC and 30.3 ± 13.6 ºC and between -3.6 ± 2.7 

‰ and -4.84 ± 0.6 ‰ VSMOW, respectively. For Cc12 the measured ∆47 is 0.617 ± 0.017 ‰ 

(n=3), and the calculated temperature and δ18Ofluid is 52.2 ± 7.1 ºC and -3.6 ± 1.2 ‰ VSMOW, 

respectively. Cc14 has a ∆47 of 0.58 ± 0.009 ‰ (n=4), which translates into a temperature and 

δ18Ofluid of 67.27 ± 4.8 ºC and -0.33 ± 0.8 ‰ VSMOW, respectively. 
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Fig. 13. Clumped isotopes temperatures (°C) vs calculated δ
18Ofluid  (‰ VSMOW) for The Upper Pedraforca thrust 

sheet. C lumped isotopes data from Nardini et al. (2019) from the Bóixols thrust sheet is also plotted. δ
18O modern 

seawate r in ‰ VSMOW is from Veizer et al. (1999). 

Strontium isotopes 

Lower Jurassic and Lower and Upper Cretaceous limestones, replacive dolostones Rd1 and 

Rd2, micrite S1, dolomite cements Dc1 and Dc2 and calcite cements Cc1, Cc3, Cc4, Cc5, Cc7, 

Cc8, Cc10, Cc12, Cc13 and Cc14 were analyzed for strontium isotopes (Fig.14 and Table S3). 

Lower and Upper Jurassic limestones have 87Sr/86Sr ratios of 0.708301 and 0.707343, 

respectively. Replacive dolomite Rd1 has an 87Sr/86Sr ratio of 0.707816, whereas for Rd2 ranges 

between 0.707366 and 0.707604. For Upper Cretaceous limestones and micrite S1, this ratio 

ranges between 0.707850 and 0.708084 and between 0.707747 and 0.707951, respectively.  

The 87Sr/86Sr ratio for Dc1 is 0.707425, whereas for Dc2 ranges between 0.708262 and 

0.708354. Cc2 and Cc3 have ratios of 0.0707857 and 0.707720, respectively. The 87Sr/86Sr ratio 

of Cc4 ranges between 0.707563 and 0.707778, is 0.707707 for Cc5 and. For Cc7, this ratio is 

0.707829, 0.709747 for Cc8, ranges between 0.707659 and 0.707919 for Cc10, is 0.708855 for 

Cc12, is 0.707933 for Cc13 and 0.707751 for Cc14. 
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Fig. 14. 87Sr/86Sr composition of dolomite and calcite cements, and carbonate host rocks from the Upper 
Pedraforca  thrust sheet. The ages of Dc1. Dc2, Cc2, Cc3, S1 and Cc13 are approximated, whereas for Cc4, Cc5, 
Cc8, Cc10 and Cc14 are based on U/Pb dating from Cruset et al. (in review). The LOWESS curve from McArthur 
et al. (2001) is also plotted. The dashed coloured boxes represent each studied outcrop. Equivalent colours are 
used in Figs. 3, 6, 11, 12, 13, and 15. 

REE and Y composition 

The REE and Y contents for Upper Jurassic and Lower Jurassic dolostones, Upper 

Cretaceous limestones, micrite S1, dolomite cements Dc1 and Dc2 and calcite cements Cc3, 

Cc5, Cc7, Cc8, Cc10, Cc12, Cc13 and Cc14 could be analyzed and results are presented in Table 

S4. 

The highest REE and Y concentrations (in ppm) are observed in Rd1 (14.49), Dc1 (62.4), 

Upper Cretaceous limestones (between 2.64 and 19.71), S1 (between 12.57 and 30.23), Cc3 

(13.38), Cc10 (12.79), Cc8 (between 11.45 and 13.34) and Cc14 (25.66). The lowest REE and Y 

concentrations (in ppm) are found in Rd2 (between 1.55 and 5.37), Dc2 (6.22), Cc5 (0.11), Cc10 

(between 1.27 and 6.66) and Cc13 (1.04). All samples show light-REE+Y enrichments with 

respect to middle and heavy REE+Y contents.  

Ce and Pr anomalies (Ce/Ce* and Pr/Pr*) were calculated using the formulas of Bau and 

Dulski (1996) and Lawrence et al. (2006), respectively (Fig. 15A and B and Table S5). For Rd1 

the Ce and Pr anomalies are 0.85 and 1.04, respectively. For Dc1 the Ce anomaly is 0.75 and 

the Pr anomaly is 1.14. For Dc2 the Ce and Pr anomalies are 0.88 and 1.04, respectively. For 

Rd2 the Ce anomaly ranges between 0.90 and 1.07 and the Pr anomaly ranges between 0.96 

and 1.05. The Ce anomaly of Upper Cretaceous limestones ranges between 0.70 and 0.75 

whereas the Pr anomaly ranges between 1.15 and 1.17. For S1, the Ce anomaly ranges between 

0.82 and 0.94 and the Pr anomaly ranges between 1.03 and 1.10. The Ce and Pr anomalies for 

Cc3 are 0.73 and 1.15, respectively. The Ce anomaly of Cc7 is 0.75 and the Pr anomaly is 1.13. 
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For Cc8 the Ce and Pr anomalies are 0.69 and 1.08, respectively. For Cc10 the calculated Ce 

anomaly is 0.69, whereas the Pr anomaly is 1.12. For Cc12, the Ce and Pr anomalies are 0.72 

and 1.16, respectively. For Cc13 the calculated Ce and Pr anomalies are 0.86 and 1.07, 

respectively. For Cc14, the Ce anomaly is 0.84, whereas the Pr anomaly is 1.09.  

 

 

Fig. 15. A-B) PAAS-normalized Ce/Ce* vs Pr/Pr* cross-plot to analyse the Ce and Pr anomalies of carbonate host-
rocks and dolomite and calcite cements. The method of Bau and Dulski (1996) as modified by Webb and Kamber 
(2000) is used. Field I: neither Ce nor La anomaly; field IIa: positive La anomaly and no Ce anomaly; field IIb: 
negative La anomaly and no Ce anomaly; field IIIa: positive Ce anomaly; field IIIb: negative Ce anomaly; field IV: 
positive Ce and La anomalies. C-D) Y/Ho ratios of carbonate host rocks and calcite and dolomite cements. Y/Ho 
limits for modern seawater and terrigenous sediments based on Bau and Dulski (1994) and Zhao et al. (2013). 

The Y/Ho ratio is also calculated for Rd1 (44.91), Rd2 (between 42.75 and 44.38), Dc1 

(42.07), Dc2 (42.83), S1 (between 43.49 and 45.80), Cc3 (56.34), Cc10 (between 45.89 and 

57.78), Cc7 (52.87), Cc8 (between 39.88 and 44.34), Cc13 (36.35) and Cc14 (38.31). The 

calculated ratios do not show a clear trend from Rd1 to Rd2, with intermediate values between 

the composition of modern seawaters and terrigenous sediments (Fig. 15C). From Cc3 to Cc14, 

however, a progressive decrease of the Y/Ho ratio is observed, from values similar to modern 

seawaters to values similar to terrigenous sediments (Fig. 15D). 
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Discussion 

Timing of deformation 

Crosscutting relationships of the studied fracture systems completed with U/Pb ages of the 

studied fracture-filling carbonate cements from Cruset et al. (in review) allow to define the 

complete sequence of deformation within the UPTS (Fig.6). 

Veins from F1 filled with Dc1 are perpendicular to bedding, indicating that this fracture system 

could have formed prior to the early folding of Jurassic rocks. F1 is restricted to the top of the 

Upper Jurassic dolostones, which are unconformably overlain by Lower Cretaceous breccias 

made of fragments of Jurassic limestones and dolostones including reworked F1 veins (Fig.3A) 

and therefore, before their deposition, during the Uppermost Jurassic-Lower Cretaceous. Lower 

Cretaceous breccias also include metric blocks of Upper Jurassic dolostones containing F3 

fractures filled with Dc2, indicating that F3 and therefore, F2 (since they are filled with the same 

type of cement) formed before their deposition. Similar δ18O and δ13C values and 87Sr/86Sr ratios 

of Dc2 cement in veins within dolostone blocks and in-situ F2 veins support this interpretation. In 

the GS outcrop, fracture system F1 is sub-orthogonal to the axis of the syncline observed in this 

area (Figs.3A and 6), whereas the strike of F3 is axis-parallel. Furthermore, after restoring this 

fold to a position previous to the Pyrenean compression, F1 and F3 are concentrated exclusively 

in the vicinity of the overturned SE limb. The described deformation patterns for F1 and F3 fit well 

with that observed in diapiric provinces worldwide (Smith et al., 2012; Fischer et al., 2013; 

Coleman et al., 2018). In these areas, fractures perpendicular to salt walls and strike/Strike-

oblique fractures formed due to folding are concentrated in the vicinity of salt welds. Such 

deformation in the study area could have been developed within the context of the Upper Jurassic-

Lower Cretaceous reactivation of the Pyrenean rifting and associated diapirism (Vergés and 

García-Senz, 2001; García-Senz, 2002; Mencos et al., 2015; Saura et al., 2015). During this 

event, salt migrated due to the Upper Jurassic-Lower Cretaceous deformation and WNW-ESE 

salt-cored anticlines above pre-salt rocks formed (Canérot et al., 2005). F4 normal faults filled 

with Cc2 postdate Lower Cretaceous breccias and cement Cc1 precipitated within the 

intergranular porosity of these rocks. The quality of the outcrops does not allow to observe these 

fractures affecting younger rocks and therefore, they could have been formed at any time during 

the Lower Cretaceous extension or even during the Upper Cretaceous post-rift stage.  

Calcite cements Cc4 precipitated in hydraulic breccias within damage zone of large reverse 

faults in the UPTS and Cc5 precipitated in F5, F6 and F7 fracture systems were aged by means 

of U/Pb geochronology (Cruset et al., in review). The ages (70.5 ± 1.1 Ma for Cc4 and between 

67 ± 2.4 Ma and 54.98 ± 0.66 Ma for Cc5) indicate that these fractures formed during the Upper 

Cretaceous compression and inversion of the Pyrenean rift, and lasted to the end of the 

Palaeocene (Puigdefàbregas and Souquet, 1986; Vergés et al. 2002; Cruset et al., in review).  

In outcrop S, calcite cement Cc7 precipitated in fracture systems F9 and F10 have a U/Pb 

age of 38.4 ± 1.5 Ma, whereas Cc8 precipitated in the same type of fractures has an age of 26.1 
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± 2.2 Ma (Cruset et al., in review). In outcrop CV for Cc8 precipitated in fractures F11 the age is 

34.3 ± 2.8 Ma. In the outcrop GS, calcite cement Cc9, which is predating Cc10 has an age of 34.8 

± 1.6 Ma. In the internal part of the UPTS (outcrop CV), Cc10 precipitated between breccia clasts 

made of Lower Jurassic limestones has and U-Pb age ranging between 37.25 ± 0.5 Ma and 34.3 

± 1.6 Ma. In outcrop GS Cc12 precipitated in F12 and F13 fractures and postdating Cc11 has an 

age of 31.4 ± 1.7 Ma. F14 is filled with Cc13 is postdating F13 and F14 fractures filled with Cc12. 

F15 veins have a U/Pb age of 25 ± 17 Ma. Although the error range of this age is high, F15 is 

associated to a major fault which is crosscutting the main thrust fault plane of the UPTS containing 

Cc7 and Cc8 in the S outcrop (Fig. 3A). Therefore, we interpret that F15 formed after formation 

of F9 and F10 and the precipitation of the calcite cements mentioned before.  

The U/Pb ages of calcite cements Cc7 to Cc15 and crosscutting relationships between 

fractures indicate that fracture systems F7 to F15 formed during the Eocene-Oligocene 

reactivation of the UPTS (Cruset et al., in review). This reactivation was the result of the 

emplacement of the Cadí thrust sheet and the basement units of Orri and Rialp (Burbank et al., 

1992; Vergés, 1993; Beamud et al., 2010; Rushlow et al., 2013; Carrigan et al., 2016). Finally, 

F16 has a constant orientation regardless bedding dips, indicating that the probably formed during 

the post-compressional deformation which suffered the UPTS. 
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9. Main Discussion

In this chapter, the type of fluids and their evolution during the emplacement of each thrust 

unit, as well as the controls of the style of deformation on fluid flow will be considered to perform 

a fluid flow model of fold and thrust belts. 

9.1. Timing of fluid migration and deformation 

U-Pb geochronology applied to calcite cements presented in Chapters 4, 5, 7 and 8 

confirms that the studied diagenetic products are related to the compressional history of the 

southern Pyrenees (Chapter 6; Fig. 3).  

In the Upper Pedraforca thrust sheet, U-Pb ages obtained for calcite cements Cc4 and Cc5 

(70.5 ± 1.1 Ma and from 67 ± 2.4 Ma to 54.98 ± 0.66 Ma, respectively) indicate that these 

cements precipitated during the Late Cretaceous-Paleocene compression (Puigdefàbregas and 

Souquet, 1986; Vergés et al. 2002; Cruset et al., in review). Calcite cement Cc7 has a U-Pb age 

of 38.4 ± 1.5 Ma, whereas for Cc8 the age ranges between 26.1 ± 2.2 Ma and 34.3 ± 2.8 Ma 

(Cruset et al., in review). Calcite cement Cc9, which is predating Cc10 has an age ranging from 

37.25 ± 0.5 Ma to 34.8 ± 1.6 Ma. Calcite cement Cc12 is postdating Cc11 and has an age of 

31.4 ± 1.7 Ma. Cc13 is postdating Cc12. Cc14 has a U-Pb age of 25 ± 17 Ma. Although the error 

range of this age is high, this cement postdates Cc7 and Cc8 in the Upper Pedraforca thrust 

front (Chapter 8). U-Pb ages of calcite cements Cc7 to Cc15 and crosscutting relationships 

between fractures indicate that these cements precipitated in fractures during the Eocene-

Oligocene reactivation of the Upper Pedraforca thrust sheet (Cruset et al., in review; Chapter 8). 

This reactivation was the result of the emplacement of the Cadí thrust sheet and the basement 

units of Orri and Rialp (Burbank et al., 1992; Vergés, 1993; Beamud et al., 2010; Rushlow et al., 

2013; Carrigan et al., 2016). Finally, Cc16 precipitated in F16 fractures, which have a constant 

orientation regardless bedding dips, indicating that the probably formed during the post-

compressional deformation which suffered the Upper Pedraforca thrust sheet. 

In the Lower Pedraforca thrust sheet, U-Pb geochronology applied to calcite cements Cc3, 

Cc4, Cc6 and Cc7 report ages ranging from 47.9 ± 1.3 Ma to 42.29 ± 0.84 Ma (Chapter 6). These 

ages indicate that these cemets precipitated in fractures at the end of the emplacement of this 

thrust unit. The youngest ages in the Lower Pedraforca thrust sheet were obtained in calcite 

cement Cc7 (from 42.99 ± 0.94 Ma to 42.29 ± 0.84 Ma). For Cc8 the obtained U-Pb age is 30.2 

± 2 Ma, suggesting that this cement precipitated in fractures formed during the Oligocene 

reactivation of the Lower Pedraforca thrust sheet (Cruset et al., in review). 

In the Cadí thrust sheet, only one age for cements studied in this thesis has been obtained 

from U-Pb geochronology (Cc3 in sample GDV5; Cruset et al., in review). The obtained age (36.9 

± 1.1 Ma) is related to the activity of the Vallfogona thrust during the late Eocene. The other U-Pb 

obtained for the Cadí thrust sheet are obtained from calcite cements which have not been studied 

in this thesis.  
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 Finally, U-Pb ages obtained in calcite cements within the three studied superposed thrust 

sheets and the foreland basin ranging from 18.9 ± 0.8 Ma to 2.6 ± 1.3 Ma could be related to both 

the Neogene extension occurring in NE Iberia and concomitant erosion of the Ebro foreland basin 

after its opening to the Western Mediterranean at 8-11 Ma (Lewis et al., 2000; Garcia-Castellanos 

et al., 2003; Fillon and Beek, 2012) (Chapter 6, Fig. 3). These Neogene ages are out of the scope 

of this thesis but indicate that fluid migration continued in the SE Pyrenees during these post-

compressional events. 

9.2. Type of fluids 

The type of fluids migrating through fractures and intergranular and vug porosity affecting the 

southern Pyrenees can be determined by using the geochemical data from the studied calcite 

and cements. 

The δ13C of calcite cements precipitated in the Ainsa basin (Travé et al., 1997, 1998a), 

Castillo Mayor klippe and Jaca thrust (Lacroix et al., 2014, 2018), cements Dc1, Dc2, Dc3, Cc3, 

Cc4, Cc5, Cc6 , Cc7, Cc8 and Cc12 in the Upper Pedraforca thrust sheet (Chapter 8), Lower 

Pedraforca thrust sheet (Cruset et al., 2019; Chapter 7), Vallfogona thrust, (Cruset et al., 2016b, 

2018), the Puig-reig anticline (Cruset et al., 2015, 2016a), as well as Cc2 in L’Escala thrust 

(Cruset et al., 2018) are similar to their adjacent host rocks. This similarity could indicate a rock-

buffered system or the input of a CO2 rich fluids, which generate acidic solutions that undergo 

modifications of the geochemical composition of host rocks (Gasparrini et al., 2013). In contrast, 

in the Abocador thrust, in cements Cc1, Cc2, Cc10, Cc14, Cc15 and Cc16 in the Upper 

Pedraforca thrust sheet, and in cements Cc1 and Cc3 in L'Escala thrust, the δ13C of calcite 

cements shows depletion with respect to their adjacent host rocks. Such depletion is explained 

by the input of soil-derived or organogenic carbon into the fluid system (Irwin et al., 1977; Cerling 

et al., 1989). 

The δ18O calculated from clumped isotopes temperatures for the Vallfogona thrust (+12.12 

‰ VSMOW for Cc2, +6.3 7‰ VSMOW for Cc4 and +4.22‰ VSMOW for Cc5), calcite cements 

Cc3 and Cc6 in the Lower Pedraforca thrust sheet (+5.42 and +5.08 ‰ VSMOW, respectively), 

calcite cement Cc1 in Puig-reig anticline (between +4.7 and +9.2 ‰ VSMOW), calcite cement 

Cc2 in the Abocador thrust (+14.08 ‰ VSMOW) and El Guix anticline (+7.09 ‰ VSMOW) call for 

a composition within the range of magmatic, metamorphic and formation waters (Taylor, 1987). 

Similar values have been measured in the Upper Pedraforca thrust sheet from dolomite cements 

Dc1 and Dc2 (between +11.2 and +7.1 ‰ VSMOW, respectively) and calcite cements Cc4, Cc5, 

Cc7, Cc8, and Cc10 (between +3.1 and +9.8 ‰ VSMOW respectively) (Chapter 8, Fig. 13). In 

the Ainsa Basin, a fluid with a δ18O ranging between +9.51 and +16 ‰ VSMOW is calculated from 

fluid inclusion data of celestite crystals formed within calcite cements precipitated in the Arro 

syncline (Travé et al., 1998a), and from the equation of Friedman and O'Neil (1977). Magmatic 

fluids are ruled out since magmatism did not develop during the formation of the Pyrenees, and 
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there are no evidences to differentiate between metamorphic and formation waters. On the other 

hand, in the frontal part of the Bóixols thrust sheet, δ18Ofluid values calculated from clumped 

isotopes temperatures (between -1.3 and +1.6 ‰ VSMOW) highlight the influence of marine and 

meteoric fluids (Nardini et al., 2019). The same situation is observed in the Upper Pedraforca 

thrust sheet, which is the lateral equivalent of the Bóixols thrust sheet where δ18Ofluid values 

ranging between -4.5 and -0.1 ‰ VSMOW are obtained from calcite cements Cc10, Cc12 and 

Cc14. In the Ainsa basin and in the Cotiella thrust sheet, which are structures formed below the 

sea level, the influence of marine connate waters trapped in the rock porosity has also been 

documented (Travé et al., 1997; Lacroix et al., 2014).  

The temperatures obtained from clumped isotopes thermometry in the Vallfogona thrust 

(between 154 °C for Cc2, 101 °C for Cc4 and 105 °C for Cc5), Puig-reig anticline (between 92 °C 

and 129 °C for Cc1 and between 77 °C and 90 °C for Cc2) and Arro syncline (between 157 °C 

and 183 °C) were never reached by burial according to cross sections (Vergés, 1993; Labaume 

et al., 2016) and vitrinite reflectance data (Clavell, 1992; Vergés et al., 1998) assuming a 

geothermal gradient of 25 °C km−1, thus indicating a thermal anomaly. Preliminary temperature 

data from the Abocador thrust (177 °C) also call for the presence of high-temperature fluids. 

These results suggest hydrothermal fluid flow along fault zones in the Arro syncline, Vallfogona, 

Abocador and L'Escala thrusts and folding-related fractures and intergranular porosity within the 

Puig-reig anticline, which were connected at depth with basement-involved thrusts in the inner 

part of the Pyrenees, as has been already reported (Rye and Bradbury, 1988; Bradbury and 

Woodwell, 1987; McCaig et al., 1995, 2000; Travé et al., 2007; Trincal et al., 2017). Contrarily, 

clumped isotopes temperatures obtained in the frontal part of the Bóixols thrust sheet (between 

40.7 and 88.4 ºC; Nardini et al., 2019), Upper Pedraforca thrust sheet ranging between 68.8 and 

103.4 ºC (Chapter 8), Lower Pedraforca thrust sheet (69.08 ºC for Cc3 and 74.16 ºC for Cc6; 

Chapter 7), and in the El Guix anticline (117 ºC; Cruset et al., 2018), where reached by sediment 

burial rather than by the input of fluids in contact with the basement. Therefore, formation waters 

may have flowed through these structures instead of metamorphic fluids. The marine and 

meteoric origin of fluids in the Bóixols thrust sheet (Nardini et al., 2019), the presence of meteoric 

fluids that evolved to a formation water composition in the El Guix anticline (Travé et al., 2000), 

and the influence of Upper Triassic brines in calcite cements Cc3 and Cc6 in the Lower 

Pedraforca thrust sheet, and probably in the Upper Pedraforca thrust sheet, supports this 

interpretation. In these thrust sheets, evaporitic rocks may have acted as barriers for the input 

deep-sourced fluids, which only migrated through thrust sheets rooted at depth with basement 

units (e.g. Cadí thrust sheet, Puig-reig anticline). Dolomite cements Dc1 and Dc2 sampled in the 

Upper Pedraforca thrust sheet also precipitated from high-temperature fluids (149.4 and 124.7 

ºC, respectively). However, these cements precipitated during the Late Jurassic-Early Cretaceous 

extension as we discussed in Chapter 8, and we have not geological data to determine if these 

temperatures were reached by sediment burial.  
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The progressive decrease in the Sr and Fe contents and the increase of the 87Sr/86Sr ratios 

in the thrust front from the lower Eocene to lower Oligocene, together with the depletion in δ18O 

and decrease in temperature at outcrop scale in the Ainsa Basin, Vallfogona and L'Escala thrusts 

and Puig-reig anticline, accounts for the input of meteoric waters, which mixed at depth with the 

hydrothermal fluids (Cruset et al., 2016a, 2018). The depletion in Fe content and the decrease in 

δ18O from older to younger calcite cements related to the progressive input of meteoric waters 

has also been observed in the Jaca thrust (Lacroix et al., 2014) and in the Upper Pedraforca 

thrust sheet (Chapter 8). However, in these thrust units meteoric fluids mixed at depth with 

formation waters. The progressive depletion in δ18O is related to the mixing between meteoric 

waters and fluids with a higher temperature and salinity (Immenhauser et al., 2007), whereas the 

decrease in Fe content (Chapter 5, Fig. 6) could be related to the progressive input of oxidizing 

meteoric fluids into the system (Froelich et al., 1979; Tucker and Wright, 1990), which may have 

flowed downwards along faults and joints by topography-driven fluid flow (Bitzer et al., 2001). 

Likewise, the progressive decrease of the Y/Ho ratio in the Upper Pedraforca thrust sheet in 

calcite cements Cc7 to Cc14 (Chapter 8) accounts for the increasing influence of terrigenous 

sediment as this thrust sheet exhumed.  

The geochemical trends observed in the structures described before are different than that 

observed in other areas of the southern Pyrenees. For instance, in the Abocador thrust, there is 

an enrichment in the δ18Ocalcite from older to younger cements. This trend is also observed in the 

Santo Domingo anticline (Sierras Exteriores, south western Pyrenees) with δ18Ofluid values 

between −5 and 0 ‰ VSMOW in Bartonian-Priabonian veins and between +5 and +10 ‰ VSMOW 

in upper Priabonian-lower Rupelian veins (Crognier, 2016). This author interprets the highest 

δ18Ofluid values as a strong interaction between meteoric waters and host rocks or by the input of 

strongly evaporated fluids. In the same area, in the Pico del Águila anticline, post-folding calcite 

veins precipitated from low-temperature meteoric waters (Beaudoin et al., 2015). From the 

δ18Ocalcite of these veins (from −2.2 to 0 ‰ VPDB) together with the temperatures reported by 

these authors (below 80 ± 20 °C) a δ18Ofluid ranging between −4 and +11 ‰ VSMOW is calculated, 

suggesting that these fluids could be highly δ18O-enriched brines rather than meteoric waters. In 

the northern Jaca Basin, a positive correlation between the δ18Ofluid, temperature and salinity is 

observed from older to younger stages of fracturing without an enrichment in the δ18O of calcite 

cements (Crognier et al., 2017). These authors suggest that hydrothermal fluids interacted with 

Triassic evaporites that acted as the detachment level of the south western Pyrenean thrust 

sheets. A positive correlation between the δ18Ocalcite and fluid salinity has also been observed in 

fracture-filling calcites precipitated in areas worldwide affected by salt tectonics (Fischer et al., 

2013). The same scenario could be suggested for: 1) the Abocador thrust, where preliminary 

results on clumped isotopes thermometry (177 ± 40 °C and δ18Ofluid of +14.1 ‰ VSMOW) and the 

presence of barite and celestite crystals formed within calcite cements favours the hypothesis of 

hydrothermal fluids interacting with brines released from the underlying Eocene evaporites of the 

Beuda Fm., which acted as the detachment of this structure; 2) the El Guix anticline, with calcite 

cements without systematic δ18O variation, temperature around 117 ± 25 °C, a δ18Ofluid of +7.1 ‰ 
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VSMOW and halite precipitation in thrust zones also favours the hypothesis of a fluid interacting 

with the underlying Eocene Cardona Salt Formation (Travé et al., 2000); and 3) the Larra/Eaux 

chaudes thrust and Sierras Exteriores, with Triassic evaporites acting as the detachment level of 

the major thrust faults (Crognier et al., 2017). Consequently, we suggest that when evaporitic 

units are present, the presence of high-salinity fluids derived from them, highly controls the δ18O 

of the calcite cements.  

The presence of the thermal anomalies discussed above, with fluids in disequilibrium with 

their adjacent host rocks during millions of years, indicate the occurrence of thermal convection 

controlling fluid flow (Lipsey et al., 2016). According to this mechanism, large volumes of fluids 

are driven to the reaction site through fractures and permeable host rocks during long time periods 

(Person et al., 1996; Morrow, 1998). Other scenarios, which involve fluid release by heating or 

decompression of interstitial fluids by seal breaking are ruled out, since these mechanisms 

provide low volumes of fluids and they do not generate thermal anomalies (Gomez-Rivas et al., 

2014). 

9.3. Evolution of the paleohydrological system 

The evolution of the palaeohydrological system through time within each thrust sheet forming 

the south eastern Pyrenees is inferred from fluid-rock relationships. 

In those areas such as the Lower Pedraforca thrust sheet in which pre-compressive 

hydroplastic deformation is observed (Chapter 7), it is interesting to note that there is no 

precipitation of calcite cements between fracture planes. This fact could be due to that faulting of 

poorly consolidated sediments with internal heterogeneities occasionally form zones of low 

permeability (Caine and Minor, 2009; Loveless et al., 2011), or that calcite tend to precipitate 

within fractures in areas with elevated pressures and temperatures (Lee et al., 1996). Therefore, 

at surficial conditions fluids might not be saturated in calcite. 

However, when compressional deformation stretched the structures studied in this thesis, 

calcite cements precipitated within fractures. For instance, during the layer-parallel shortening 

fluids tend to be in equilibrium with their adjacent host rocks, thus reporting a relatively closed 

paleohydrological system and high fluid-rock interaction. This equilibrium between calcite 

cements precipitated during the first stages of deformation and their adjacent host rocks has been 

observed in the Upper Pedraforca thrust sheet (Cruset et al., 2017; Chapter 8), Lower Pedraforca 

thrust sheet (Cruset et al., 2019; Chapter 7), Ainsa basin (Travé et al., 1997), Jaca thrust (Lacroix 

et al., 2014), Vallfogona and L’Escala thrusts (Cruset et al., 2016b, 2018) and in the Puig-reig 

anticline (Cruset et al., 2015, 2016a) based on δ18O and elemental composition data. In contrast, 

during the folding and thrusting stage of these structures, the system opened, and the fluid-rock 

interaction decreased. In the Upper Pedraforca thrust sheet, Vallfogona and Jaca thrusts, and in 

the Puig-reig anticline this disequilibrium is related to the increasing influence of meteoric fluids 

as these structures emerged, inferred by the progressive decrease of the δ18Ofluid, fluid 
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temperature Fe content and Y/Ho ratios (Lacroix et al., 2014; Cruset et al., 2016a, 2017, 2018; 

Chapter 8). In the Lower Pedraforca thrust sheet, however, the opening of the fluid system does 

not reflect a significant change in the fluid composition (Chapter 7). Therefore, changes in the 

paleohydrology of this thrust sheet could be explained only by changes of fluid-rock ratio rather 

than the input of external fluids (Banner and Hanson, 1990). 

9.4. Fluid flow evolution during the growth of the south Pyrenean fold and 
thrust belt  

The results discussed in previous sections enable us to decipher the evolution of the fluid 

flow at the scale of the south Pyrenean fold and thrust belt from the Late Cretaceous to the 

Oligocene (Fig. 14).  

From the Late Cretaceous to the Paleocene (Fig. 14), when the Upper Pedraforca thrust 

sheet emplaced, high-salinity fluids at temperatures between 79.7 and 81 ºC migrated through 

fractures affecting this structure (Chapter 8). These temperatures are similar to that documented 

in its lateral equivalent to the west, the Bóixols thrust sheet, in which connate marine fluids 

reached these temperatures by sediment burial (Nardini et al. 2019). As the Upper Pedraforca 

thrust sheet emerged, the salinity of fluids slightly decreased, indicating an increase of the 

influence of meteoric fluids. This decrease in the salinity related to the input of low-temperature 

meteoric waters into the fluid system, has also been documented in the Vallfogona and Jaca 

thrusts and in the Bóixols and Puig-reig anticlines (Lacroix et al., 2014; Cruset et al., 2016a, 2018: 

Nardini et al., 2019).  

From the lower to the middle Eocene, the Lower Pedraforca thrust sheet emplaced (Fig. 14). 

At this time, brines derived from the underlying Upper Triassic evaporites acting as a detachment 

of the thrust sheet migrated through fractures during the layer-parallel shortening and later folding 

and thrusting (Chapter 7). Although the composition of fluids does not show strong differences 

during the evolution of the Lower Pedraforca thrust sheet, the decrease in δ18O of calcite cements 

Cc6 to Cc8 with respect to Cc1 to Cc4 data indicates that the paleohydrological system changed 

from a relatively closed to a more open one. During the early Eocene, the Cotiella thrust sheet 

emplaced in the south wester Pyrenees, and deep-sourced fluids derived from the internal part 

of the orogen migrated through thrust faults and mixed with marine connate waters (Travé et al., 

1997). 

After the emplacement of the Lower Pedraforca thrust sheet, deformation was transferred to 

its related foreland basin and the Cadí thrust sheet emplaced from middle Eocene to the early 

Oligocene (Cruset et al. in review) (Fig. 14). During this period, deformation changed from thin-

skinned, when the Upper and Lower Pedraforca thrust sheets detached above Upper Triassic 

units, to thick-skinned, when the Vallfogona thrust, the southern margin of the Cadí thrust sheet, 

rooted at depth with the basement units of Orri and Rialp (Vergés, 1993). This change had strong 

implications on the fluid regime in the south eastern Pyrenees, resulting in the development of 
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thermal anomalies within the Vallfogona and Abocador thrusts due to the migration of high-salinity 

hydrothermal fluids with temperatures ranging between 177 and 100 ºC (Cruset et al., 2018). As 

deformation in these structures advanced, the influence of meteoric waters which mixed at depth 

with hydrothermal fluids increased in thrust sheets not detached through thick evaporite units, 

and consequently, the salinity and temperature of the mixed fluid decreased. In contrast, in those 

structures such as the Abocador thrust and the Pico del Águila anticline, the fluid composition 

was controlled by thick evaporite units acting as a detachment of these thrust units (Cruset et al., 

2018). As a result, high-salinity fluids migrated through fractures instead of low-salinity meteoric 

waters. In the Upper Pedraforca thrust sheet, during its middle Eocene to late Oligocene 

reactivation, the influence of meteoric fluids increased with respect to the initial emplacement of 

this thrust sheet from the Late Cretaceous to the late Paleocene (Chapters 6 and 8). This 

interpretation is based on clumped isotopes data and rare earth elements composition of calcite 

cements Cc7, Cc8, Cc10, Cc12 and Cc14, indicating a progressive exhumation of this thrust sheet 

above the Cadí and Lower Pedraforca units. 

Fig.14. Fluid flow model during the growth of the south eastern Pyrenees from the Late Cretaceous to the 
Oligocene . Early Oligocene and middle Eocene cross sections from Vergés (1993) and Vergés et al. (1995), 
respectively. 

The development of thermal anomalies related to the migration of deep-sourced fluids has 

also been documented in the south western Pyrenees in thrust faults rooted at depth with the 
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more internal parts of the orogen. For instance, Rye and Bradbury (1988) conclude that 

metamorphic fluids derived from the basement migrated through the Pineta thrust, a branch of 

the Monte Perdido thrust system. Travé et al. (1997, 1998a) reported that deep-sourced fluids 

mixed with local, and marine waters in the thrust front of the Ainsa basin. McCaig et al. (1995, 

2000) documented the influence of brines derived from Triassic redbeds in their study of the 

Gavarnie thrust. Likewise, Trincal et al. (2017) document the recrystallization of mylonitized 

carbonate host-rocks due to the migration of high-salinity fluids derived from the Silurian in the 

Pic-de-Port-Vieux thrust fault zone. According to these authors, rock transformations took place 

under low-grade metamorphism conditions. Crognier et al. (2017) documented that thermal 

anomalies are related to the migration of hydrothermal fluids in contact with Triassic brines during 

the activity of the Gavarnie thrust, from late Eocene to early Oligocene. Labaume et al. (2016) 

suggest that thermal anomalies also could have developed at the base of the Eocene Hecho 

group due to the migration of high-temperature fluids (up to 240 ºC) through this sedimentary unit 

rather than burial heating. In the same area, similar temperatures of fluids were obtained in calcite 

and quartz veins within the Monte Perdido thrust system using fluid inclusions thermometry 

(Lacroix et al., 2011). Nevertheless, these authors discard the development of thermal anomalies 

in the thrust front, since δ18O values of veins and host rocks are in equilibrium, thus suggesting 

that fluids were heated by burial of sediments. The δ13C and δ18O of deformed sediments within 

the Monte Perdido thrust fault zone reported by Lacroix et al. (2011) are lower than expected for 

Eocene marine carbonates (Veizer et al., 1999). These values indicate that the geochemical 

composition of the Eocene sediments changed probably due to the input of an external fluid 

enriched in CO2, as has been observed in geothermal systems worldwide developed within 

carbonate rocks (Gasparrini et al., 2013). Therefore, the presence of thermal anomalies related 

to the migration hydrothermal fluids interacting with Eocene host rocks through the Monte Perdido 

thrust system should not be discarded.  

During the final stages of evolution of the south eastern Pyrenean fold and thrust belt, 

deformation was transferred to the Ebro foreland basin, where the Puig-reig and El Guix anticlines 

formed (Fig. 14). Although in both anticlines high-salinity fluids migrated through fractures, they 

have a different origin. In the Puig-reig anticline, in the south Pyrenean thrust front, high-salinity 

fluids were deep-sourced and probably interacted with the Pyrenean basement (Cruset et al., 

2016a). In contrast, in the El Guix anticline, which detached above the Cardona salt at the 

southern tip line of the south Pyrenean fold and thrust belt, these fluids are meteoric waters that 

evolved to a formation water composition when they interacted with the evaporites (Travé et al., 

2000). Clumped isotopes temperatures obtained in this fold were achieved by burial within the 

Ebro foreland basin taking into account vitrinite reflectance data from Vergés et al. (1998) and a 

geothermal gradient of 25 °C km−1. These results suggest that hydrothermal fluids derived from 

deeper parts of the southern Pyrenees were probably diluted during their forward migration. A 

similar situation is observed in the southwestern Pyrenees during the Lutetian-Bartonian, taking 

into account the restored cross section of Labaume et al. (2016). During this period, hydrothermal 

fluids migrated in the Monte Perdido thrust system, which is located in the thrust front (Rye and 
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Bradbury, 1988; Travé et al., 1998a; Labaume et al., 2016). Contrarily, further south, in the Sierras 

Exteriores area, the Pico del Águila anticline detached above Upper Triassic evaporites, and the 

fluid system was dominated by meteoric and formation waters at temperatures below 100 ºC 

(Beaudoin et al., 2015). In the south eastern Pyrenees, the last stages of deformation within the 

Puig-reig anticline where characterized crestal graben collapse of this fold. During this stage, 

meteoric fluids percolated through crestal normal faults and mixed at depth with deep-sourced 

fluids (Cruset et al. 2016a). In the El Guix anticline these fluids have not been identified.      

9.5. Conceptual model of fluid flow in fold and thrust belts. 

The fluid flow behavior observed in the southern Pyrenees has strong similarities with that 

observed in other fold and thrust belts worldwide. In the following lines these similarities will be 

discussed.  

The evolution of the paleohydrological system observed in the Upper Pedraforca, Lower 

Pedraforca and Cadí thrust sheets as well as in the Ebro foreland basin is common to that 

documented in many orogens worldwide. For instance, in the Bighorn Basin (Sevier thrust belt, 

USA), a closed paleohydrological system prevails during the layer-parallel shortening, whereas it 

opens during the fracturing associated to folding and thrusting (Beaudoin et al., 2013). Likewise, 

during the deformation stretching the Upper Pedraforca, Lower Pedraforca and Cadí thrust sheets 

the paleohydrological system evolves following this trend. In the Mexican fold and thrust belt and 

in the central Appalachians, fluids are stratigraphically segregated during the early folding, 

whereas during fold tightening the fluid system is interconnected (Lefticariu et al., 2005; Fischer 

et al., 2009; Fitz-Diaz et al., 2011; Evans et al., 2012). The same fluid flow behavior during folding 

has been documented in the Pico del Águila and the Puig-reig anticlines, in the southern Pyrenees 

(Beaudoin et al., 2015; Cruset et al., 2016a). Finally, in the Northern Oman Mountains, pre-burial 

fluids migrated through fractures in a rock-buffered system and deep-sourced fluids migrated 

through thrust faults during the main stage of compression (Breesch et al., 2009). In this last 

example, main thrust faults acted as barriers for transversal fluid flow, since evidences of 

migration of fluids were not observed in the hangingwall. The evolution of the paleohydrological 

system documented in compressional settings follows the same trend in extensional regimes 

(Benedicto et al., 2008; Baqués et al., 2010; Cantarero et al., 2014). In these examples, during 

the first stages of the upwards propagation of normal faults, the paleohydrological system is 

relatively closed with high fluid-rock interaction. In contrast, during the final stages of deformation 

the system changes to a more open one, in which fluid-rock interaction is lower. 

The influence of the tectonic style of deformation on fluid flow observed in the southern 

Pyrenees (thin-skinned versus thick-skinned) is also documented in other fold and thrust belts 

worldwide. As an example, in the thin-skinned Sicilian fold and thrust belt, fluids are 

compartmentalized in the hangingwall of thrust sheets, above main detachments (Dewever et al., 

2013). Likewise, according to fluid flow modelling done by Vilasi et al. (2009) in the Albanian thrust 

belt, thrust fault detachments constituted of Triassic evaporites could act as seals for 
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hydrocarbons trapped beneath these levels (Vilasi et al., 2009). Similarly, evaporitic detachments 

of the Bóixols, Lower and Upper Pedraforca thrust sheets, El Guix and the Pico del Águila 

anticlines and the Iberian Ranges were barriers for deep-sourced fluids. In all these structures 

only marine, meteoric and formation waters migrated above evaporitic detachments (Travé et al., 

2000, 2004; Beaudoin et al., 2015; Nardini et al. 2019). In the Nuncios detachment fold complex, 

in the Mexican fold and thrust belt, fluids were confined within stratigraphic units during early 

deformation, and only were interconnected during fold tightening (Lefticariu et al., 2005; Fig. 15). 

In both stages of evolution, the fluid system was dominated by formation waters. In the Bighorn 

basin, in the Sevier thrust belt, formation fluids migrated through fractures during thin-skinned 

deformation (Beaudoin et al., 2014; Fig. 16). Contrarily, these authors also report that when the 

style of deformation evolved to thick-skinned, thrust faults connected with the crystalline 

basement allowed the input of hydrothermal fluids into the Bighorn basin (Fig. 16). The same 

situation is observed in the southern Pyrenees, with hydrothermal fluids migrating through the 

Gavarnie, Pic-de-Port-Vieux, Vallfogona and Abocador thrusts and fractures in the Puig-reig 

anticline, which are rooted at depth with basement units (Rye and Bradbury, 1988; McCaig et al., 

1995; 2000) Trincal et al., 2017; Cruset et al., 2018). Likewise, in the western Alps, shear zones 

formed in the basement allowed the input of important amounts of basement-derived fluids into 

the sedimentary cover (Boutoux et al., 2014; Fig. 17). In the Anglo Brabant fold belt in Belgium, 

deep-sourced fluids migrating through reverse faults are the responsible of the formation of 

sulphide mineralizations (Piessens et al., 2002; Dewaele et al., 2004). 

From the comparison of all the fold and thrust belts discussed above, it is interesting to note 

that whereas in detached thrust sheets, migrating fluids involved are marine, meteoric and/or 

formation waters, thick-skinned deformation allows the migration of hydrothermal fluids. As a 

result, based on the fluid flow evolution of the southern Pyrenees and other orogens worldwide, 

we present a conceptual model of fluid flow in fold and thrust belts in which are possible two 

situations (Fig. 18).  

Fig. 15.  Fluid system in the Nuncios Fold Complex showing four major hydrostratigraphic units, three 
stratigraphic seals, and fluid migration pathways. Note how the fluids involved in detachment folding are 
essentially meteoric waters. (Fischer et al., 2009). 
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Fig. 16. Conceptual model of fluid flow of the Bighorn basin from Beaudoin et al. (2014). Note how in Step 1 
hydrotherm al fluids migrate through the basement below impermeable shales, whereas in Steps 2 and 3 
hydrothermal fluids migrate into the sedimentary cover through thrust faults connected at depth with the 
basement. 

Fig. 17. Fluid evolution across the external Alpine Arc from Boutoux et al. (2014). A) Initial Alpine collisional 
shortening. The cover is detached from the basement and fluid circulation is restricted to lithologic unit scale 
above and under the thrusts. In the inherited basins, basement shear zones channelized large-scale fluid 
circulation although there is limited fluid percolation above shear zones. B) Higher amount of Alpine shortening. 
Cover thrust nappes overthrusted the inverted basins, allowing the channelization of large-scale fluid flow into 
thrusts. C) Late Alpine shortening. Local fluid circulation in the sedimentary nappes. Inverted basins were folded 
and strongly sheared by propagating basement shear zones favoring the input basement-derived fluids into the 
cover. 
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The first situation occurs in thin-skinned fold and thrust belts (Fig. 18A). During the layer-

parallel shortening, formation, marine and/or meteoric fluids migrate through fractures above 

detachment levels. These levels act as barriers for transversal fluid flow that avoid the input of 

deep-sourced fluids. At this time, the paleohydrological system is relatively closed and therefore, 

fluid-rock interaction is low. Contrarily, during folding and thrusting affecting the detached 

structure, the paleohydrological system opened and the fluid-rock interaction decreased. During 

this period, these fluids are expelled into the foreland basin and as the thin-skinned thrust sheet 

emerge, the influence of meteoric fluids occasionally increases. 

Fig.17. Conceptual model of fluid flow in fold and thrust belts. A) Fluid flow evolution in thin-skinned thrust 
sheets. B) Fluid flow evolution in thick-skinned thrust sheets. 

The second situation develops in thick-skinned fold and thrust belts (Fig. 18B). Like in the 

first situation, during the layer-parallel shortening fluids migrated through fractures in a closed 

paleohydrological system. However, in this case fluids are hydrothermal, producing thermal 

anomalies in the deformed thrust sheet and foreland basin. Finally, during folding and thrusting 

stretching the deformed area, and as the thrust sheets emerge, the paleohydrological system 

opens to the input of external fluids, which in most cases consist of meteoric waters.
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10. Main Conclusions

In the following lines we present a summary of the main conclusions achieved in this thesis. 

The conclusions are organized according to: Chapter 4: Fluid flow during the late foreland stage 

in the Puig-reig anticline; Chapter 5: Fluid flow evolution in the south Pyrenean foreland basin; 

Chapter 6: U-Pb geochronology of fluid flow and deformation in the south Eastern Pyrenees; 

Chapter 7: Controls of deformation on the paleohydrological regime in the Lower Pedraforca 

thrust sheet; Chapter 8: Fluid flow evolution from the Mesozoic Extension to the Alpine orogeny 

in the Upper Pedraforca thrust sheet; and Chapter 9: Main discussion of this thesis. 

In the Puig-reig anticline two fluid flow events related to the evolution of this fold have been 

identified: Cc1 related to the layer-parallel shortening and Cc2 linked to the anticline growth. Cc1 

cement precipitated from an ascending hydrothermal fluid at temperatures between 92 and 130 

ºC. This fluid had δ18Ofluid between +4.7 and +9.2 ‰ VSMOW, relatively high 87Sr/86Sr ratio, and 

high Mn and Mg content and relatively low Sr and Fe content. Hydrothermal fluids migrated from 

around 4-5 km depth through the fracture system to reach the Berga and Solsona Formations 

during the layer-parallel shortening, partially replacing the host rocks by calcite. Cc1 precipitation 

was induced by pCO2 drop related to fracturing. Cc2 cement precipitated from a fluid in 

disequilibrium with its adjacent host rock at a temperature between 77 and 93 ºC. This fluid, with 

δ18Ofluid between −1.7 ‰ and −0.7 ‰ VSMOW, relatively low 87Sr/86Sr and Mg, and high Sr and 

Fe content, resulted from the mixing at depth of the hydrothermal fluid from which Cc1 precipitated 

and low-temperature, probably meteoric, waters. Low-temperature fluids percolated through the 

crestal graben fault system according to the fault-valve model during the growth of the Puig-reig 

anticline. Fluid flow patterns between the Puig-reig and the El Guix anticlines along the same 

transect reveal that hydrothermal fluids migrated from N to S but did not reach the El Guix anticline 

along the tip line of the South Pyrenean fold and thrust belt. In this anticline, meteoric fluids that 

evolved to a formation water composition circulated above the Cardona salt Formation, which 

acted as a barrier for deep-sourced hydrothermal fluids. 

In the south Pyrenean foreland basin, from Lower to Middle Eocene, ascending hydrothermal 

fluids migrated from the Axial zone to the foreland basin and mixed with connate marine waters 

trapped in rock porosity. The mixed fluid had temperatures up to 154 °C, enriched δ18O, 87Sr/86Sr 

slightly higher than Eocene seawater and high Fe and Sr contents. From Middle Eocene to Lower 

Oligocene, as the thrust front progressively emerged, meteoric waters migrated downwards the 

foreland basin by topography-driven fluid flow and mixed at depth with the hydrothermal fluids. 

The mixed fluid was progressively more depleted in δ18O, with temperatures between 77 and 129 

°C, lower Fe and Sr contents and more radiogenic 87Sr/86Sr ratios than the former fluid. The 

comparison of southern Pyrenees to other orogens worldwide, suggests that the presence or 

absence of thick evaporitic units had a fundamental role in the fluid composition during fold and 

thrust belt evolution. In all cases, hydrothermal or formation fluids migrated along fractures within 

thrust sheets and mixed with low-temperature meteoric waters. When thrusts were not detached 
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through thick evaporite units, the resultant fluid was progressively more radiogenic, more depleted 

in δ18O and had a lower temperature and lower Sr and Fe content, as the thrust front emerged. 

In contrast, when thrusts were detached along thick evaporitic units, the resulting fluid was 

enriched in δ18O. 

U-Pb geochronology applied to fracture-filling calcite cements in the SE Pyrenean thrust 

system indicates that this method is a powerful tool to constrain the timing of fluid migration and 

sequence of deformation in fold and thrust belts, especially in those in which syn-tectonic 

sediments are scarce or completely eroded. The results of our study indicate that: 1) the thrust 

front migrated towards de foreland from the Late Cretaceous to the late Oligocene (70.5 ± 1.1 Ma 

to 25 ± 17 Ma); 2) the Bóixols-Upper Pedraforca thrust sheet documents the entire compressional 

deformation, whereas the Lower Pedraforca and Cadí thrust sheets records younger ages and a 

shorter period of deformation; 3) the continuity over time of the different ages from each thrust 

sheet indicates continuous rather than episodic tectonic activity; and 4) Neogene U-Pb ages 

ranging from 18.9 ± 0.8 Ma to 2.6 ± 1.3 Ma indicate, for the first time, the extension of NE Iberia 

related to the formation of the Western Mediterranean. 

In the Lower Pedraforca thrust sheet, up to eight calcite cements (Cc1 to Cc8) reveal the 

evolution of the paleohydrological system during the emplacement of this thrust unit. Calcite 

cements Cc1 to Cc4 precipitated from fluids in a relatively closed paleohydrological system in 

which the fluid-rock interaction was high. Calcite cement Cc3 precipitated from brines derived 

from the Upper Triassic evaporites acting as a detachment of the Lower Pedraforca thrust system 

(δ18Ofluid ~+5.4 ‰ VSMOW) with 87Sr/86Sr ratios of 0.707922 and at temperatures around 70 ºC. 

Contrarily, calcite cements Cc5 to Cc8 precipitated from fluids in a more open paleohydrological 

system in which the interaction between fluids and host rocks was low. Cc6 also precipitated from 

brines derived from the Upper Triassic (δ18Ofluid ~+5 ‰ VSMOW) with 87Sr/86Sr ratios of 0.707817 

and at temperatures around 75 ºC. Relationships between calcite cements and fractures indicate 

that: 1) during hydroplastic deformation related to the pre-folding stage within the Lower 

Pedraforca thrust sheet, there was no precipitation of calcite cements in fracture planes; 2) during 

the layer parallel shortening fluids migrated in a relatively closed system and fluid-rock interaction 

was high; and 3) during the folding and thrusting related to the emplacement of the Lower 

Pedraforca thrust sheet and during its late reactivation, the fluid-rock interaction decreased as the 

paleohydrological system opened.  

In the Upper Pedraforca thrust sheet, high-salinity and high-temperature fluids migrated 

through diapir walls during the Early Cretaceous. From the Late Cretaceous to the Paleocene 

compression, during the first stages of the Pyrenean Orogeny, formation waters at temperatures 

around 80 ºC, δ18Ofluid ranging between +6.6 and +3.1 ‰ VSMOW and 87Sr/86Sr ratios in 

equilibrium with Late Cretaceous marine waters migrated through main thrust fault zones. As the 

Upper Pedraforca thrust sheet emplaced, the paleohydrological system opened and the δ18Ofluid

decreased, thus indicating the increasing influence of meteoric fluids. Finally, during the Eocene-
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Oligocene reactivation of the Upper Pedraforca thrust sheet, formation waters at temperatures 

between 100.78 and 70 ºC and δ18Ofluid ranging from +9.34 to +3.9 ‰ VSMOW migrated trough 

main thrust fault zones. Coevally, in the internal part of the Upper Pedraforca thrust sheet, fluids 

at temperatures ranging between 50 and 20 ºC, δ18Ofluid ranging from -4.84 and -3.6 ‰ VSMOW 

and decreasing Y/Ho ratios indicates the increasing influence of meteoric waters with respect to 

the Late Cretaceous-Paleocene compression as this thrust unit is exhumed. 

The integration of the results obtained for each south eastern Pyrenean thrust sheet 

indicates that during the Late Cretaceous to Paleocene compression formation and marine 

fluids, both with an increasing meteoric influence, migrated through fractures affecting the Upper 

Pedraforca and Bóixols thrust sheets, respectively. Likewise, when the Lower Pedraforca thrust 

sheet emplaced during the middle Eocene, brines derived from Upper Triassic evaporites acting 

as detachment of this thrust unit migrated above this sealing unit. From the middle Eocene to 

the Oligocene, when the Cadí thrust sheet emplaced and deformation affected the Ebro foreland 

basin, hydrothermal fluids, probably in contact with the Pyrenean basement migrated to the 

south Pyrenean thrust front, inducing the development of thermal anomalies. Hydrothermal 

fluids did not reach the frontal part of the south eastern Pyrenean fold and thrust belt, the El 

Guix anticline. Instead, meteoric fluids which evolved to a formation water composition when 

interacted with the evaporitic Cardona Fm. dominated the fluid system during deformation. The 

same situation is observed in the thrust front of the south western Pyrenees, where the fluid 

system in the El Pico del Águila anticline was dominated by formation and meteoric waters, 

which probably interacted with Upper Triassic evaporites. 

Relationships between the studied calcite cements and fractures enlighten on the evolution 

of the paleohydrological system during deformation in fold and thrust belts. The results indicate 

that: 1) during hydroplastic deformation related to the pre-folding stage within thrust sheets, 

there was no precipitation of calcite cements between fracture planes; 2) during the layer-

parallel shortening fluids migrated in a relatively closed system and fluid-rock interaction was 

high; and 3) during later folding and thrusting the fluid-rock interaction decreased as the 

paleohydrological system opened. 

The results obtained in the south Eastern Pyrenees and their comparison with studies 

developed in other orogens worldwide, allow us to perform a conceptual model of fluid flow in fold 

and thrust belts. In this model, whereas in thin-skinned thrust belts the fluid system is dominated 

by formation, marine and/or meteoric fluids migrating above detachment levels, thick-skinned 

thrust sheets allow the migration of hydrothermal fluids which produce thermal anomalies. In both 

situations, as these structures emerge, the influence of meteoric fluids increases progressively 

when the paleohydrological system opens. 
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Annex 1: Geochemical data from Chapter 4 (Cruset et al., 2016). 

Table 1. δ18O and δ13C values of the host-carbonates and calcite cements Cc1 and Cc2. 

Sample Description Type of cement δ13C VPDB δ18O VPDB 

     
GP-R1 Calcite shear vein Cc1 -1.51 -6.74 
GP-R1 Calcite shear vein Cc1 -1.51 -6.85 
GP-R1 Calcite shear vein Cc2 -1.44 -11.41 
GP-R1 Calcite shear vein Cc2 -1.52 -11.06 
GP-R1 Calcite shear vein Cc2 -1.34 -12.16 
GP-R2 Calcite extension vein Cc1 -1.93 -6.67 
GP-R2 Calcite extension vein Cc1 -1.91 -6.60 
GP-R2 Intergranular cement Cc1 -1.07 -6.25 
GP-R4 Vug porosity Cc1 -1.57 -6.37 
GP-R4 Calcite shear vein Cc1 -1.22 -6.30 
GP-R4 Calcite shear vein Cc1 -1.41 -6.25 
GP-R4 Palustrine-lacustrine carbonate  -2.73 -7.26 
GP-R5 Intergranular cement Cc1 0.53 -5.93 
GP-R5 Calcite shear vein Cc2 -2.06 -10.67 
GP-R5 Calcite shear vein Cc2 -2.05 -9.96 
GP-R7 Calcite shear vein Cc1 -1.71 -6.29 
GP-R7 Calcite shear vein Cc1 -1.79 -7.76 
GP-R7 Intergranular cement Cc1 -0.62 -6.25 

GP-R9A Calcite extension vein Cc1 -0.59 -6.54 
GP-R9A Calcite shear vein Cc1 -0.78 -6.17 
GP-R9A Calcite shear vein Cc1 -0.82 -6.26 
GP-R9A Intergranular cement Cc1 -0.09 -6.72 
GP-R9B Calcite shear vein Cc1 -0.85 -6.54 
GP-R9B Intergranular cement Cc1 -0.02 -6.74 
GP-R10 Calcite shear vein Cc1 -0.11 -6.76 
GP-R11 Calcite shear vein Cc1 -1.08 -7.19 
GP-R11 Calcite shear vein Cc1 -1.08 -6.69 
GP-R11 Intergranular cement Cc1 -1.04 -6.69 
GP-R11 Calcite shear vein Cc2 -1.61 -9.67 
GP-R12 Intergranular cement Cc1 -1.31 -7.53 
GP-R12 Calcite shear vein Cc2 -1.95 -9.63 
GP-R12 Calcite shear vein Cc2 -1.99 -9.62 
GP-R13 Calcite shear vein Cc1 -1.37 -6.41 
GP-R13 Calcite shear vein Cc1 -1.42 -6.44 
GP-R13 Intergranular cement Cc1 -0.65 -6.23 

302 Calcite extension vein Cc1 0.21 -8.02 
302 Calcite shear vein Cc1 0.25 -8.02 
302 Calcite shear vein Cc1 -0.51 -9.39 
302 Carbonate-derived clast  -3.22 -4.70 
303 Calcite shear vein Cc1 0.10 -7.81 
303 Carbonate-derived clast  3.11 -3.12 

309A Calcite shear vein Cc1 0.23 -7.29 
309A  Calcite shear vein Cc1 0.11 -7.37 
309B1 Calcite shear vein Cc1 -0.40 -7.36 
309B1 Calcite shear vein Cc1 -0.40 -7.65 

310 Calcite shear vein Cc1 0.96 -6.90 
310 Calcite shear vein Cc1 0.75 -7.12 

311A Calcite shear vein Cc1 -0.69 -8.79 
311A Calcite shear vein Cc2 -0.73 -12.68 
311A  Calcite shear vein Cc2 -2.13 -11.98 
311B Calcite shear vein Cc1 -0.67 -7.21 
311B Calcite shear vein Cc1 -1.30 -9.09 
311D Calcite shear vein Cc2 -0.95 -13.07 
311D Calcite shear vein Cc2 -0.51 -12.46 
311F Calcite shear vein Cc1 0.74 -7.05 
311F Calcite shear vein Cc1 0.74 -7.07 
311F Carbonate-derived clast  1.22 -7.19 
311G Calcite shear vein Cc2 0.19 -12.99 
311G Carbonate-derived clast  -0.84 -8.91 
312A Calcite shear vein Cc1 0.63 -7.57 
312A Calcite shear vein Cc2 0.02 -13.11 
312A Carbonate-derived clast  0.59 -3.43 
313A  Calcite shear vein Cc2 -1.40 -12.88 
313A  Calcite shear vein Cc2 -1.80 -13.30 
313A’  Calcite shear vein Cc1 -2.34 -7.59 
313A’  Calcite shear vein Cc2 -2.30 -11.14 
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314A  Small fracture affecting clasts Cc1 0.15 -7.50 
314A Calcite shear vein Cc2 -1.60 -13.10 
314A Calcite shear vein Cc2 -0.95 -10.64 
314B Calcite shear vein Cc1 0.00 -7.23 
314B Calcite shear vein Cc1 0.05 -7.23 
314C Calcite shear vein Cc1 -0.22 -7.41 
314C Calcite shear vein Cc1 -0.23 -7.83 
314D1 Calcite shear vein Cc1 -1.11 -7.85 
314D1 Calcite shear vein Cc2 -1.79 -12.80 
314D2 Calcite shear vein Cc1 -1.34 -9.27 
314D2 Calcite shear vein Cc2 -1.47 -13.95 
314D2 Calcite shear vein Cc2 -2.46 -12.21 

317 Calcite shear vein Cc1 -1.23 -8.09 
317 Calcite shear vein Cc1 -1.34 -7.50 

EM-1 Palustrine-lacustrine carbonate  -2.44 -6.92 
PR-1A Palustrine-lacustrine carbonate  -3.3 -7.28 
PR-1B Palustrine-lacustrine carbonate  -2.52 -7.22 
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Table 2.  87Sr/86Sr values of palustrine-lacustrine host-carbonates and calcite cements Cc1 and 

Cc2. 

Sample Description Type of cement 87Sr/86Sr 

    
GP-R4 Eocene-Oligocene host-mudstone  0.708865 
IP-R Eocene-Oligocene host-marly limestone  0.708967 
309A Calcite shear vein Cc1 0.709246 
311A Calcite shear vein Cc2 0.708947 
311D Calcite shear vein Cc2 0.709002 
314C Calcite shear vein Cc1 0.709138 
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Table 3.  Minimum, maximum and average temperatures of homogenization (Th) and ice melting 

(Tm) of the fluid inclusions from the calcite cements Cc1 and Cc2. n represents the number of fluid 

inclusions analyzed.    

Filling stage Type of fluid inclusion n  Th (ºC)  Tm (ºC) 

       
Calcite cement Cc1 Stretched secondary 37 

 
Min. 
Max. 
Av. 

130 
218 
154 

Min. 
Max. 
Av.  

-1 
5 
1.12 

       
       

Calcite cement Cc2 Stretched primary 56 Min. 
Max. 
Av. 

126 
280 
199 

Min.  
Max. 
Av. 

-2 
1.7 
0.44 
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Table 4.  Calcite cement δ13C, δ18O, ∆47 and δ18Ofluid.  

Sample Description n δ13C VPDB δ18O VPDB ∆47 T ºC δ18Ofluid VSMOW 

        
309B1 Calcite cement Cc1 3 -0.44 -7.77 0.548 ± 0.009 92 ± 5 4.7 ± 0.6 

317 Calcite cement Cc1 3 -0.99 -6.95 0.494 ± 0.010 129 ± 8 9.2 ± 0.7 
311A Calcite cement Cc2 3 -0.77 -12.32 0.574 ± 0.010 77 ± 5 -1.7 ± 0.7 
311D Calcite cement Cc2 3 -0.73 -12.85 0.551 ± 0.004 90 ± 3 -0.7± 0.3 
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Table 5.  Minimum, maximum and average values of the elemental composition of the calcite 

cements Cc1 and Cc2 and calculated Mg/Ca, Sr/Ca, Mn/Ca and Ca/Fe molar ratios of the parent 

fluid applying the distribution coefficient equation of McIntire (1963).  

Filling 
stage  Mg 

(ppm) 
Ca 
(ppm) 

Na 
(ppm) 

Mn 
(ppm) 

Fe 
(ppm) 

Sr 
(ppm) 

Molar 
ratio 
Mg/Ca(a) 

Molar 
ratio 
Sr/Ca(b) 

Molar 
ratio 
Mn/Ca(c) 

Molar ratio 
Ca/Fe(d) 

            
Calcite 
cement 

Cc1 Min. 600 381100 <d.l. 600 <d.l. <d.l. 0.02136 - 0.00014 878.296 
 Max. 4500 399200 500 2800 1100 600 0.16741 0.00876 0.00066 13829.573 
 Av. 2171 391435 241 1406 544 537 0.07895 0.00324 0.00321 5864 
            
            

Calcite 
cement 

Cc2 Min. <d.l. 385000 <d.l. 300 300 <d.l. - - 0.00007 851.067 
 Max. 2400 398000 300 2300 2300 3000 0.08606 0.04327 0.00054 9205.781 
 Av. 1038 391553 238 1268 1080 886 0.03685 0.00764 0.00295 3548 
            

(a) KMg Cc1= 0.1163 at 90 ºC (Katz, 1973) 
    KMg Cc2= 0.028 at 40 ºC (Mucci and Morse, 1983)  
(b) KSr=0.08 at 100-150 ºC (Kinsman, 1969) 
(c) KMn=8 at 50ºC (Dromgoole and Walter, 1990) 
(d) KFe=5 at 50ºC (Dromgoole and Walter, 1990; Tucker and Wright, 1990)
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Annex 2: Geochemical data from Chapter 5 (Cruset et al., 2018). 

Table S1. Elemental composition of the calcite cements Cc1, Cc2, Cc3, Cc4, Cc5, Cc6 and Cc7 

precipitated in the Vallfogona thrust. 

Sample Type of cement Fe (ppm) Mg (ppm) Sr (ppm) Mn (ppm) 

GDV1 Cc1 3746 4461 d.l. 1665 

GDV1 Cc1 1780 5590 509 852 

GDV1 Cc1 2260 7187 422 616 

GDV1 Cc1 1070 4310 1532 993 

GDV1 Cc1 1294 4436 939 1958 

GDV1 Cc2 5723 3481 d.l. d.l. 

GDV1 Cc2 2204 1891 d.l. 870 

GDV1 Cc2 1658 1427 d.l. 932 

GDV1 Cc2 2616 3347 d.l. 1016 

GDV1 Cc2 1122 1683 d.l. 774 

GDV1 Cc2 2334 2455 d.l. 1176 

GDV1 Cc2 1654 1728 d.l. 890 

GDV1 Cc2 1325 2036 d.l. 1176 

GDV1 Cc2 1461 1232 d.l. 1170 

GDV1 Cc2 2354 3099 d.l. 713 

GDV1 Cc2 1567 2221 d.l. 946 

GDV1 Cc2 1205 1529 d.l. 747 

GDV1 Cc2 3499 3901 d.l. 1435 

GDV1 Cc2 2486 2920 d.l. 952 

GDV1 Cc2 4278 3921 d.l. 1104 

GDV1 Cc2 2595 3356 d.l. 1221 

GDV1 Cc2 4084 3707 d.l. 1100 

GDV20 Cc2 5291 3876 d.l. 1160 

GDV20 Cc2 5236 2953 d.l. 369 

GDV20 Cc2 6010 4465 d.l. 716 

GDV20 Cc2 2744 1600 d.l. 703 

GDV20 Cc2 3461 2753 d.l. 595 

GDV20 Cc2 3971 2309 d.l. 735 

GDV20 Cc2 5074 2689 d.l. 1208 

GDV20 Cc2 2582 1421 d.l. 344 

GDV20 Cc2 6109 3739 d.l. 1191 

GDV20 Cc2 329 3360 d.l. 236 

GDV20 Cc2 4073 2207 d.l. 421 

GDV26A Cc2 5005 1821 d.l. 498 

GDV26A Cc2 4662 2806 d.l. 706 

GDV26A Cc2 5700 3563 d.l. 1023 

GDV26A Cc2 4826 3023 d.l. 854 

GDV26A Cc2 4857 3157 d.l. 1108 

GDV26A Cc2 3486 1700 d.l. 542 

GDV26A Cc2 4950 2776 d.l. 855 
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GDV26A Cc2 5631 3318 d.l. 1584 

GDV26A Cc2 6731 2905 d.l. 1621 

GDB13 Cc2 d.l. 3171 d.l. d.l. 

GDB13 Cc2 3217 1290 d.l. 551 

GDB13 Cc2 4406 1780 d.l. 459 

GDB13 Cc2 4330 1745 d.l. 577 

GDB13 Cc2 5663 1806 d.l. 388 

GDB13 Cc2 3579 1242 d.l. 211 

GDB13 Cc2 3412 1187 d.l. 377 

GDB15 Cc2 7349 4851 d.l. 913 

GDB15 Cc2 3985 2887 d.l. 735 

GDB15 Cc2 5703 3815 301 625 

GDB15 Cc2 5839 3327 756 669 

GDB15 Cc2 6096 2767 868 572 

GDB15 Cc2 5029 2777 750 d.l. 

GDB15 Cc2 6630 3389 526 828 

GDB15 Cc2 5712 3436 749 502 

GDB15 Cc2 5816 3112 1085 544 

GDB15 Cc2 6326 3020 472 599 

GDB15 Cc2 4372 1839 d.l. 550 

GDB15 Cc2 4132 4460 d.l. 337 

GDB15 Cc2 5462 7350 d.l. 869 

GDB15 Cc2 3354 1455 848 586 

GDB15 Cc2 7396 5187 d.l. 514 

GDB15 Cc2 7377 4692 d.l. 423 
      

GDB20 Cc3 1365 5035 628 1043 

GDB20 Cc3 3480 2192 d.l. 940 

GDB20 Cc3 7421 6023 d.l. 1482 

GDB20 Cc3 9075 6862 d.l. 1418 

GDB20 Cc3 4611 4660 d.l. 1288 

GDB20 Cc3 7386 6674 d.l. 310 

GDB20 Cc3 3261 1491 986 1255 

GDB20 Cc3 7063 5675 178 1575 

GDB20 Cc3 5020 2014 d.l. 1223 

GDB20 Cc3 3616 1552 d.l. 1566 

GDB20 Cc3 5170 2881 d.l. 1428 

GDB20 Cc3 6217 2709 d.l. 1931 

GDB20 Cc3 6937 3150 d.l. 2129 
      

GDV1 Cc4 1668 1363 d.l. 1674 

GDV1 Cc4 2883 3309 d.l. 1095 

GDV1 Cc4 2972 4088 d.l. 1551 

GDV1 Cc4 1302 1636 d.l. 1165 

GDV1 Cc4 2598 3387 d.l. 1195 

GDV1 Cc4 2245 2924 d.l. 585 

GDV1 Cc4 2709 3213 d.l. 1249 

GDV1 Cc4 1483 1630 d.l. 865 

GDV26A Cc4 4966 2143 d.l. 789 
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GDV26A Cc4 4988 2681 d.l. 855 

GDV26A Cc4 5554 3348 d.l. 848 

GDV26A Cc4 3424 2397 d.l. 871 
      

GDB7 Cc5 259 2848 d.l. 1461 

GDB7 Cc5 240 2565 d.l. 1101 

GDB7 Cc5 151 2675 d.l. 1141 

GDB7 Cc5 89 956 506 1058 

GDB7 Cc5 234 3018 d.l. 1367 

GDB7 Cc5 205 1875 413 874 

GDB7 Cc5 216 3254 d.l. 443 

GDB7 Cc5 212 2324 371 d.l. 

GDB7 Cc5 264 2097 543 903 

GDB7 Cc5 d.l. 3483 d.l. d.l. 
      

GDB15 Cc6 3721 1239 d.l. 844 

GDB15 Cc6 1999 d.l. d.l. 673 

GDB15 Cc6 1611 1549 d.l. 1236 

GDB15 Cc6 2872 925 d.l. d.l. 

GDB15 Cc6 1428 602 d.l. 765 

GDB15 Cc6 1089 1144 d.l. 3718 

GDB15 Cc6 1504 1354 d.l. 3814 

GDB15 Cc6 1527 1130 d.l. 4239 

GDB15 Cc6 1017 857 d.l. d.l. 

      

GDB7 Cc7 d.l. 3523 d.l. 756 

GDB7 Cc7 d.l. 2328 d.l. d.l. 

GDB7 Cc7 d.l. 2721 d.l. d.l. 

GDB7 Cc7 81 2489 d.l. 428 

GDB7 Cc7 96 3587 d.l. d.l. 

GDB7 Cc7 99 2776 d.l. d.l. 
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Table S2. Elemental composition of the calcite cements Cc1, Cc2 and Cc3 precipitated in the 

L’Escala thrust. 

Sample Type of cement Fe (ppm) Mg (ppm) Sr (ppm) Mn (ppm) 

      

TES4 Cc1 588 1660 872 473 

TES4 Cc1 1181 4411 315 793 

TES4 Cc1 501 1470 1074 459 

TES4 Cc1 424 1205 1033 378 

TES4 Cc1 583 1061 1217 468 

TES4 Cc1 974 1663 231 760 

TES4 Cc1 501 1323 1157 368 

TES4 Cc1 901 1332 208 511 

TES4 Cc1 872 2009 499 373 

TES4 Cc1 545 1041 516 421 

TES4 Cc1 1518 3324 202 707 

TES4 Cc1 1494 6140 231 1008 

TES4 Cc1 1089 4846 487 851 

TES4 Cc1 897 3067 558 507 

TES4 Cc1 926 2626 338 688 

TES4 Cc1 805 3191 510 755 

TES4 Cc1 603 2623 623 550 

TES4 Cc1 1287 5356 95 1042 

TES4 Cc1 1128 6080 131 961 

TES4 Cc1 1340 5258 95 870 

TES4 Cc1 1060 3030 d.l. 674 

TES4 Cc1 945 3624 12 884 

TES4 Cc1 906 2508 d.l. 741 

TES4 Cc1 786 1753 36 535 

TES4 Cc1 574 2635 d.l. 612 

TES4 Cc1 1374 3802 59 741 

TES4 Cc1 1123 3880 83 726 

TES4 Cc1 670 3194 12 545 

TES4 Cc1 844 2479 d.l. 674 

TES5 Cc1 2092 5520 125 851 

TES5 Cc1 1364 3370 469 583 

TES5 Cc1 1041 2300 997 368 

TES5 Cc1 1422 3133 404 545 

TES5 Cc1 1543 2153 47 669 

TES5 Cc1 1234 3301 599 421 

TES5 Cc1 1326 2926 469 540 

TES5 Cc1 1355 3497 570 511 

TES5 Cc1 1147 2767 552 382 

TES5 Cc1 954 2306 718 368 

TES5 Cc1 1808 4137 226 683 

TES5 Cc1 1480 3580 368 444 

TES9 Cc1 2140 3638 582 908 

TES9 Cc1 2772 6685 303 1013 
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TES9 Cc1 2357 5739 261 1008 

TES9 Cc1 2140 3987 516 913 

TES9 Cc1 1191 1931 677 607 

TES9 Cc1 1022 951 1181 492 

TES9 Cc1 2401 5587 160 1252 

TES9 Cc1 1552 2984 273 808 

TES9 Cc1 2507 5506 214 1176 

TES9 Cc1 2545 5601 47 1267 

TES9 Cc1 1576 2664 582 889 

TES9 Cc1 2025 3857 190 1109 

TES9 Cc1 2261 4598 196 1061 

TES9 Cc1 1215 2358 849 769 

TES9 Cc1 1041 1193 d.l. 564 

TES9 Cc1 1441 3863 95 1396 

TES9 Cc1 1162 1300 303 856 

TES9 Cc1 1446 2355 439 655 

TES9 Cc1 1538 2842 178 918 

TES9 Cc1 1306 2084 427 717 

TES9 Cc1 1465 2447 475 784 

TES9 Cc1 1745 3869 570 965 

TES9 Cc1 1697 3384 303 731 

TES9 Cc1 988 1444 1128 397 

TES9 Cc1 2473 6051 137 1176 

TES9 Cc1 2126 5284 30 1176 

TES9 Cc1 1065 1317 594 631 

TES9 Cc1 926 1315 297 497 

TES9 Cc1 2401 6045 190 1008 

TES9 Cc1 1567 1865 6 631 

TES9 Cc1 926 2070 d.l. 540 

TES11 Cc1 641 3191 457 822 

TES11 Cc1 786 2871 d.l. 1138 

TES11 Cc1 824 1560 617 813 

TES11 Cc1 578 2208 611 602 

TES11 Cc1 429 1061 1104 411 

TES11 Cc1 675 3419 303 932 

TES11 Cc1 689 2519 421 1051 

TES11 Cc1 776 4457 d.l. 1004 

TES11 Cc1 766 4338 18 1171 

TES11 Cc1 405 2078 463 683 

TES11 Cc1 815 2692 641 841 

TES11 Cc1 660 2543 374 927 

TES11 Cc1 824 4422 d.l. 999 

TES11 Cc1 598 1701 516 674 

TES11 Cc1 617 2485 427 841 

TES11 Cc1 747 4471 380 903 

TES11 Cc1 1036 3926 65 1152 

TES11 Cc1 786 3370 463 875 

TES11 Cc1 839 3915 119 1061 

TES11 Cc1 699 3918 226 1051 
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TES11 Cc1 1306 7022 6 1697 

TES11 Cc1 1017 4693 178 1104 

TES11 Cc1 1239 6699 166 1816 

TES11 Cc1 1186 7942 237 1558 

TES11 Cc1 646 3445 142 1066 

TES11 Cc1 694 4898 807 578 

TES11 Cc1 844 5307 142 937 

TES11 Cc1 578 1340 1080 516 

TES11 Cc1 627 2462 421 765 

TES11 Cc1 656 1548 706 674 

TES11 Cc1 1046 4924 249 1094 

TES11 Cc1 872 2963 6 975 

TES11 Cc1 897 3713 148 798 

TES11 Cc1 911 3329 243 1008 

TES11 Cc1 603 2404 635 741 
      

TES21 Cc2 6368 3272 487 922 

TES21 Cc2 3109 1245 1371 392 

TES21 Cc2 3321 1508 973 511 

TES21 Cc2 5380 2488 718 683 

TES21 Cc2 3827 1686 754 559 

TES21 Cc2 4743 2081 558 760 

TES21 Cc2 7496 3546 160 1094 

TES21 Cc2 4319 2332 736 526 

TES21 Cc2 4035 1934 700 459 

TES21 Cc2 5910 2632 374 779 

TES21 Cc2 7038 4183 249 1037 

TES21 Cc2 3644 1242 872 411 

TES21 Cc2 4782 1888 742 545 

TES21 Cc2 8469 5030 166 1123 

TES21 Cc2 7607 4347 190 832 

TES21 Cc2 4261 1323 801 497 

TES21 Cc2 6638 3698 255 937 

TES21 Cc2 6382 3477 386 856 

TES21 Cc2 3745 1649 1056 430 

TES21 Cc2 7279 4725 202 937 

TES23 Cc2 3827 1640 825 526 

TES23 Cc2 8069 4889 184 1071 

TES23 Cc2 7920 4454 154 1147 

TES23 Cc2 7626 4589 255 980 

TES23 Cc2 2916 885 1513 468 

TES23 Cc2 8474 4419 77 1071 

TES23 Cc2 4989 2649 694 574 

TES23 Cc2 6594 4114 410 703 

TES23 Cc2 4555 1562 178 813 

TES23 Cc2 3418 1663 1490 363 

TES23 Cc2 4526 2078 415 769 

TES23 Cc2 3736 1459 932 569 

TES23 Cc2 8783 5048 131 1047 
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TES23 Cc2 9106 5592 237 1008 

TES23 Cc2 3572 1291 487 473 

TES23 Cc2 8493 5716 154 1262 

TES23 Cc2 3770 1277 1312 669 
      

TES7 Cc3 34 646 1062 d.l. 

TES7 Cc3 d.l. 1032 1733 38 

TES7 Cc3 1210 1882 71 583 

TES7 Cc3 1499 2831 279 688 

TES7 Cc3 1644 3404 261 717 

TES7 Cc3 1292 2574 350 683 

TES7 Cc3 1620 3269 309 597 

TES7 Cc3 1764 4396 d.l. 712 

TES7 Cc3 2097 5754 196 894 

TES7 Cc3 1099 1917 d.l. 545 

TES7 Cc3 1567 3474 540 726 

TES7 Cc3 2367 5339 166 1051 

TES7 Cc3 1634 3295 487 717 

TES7 Cc3 1740 3860 291 803 

TES7 Cc3 1229 1268 83 545 

TES7 Cc3 1461 3125 291 736 

TES7 Cc3 1417 2920 463 636 

TES7 Cc3 868 1265 1068 387 
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Table S3 Elemental composition of the calcite cements Cc1 and Cc2 precipitated in the Puig-reig 

anticline. 

Sample Type of cement Fe (ppm) Mg (ppm) Sr (ppm) Mn (ppm) 

      

GP-R1 Cc1 700 1700 d.l. 1300 

GP-R1 Cc1 700 1100 600 1400 

GP-R1 Cc1 1100 2800 d.l. 1700 

GP-R1 Cc1 400 600 500 900 

GP-R1 Cc1 1000 1800 d.l. 1700 

GP-R1 Cc1 300 1000 d.l. 1000 

GP-R1 Cc1 600 1700 d.l. 1300 

GP-R1 Cc1 400 800 d.l. 1100 

GP-R1 Cc1 400 1000 d.l. 900 

GP-R1 Cc1 500 1300 d.l. 1000 

GP-R4 Cc1 d.l. 4500 d.l. 1700 

GP-R4 Cc1 d.l. 1800 d.l. 1200 

GP-R4 Cc1 d.l. 800 d.l. 900 

GP-R4 Cc1 400 2100 d.l. 2200 

GP-R4 Cc1 d.l. 4300 d.l. 1400 

GP-R4 Cc1 d.l. 1600 d.l. 800 

GP-R4 Cc1 d.l. 2100 d.l. 900 

GP-R4 Cc1 d.l. 4100 d.l. 1500 

GP-R4 Cc1 d.l. 4300 d.l. 1500 

309A Cc1 500 2000 600 d.l. 

309A Cc1 d.l. 1100 d.l. 1000 

309A Cc1 d.l. 1200 600 1200 

309A Cc1 0 1200 d.l. 800 

309A Cc1 d.l. 1900 d.l. 1500 

309A Cc1 200 2200 400 800 

309A Cc1 d.l. 800 d.l. 600 

309A Cc1 d.l. 3300 d.l. 1700 

309A Cc1 d.l. 2000 d.l. 1100 

309A Cc1 200 2300 d.l. 1600 

311A Cc1 900 2800 d.l. 1900 

311A Cc1 900 3200 d.l. 1500 

311A Cc1 700 3000 d.l. 1600 

311A Cc1 900 3500 d.l. 1900 

311A Cc1 700 2700 d.l. 2000 

311A Cc1 900 3300 d.l. 1900 

311A Cc1 d.l. 2500 d.l. 1500 

311A Cc1 300 1100 500 800 

314D2 Cc1 400 3400 d.l. 2800 

314D2 Cc1 300 3600 d.l. 1900 

314D2 Cc1 400 2900 600 2200 

314D2 Cc1 d.l. 1600 500 1800 
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314D2 Cc1 d.l. 1800 d.l. 1300 

314D2 Cc1 d.l. 3000 d.l. 1700 

314D2 Cc1 200 800 d.l. 1300 

314D2 Cc1 700 1100 d.l. 1100 

      

GP-R1 Cc2 600 900 1400 1500 

GP-R1 Cc2 300 1600 600 1500 

GP-R1 Cc2 300 d.l. 3000 1400 

GP-R1 Cc2 400 900 2700 1300 

GP-R1 Cc2 800 1700 700 1800 

GP-R1 Cc2 1000 1700 d.l. 1700 

GP-R1 Cc2 800 1200 800 1500 

GP-R1 Cc2 600 1000 d.l. 1100 

GP-R1 Cc2 600 1400 d.l. 900 

GP-R1 Cc2 900 1800 500 1400 

GP-R1 Cc2 400 1700 d.l. 300 

GP-R1 Cc2 1000 2200 d.l. 1200 

GP-R1 Cc2 1000 1900 d.l. 1600 

GP-R1 Cc2 1100 1900 d.l. 1700 

GP-R1 Cc2 800 2200 500 1200 

GP-R1 Cc2 400 500 d.l. 700 

311A Cc2 1000 500 600 1300 

311A Cc2 1300 600 500 1400 

311A Cc2 1300 900 700 1300 

311A Cc2 1000 d.l. d.l. 1700 

311A Cc2 1000 500 1100 1000 

311A Cc2 1200 d.l. 500 700 

311A Cc2 800 600 800 1100 

311A Cc2 500 2400 d.l. 1200 

311A Cc2 2300 1500 d.l. 2300 

311A Cc2 3200 1900 d.l. 1900 

311A Cc2 2200 1500 d.l. 1700 

311A Cc2 2000 1000 700 1000 

311A Cc2 2200 1400 500 1600 

311D Cc2 1600 900 d.l. 1100 

311D Cc2 1200 1200 d.l. 1000 

311D Cc2 1200 300 d.l. 1400 

311D Cc2 1300 300 d.l. 1400 

311D Cc2 700 500 d.l. 1300 

311D Cc2 1600 600 500 1000 

311D Cc2 1700 900 700 1100 

311D Cc2 1700 600 900 1000 

311D Cc2 1700 700 600 1400 

314D2 Cc2 300 d.l. d.l. 1200 

314D2 Cc2 1100 500 d.l. 900 

314D2 Cc2 400 800 d.l. 1300 
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314D2 Cc2 500 d.l. 700 1400 

314D2 Cc2 700 d.l. d.l. 600 

314D2 Cc2 500 d.l. 500 700 

314D2 Cc2 1400 1200 d.l. 1300 

      

 

218



Chapter 12 

Carbon and oxygen isotopes 

Table S4. δ18O and δ13C values of the carbonate host rocks and calcite cements Cc1, Cc2 and 

Cc3 precipitated in the Lower Pedraforca thrust sheet. For the third and fourth columns, the blank 

spaces represent host rocks which are not affected by fractures and do not contain calcite cement 

respectively. 

Sample Description Fracture type Type of cement δ13C PDB δ18O PDB 

            

Q1c Marine grainstone     1.68 -4.48 

Q4b Palustrine limestone     -10.02 -4.87 

Q15b Palustrine limestone     -17.47 -8.20 

Q16c Palustrine limestone     -3.65 -4.77 

Q21d Marine grainstone     1.45 -3.20 

            

Q1b Calcite shear vein Strike-slip fault Cc2 1.21 -5.55 

Q3Bc Calcite shear vein Strike-slip fault Cc2 1.58 -5.23 

Q3Bb Calcite shear vein Strike-slip fault Cc2 1.04 -9.86 

Q8a Vug Porosity   Cc2 0.84 -5.70 

Q20a Vug Porosity   Cc2 1.07 -4.39 

Q20b Vug Porosity   Cc2 1.17 -6.09 

Q20c Vug Porosity   Cc2 1.15 -7.01 

Q21a Calcite extension vein Joint Cc2 1.71 -6.15 

Q21b Calcite extension vein Joint Cc2 1.27 -6.69 

Q21c Calcite extension vein Joint Cc2 1.49 -5.17 

            

Q3Ba Calcite shear vein Strike-slip fault Cc3 -2.15 -5.50 

Q4a Calcite shear vein Reverse fault Cc3 -10.22 -3.87 

Q6a Calcite shear vein Reverse fault Cc3 -10.78 -4.06 

Q6b Calcite shear vein Reverse fault Cc3 -10.13 -5.95 

Q11a Calcite shear vein Strike-slip fault Cc3 -0.38 -4.98 

Q11b Calcite extension vein Joint Cc3 -5.97 -2.61 

Q12a Calcite extension vein Joint Cc3 -3.69 -5.89 

Q13a Calcite shear vein Bed-parallel slip surface Cc3 -4.89 -5.45 

Q15a Calcite shear vein Strike-slip fault Cc3 -15.18 -6.77 

Q16a Calcite extension vein Joint Cc3 -5.41 -9.21 

Q16b Calcite extension vein Joint Cc3 -5.46 -4.89 

Q19Aa Calcite shear vein Strike-slip fault Cc3 -1.85 -8.14 
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Table S5. δ18O and δ13C values of the carbonate host rocks and calcite cements Cc2, Cc3, Cc4 

and Cc5 precipitated in Vallfogona thrust. For the third and fourth columns, the blank spaces 

represent host rocks which are not affected by fractures and do not contain calcite cement 

respectively. 

Sample Description Fracture type Type of cement δ13C PDB δ18O PDB 

            

GDV1d Marine Marl     -0.26 -6.60 

GDV3c Marine Marl     -2.56 -5.73 

GDV26Ac Marine Marl     -1.57 -4.82 

GDV26Bc  Marine Marl     -1.35 -4.72 

GDV30c Marine Marl     -2.20 -6.94 

GDB6a Palustrine carbonate     -2.95 -7.19 

            

GDV20a Calcite extension vein Joint Cc2 -1.13 -5.74 

GDV20b Calcite extension vein Joint Cc2 -1.08 -5.75 

GDV25a Vug Porosity   Cc2 -2.64 -4.97 

GDV26Aa Vug Porosity   Cc2 -1.38 -5.49 

GDV29Aa Calcite shear vein Bed-parallel slip surfacte Cc2 -1.89 -5.26 

GDV29Ab Calcite shear vein Bed-parallel slip surfacte Cc2 -1.70 -4.74 

GDB13A Calcite shear vein Bed-parallel slip surfacte Cc2 -2.83 -5.61 

GDB15a Vug Porosity   Cc2 -3.86 -5.21 

GDB15b Calcite shear vein Reverse fault Cc2 -2.88 -6.24 

            

GDV1b Calcite shear vein Reverse fault Cc3 -0.70 -6.04 

GDV1c Calcite shear vein Reverse fault Cc3 -0.75 -6.83 

GDV1e Calcite shear vein Reverse fault Cc3 -0.90 -6.48 

GDV5a Calcite extension vein Joint Cc3 -0.80 -6.15 

GDV5b Calcite extension vein Joint Cc3 -0.16 -7.55 

GDB20a Calcite shear vein Reverse fault Cc3 0.21 -6.81 

GDB20b Calcite shear vein Reverse fault Cc3 -0.24 -6.89 

            

GDV1a Calcite shear vein Reverse fault Cc4 -1.54 -7.29 

GDV1f Calcite shear vein Reverse fault Cc4 -1.57 -7.34 

GDV1g Calcite shear vein Reverse fault Cc4 -1.43 -7.31 

GDV3a Calcite shear vein Reverse fault Cc4 -1.57 -6.93 

GDV3b Calcite shear vein Reverse fault Cc4 -1.52 -7.12 

GDV26Ab Calcite shear vein Reverse fault Cc4 -1.50 -6.79 

GDV26Ba Calcite shear vein Reverse fault Cc4 -1.44 -6.74 

GDV26Bb Calcite shear vein Reverse fault Cc4 -1.38 -6.91 

GDV30a Calcite shear vein Strike-slip fault Cc4 -1.65 -7.01 

GDV30b Calcite shear vein Strike-slip fault Cc4 -1.74 -7.03 

            

GDV7a Calcite shear vein Strike-slip fault Cc5 -2.37 -8.29 

GDV7b Calcite shear vein Strike-slip fault Cc5 -1.87 -7.79 

GDV7c Calcite shear vein Strike-slip fault Cc5 -2.08 -7.56 
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GDV9a Calcite shear vein Strike-slip fault Cc5 -0.90 -9.08 

GDv9b Calcite shear vein Strike-slip fault Cc5 -1.14 -8.76 

GDV13a Calcite shear vein Reverse fault Cc5 -2.56 -8.98 

GDV13b Calcite shear vein Reverse fault Cc5 -2.33 -9.99 

GDV13c Calcite shear vein Reverse fault Cc5 -2.27 -9.49 

GDV14a Calcite shear vein Reverse fault Cc5 -2.32 -9.95 

GDV14b Calcite shear vein Reverse fault Cc5 -2.28 -9.94 

GDV15a Intergranular porosity   Cc5 -0.57 -7.90 

GDV19a Calcite shear vein Reverse fault Cc5 -1.24 -9.44 

GDV19b Calcite shear vein Reverse fault Cc5 -1.42 -9.63 
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Table S6. δ18O and δ13C values of the carbonate host rocks and calcite cements Cc1 and Cc2 

precipitated in the Abocador thrust. For the third and fourth columns, the blank spaces represent 

host rocks which are not affected by fractures and do not contain calcite cement respectively. 

Sample Description Fracture type Type of cement δ13C PDB δ18O PDB 

            

TAB7a Carbonate clast     -1.67 -7.48 

TAB7a Carbonate clast     -1.69 -7.46 

TAB11a Carbonate clast     -0.31 -8.05 

TAB11ab Carbonate clast     -0.32 -7.95 

TAB12a Carbonate clast     0.45 -6.73 

TAB16a Carbonate clast     -0.77 -7.53 

TAB16a Carbonate clast     -0.59 -7.42 

TAB17a Carbonate clast     -0.47 -7.09 

TAB17a Carbonate clast     -0.42 -7.13 

            

TAB1a Calcite shear vein Reverse fault Cc1 -2.56 -8.60 

TAB2a Calcite shear vein Reverse fault Cc1 -2.72 -7.66 

TAB4a Calcite extension vein Joint Cc1 -2.17 -7.97 

TAB6a Calcite shear vein Strike-slip fault Cc1 -2.05 -7.61 

TAB7b Calcite shear vein Reverse fault Cc1 -1.81 -7.92 

TAB7c Calcite shear vein Reverse fault Cc1 -1.74 -7.84 

TAB9b Calcite shear vein Reverse fault Cc1 -1.61 -7.78 

TAB9c Calcite shear vein Reverse fault Cc1 -1.32 -8.12 

TAB9c Calcite shear vein Reverse fault Cc1 -2.28 -8.75 

TAB11c Calcite shear vein Reverse fault Cc1 -1.89 -8.34 

TAB12b Calcite extension vein Joint Cc1 -1.81 -7.80 

TAB12b Calcite extension vein Joint Cc1 -1.75 -7.85 

TAB12c Calcite shear vein Reverse fault Cc1 -0.42 -9.08 

TAB13a Calcite shear vein Reverse fault Cc1 -1.21 -7.93 

TAB14a Calcite shear vein Reverse fault Cc1 -1.09 -7.96 

TAB14b Calcite shear vein Reverse fault Cc1 -1.11 -7.88 

TAB14c Calcite shear vein Reverse fault Cc1 -1.08 -7.71 

TAB15a Calcite shear vein Reverse fault Cc1 -1.19 -8.01 

TAB16b Calcite extension vein Joint Cc1 -1.37 -7.97 

TAB16c Calcite extension vein Joint Cc1 -1.34 -8.11 

TAB16c Calcite extension vein Joint Cc1 -1.35 -8.19 

TAB16d Calcite extension vein Joint Cc1 -1.54 -8.44 

TAB17b Calcite extension vein Joint Cc1 -1.16 -7.79 

TAB17c Calcite extension vein Joint Cc1 -0.83 -7.41 

TAB18Aa Calcite shear vein Strike-slip fault Cc1 -1.19 -8.77 

TAB18Ab Calcite extension vein Joint Cc1 -1.08 -8.00 

TAB18Ba Calcite extension vein Joint Cc1 -1.11 -8.81 

TAB18Bb Calcite shear vein Strike-slip fault Cc1 -1.05 -8.01 

TAB3a Calcite shear vein Reverse fault Cc2 -4.19 -6.78 

TAB3a Calcite shear vein Reverse fault Cc2 -4.05 -6.90 
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TAB5a Calcite shear vein Reverse fault Cc2 -2.14 -7.75 

TAB8a Calcite shear vein Reverse fault Cc2 -1.94 -4.98 

TAB9a Calcite shear vein Reverse fault Cc2 -1.54 -5.17 

TAB10a Calcite shear vein Reverse fault Cc2 -2.82 -6.34 

TAB11b Calcite shear vein Reverse fault Cc2 -1.46 -5.15 

TAB11b Calcite shear vein Reverse fault Cc2 -1.47 -5.20 
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Table S7. δ18O and δ13C values of the carbonate host rocks and calcite cements Cc1, Cc2 and 

Cc3 precipitated in the L’Escala thrust. For the third and fourth columns, the blank spaces 

represent host rocks which are not affected by fractures and do not contain calcite cement 

respectively. 

Sample Description Fracture type Type of cement δ13C PDB δ18O PDB 

            

TES17b Carbonate clast      0.00 -6.50 

TES18b Carbonate clast     -0.80 -7.40 

TES19b Carbonate clast     -0.70 -7.10 

TES21b Carbonate clast     -0.30 -6.70 

            

TES1a Calcite shear vein Bed-parallel slip surface  Cc1 -2.10 -8.80 

TES4a Calcite shear vein Reverse fault Cc1 -3.10 -8.30 

TES5a Calcite extension vein Joint Cc1 -2.80 -8.50 

TES7a Calcite extension vein Joint Cc1 -1.90 -8.30 

TES8a Calcite shear vein Reverse fault Cc1 -2.30 -8.60 

TES9a Calcite shear vein Reverse fault Cc1 -2.20 -8.50 

TES11a Calcite shear vein Bed-parallel slip surface  Cc1 -2.50 -8.50 

TES12a Calcite shear vein Bed-parallel slip surface  Cc1 -2.40 -8.70 

            

TES17a Calcite shear vein Strike-slip fault Cc2 -0.60 -9.50 

TES21a Calcite shear vein Strike-slip fault Cc2 -0.50 -9.20 

TES23a Calcite shear vein Strike-slip fault Cc2 -0.60 -9.30 

            

TES18a Calcite extension vein Joint Cc3 -4.00 -12.60 

TES19a Calcite extension vein Joint Cc3 -3.10 -14.40 
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Strontium isotopes 

Table S8. 87Sr/86Sr values of carbonate host rocks and calcite cements Cc2, Cc3, Cc4 and Cc5 

precipitated in the Vallfogona thrust. For the third and fourth columns, the blank spaces represent 

host rocks which are not affected by fractures and do not contain calcite cement respectively. 

Sample description Fracture Type Type of cement 87Sr/86Sr 

     

GDV1i Marine marl   0.7086026 

GDV22a Marine marl   0.7080593 

     

GDV20c Calcite extension vein Joint Cc2 0.7081918 

GDV25b Vug porosity  Cc2 0.7081336 

GDV26Ae Vug porosity  Cc2 0.7080600 

     

GDV1h Calcite shear vein Reverse fault Cc3 0.7082869 

GDV5c Calcite extension vein Joint Cc3 0.7079360 

GDV5d Calcite extension vein Joint Cc3 0.7081716 

     

GDV26Ad Calcite shear vein Reverse fault Cc4 0.7081378 

     

GDV7c Calcite shear vein Strike-slip fault Cc5 0.7092587 

GDV13d Calcite shear vein Reverse fault Cc5 0.7093333 
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Table S9. 87Sr/86Sr values of carbonate host rocks and calcite cements Cc1, Cc2 and Cc3 

precipitated in the L’Escala thrust. For the third and fourth columns, the blank spaces represent 

host rocks which are not affected by fractures and do not contain calcite cement respectively.  

Sample Description Fracture Type Type of cement 87Sr/86Sr 

     

TES19b Carbonate clast   0.708952 

     

TES5 Calcite extension vein Joint Cc1 0.708179 

TES4 Calcite shear vein Reverse fault Cc1 0.708165 

TES9 Calcite shear vein Reverse fault Cc1 0.708171 

TES11 Calcite shear vein Bed-parallel slip surface Cc1 0.708189 

     

TES21 Calcite shear vein Strike-slip fault Cc2 0.708572 

     

TES19a Calcite extension vein Joint Cc3 0.708470 
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Annex 3: Data repository from Chapter 6. 

GSA Data Repository 

U-Pb geochronology applied to fracture-filling calcite cements to decipher 
emplacement and reactivation of south Pyrenean thrust sheets 

D. Cruset1, J. Vergés2, R. Albert3, A. Gerdes3, A. Benedicto4, I. Cantarero1, A. 
Travé1 

1 Departament de Mineralogia, Petrologia i Geologia Aplicada, Facultat de 
Ciències de la Terra, Universitat de Barcelona (UB), Martí i Franquès s/n, 08028, 
Barcelona, Spain. 
2 Institut de Ciències de la Terra Jaume Almera, ICTJA-CSIC, Lluís Solé i Sabaris 
s/n, 08028 Barcelona, Spain. 
3 Department of Geosciences, Goethe University Frankfurt, 60438 Frankfurt am 
Main, Germany. 
4 UMR Geops, Université Paris Sud, 91405 Orsay, France. 
 

U-Pb of ca lcite and dolomite method 

The applied method is similar to that previously described by Ring and Gerdes (2016) and 

Burisch et al. (2017). U-Pb ages were acquired in situ in 35 polished mounds (2 cm thick) from 

66 hand samples of calcite and dolomite by laser ablation-inductively coupled plasma-mass 

spectrometry (LA-ICP-MS) at Goethe University Frankfurt, using a modified method described in 

Gerdes and Zeh (2006, 2009). A ThermoScientific Element 2 sector field ICP-MS was coupled to 

a Resolution S-155 (Resonetics) 193nm ArF excimer laser (CompexPro 102) equipped with a 

two-volume ablation cell (Laurin Technic). Samples were ablated in a helium atmosphere (0.3 L 

min-1) and mixed in the ablation funnel with 0.9 L min-1 argon and 0.05 L min-1 nitrogen. Signal 

strength at the ICP-MS was tuned for maximum sensitivity while keeping oxide formation 

(monitored as 248ThO/232Th) below 0.2% and no fractionation of the Th/U ratio. Static ablation 

used a spot size of 213 μm and a fluence of about 2 J cm-2 at 12 Hz. This yielded for National 

Institute of Standards and Technology Standard Reference Material-614 (NIST SRM-614) a depth 

penetration of ~0.6 μms-1 and an average sensitivity of 350,000 c/s μg-1 for 238U. The detection 

limit for 206Pb and 238U was ~0.2 and 0.03 ppb, respectively.  

Data were acquired in fully automated mode overnight in three sequences of 598 analyses 

each one. Each analysis consists of 20 s background acquisition followed by 20 s of sample 

ablation and 25 s washout. During 40 s of data acquisition, the signal of 206Pb, 207Pb. 208Pb, 232Th 

and 238U were detected by peak jumping in pulse counting mode with a total integration time of 

0.1s, resulting in 400 mass scans. Prior to analysis each spot was pre-ablated for 3 s to remove 

surface contamination. Soda-lime glass NIST SRM-614 was used as a reference glass together 

with two carbonate standards to bracket sample analysis.  

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

Zeh, 2006, 2009). Following background correction, outliers (±2σ) were rejected based on the 
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time-resolved 207Pb/206Pb and 206Pb/238U ratios. The mean 207Pb/206Pb ratio of each analysis was 

corrected for mass bias 0.3% and the 206Pb/238U ratio for interelement fractionation (~5%), 

including drift over the sequence time, using NIST SRM-614. Due to the carbonate matrix, 

additional offset factors of 1.061 in seq1 and 0.963 in seq2 have been applied, which was 

determined using WC-1 carbonate reference material (Roberts et al., 2017). The 206Pb/238U 

fractionation during 20s depth profiling was estimated to be 3%, based on the common Pb 

corrected WC-1 analyses, and has been applied as an external correction to all carbonate 

analyses. Repeated analyses of a Zechstein dolomite (Gypsum pit, Tettenborn, Germany) used 

as secondary (in-house) standard yielded a lower intercept age of 259.5 ± 5.2 Ma (MSWD = 0.99 

and n = 17) for sequence 1 and 255.3 ± 5.8 Ma (MSWD = 1.4 and n = 18) for sequence 2. A 

stromatolitic limestone from the Cambrian-Precambrian boundary in South-Namibia, analysed 

during sequence 2, yielded a lower intercept ages of 543.8 ± 5.3 Ma (MSWD = 1.4). This is within 

uncertainty identical to the U/Pb zircon age of 543 ± 1 Ma from the directly overlying ash layer 

(Spitskopf formation; Bowring et al., 1993). Altogether the data imply an accuracy and 

repeatability of the method of ~2% or better. The analytical results are presented in Table DR2. 

Data were plotted in Tera-Wasserburg diagrams Fig. DR2 and ages calculated as lower intercepts 

using Isoplot 3.71 (Ludwig, 2009). All uncertainties are reported at the 2σ level. 

 

 

Repos ito ry data references 

Bowring, S.A., Grotzinger, J.P., Isachsen, C.E., Knoll, A.H., Pelechaty, S.M., and Kolosov, 

P., 102 1993, Calibrating Rates of Early Cambrian Evolution: Science, v. 261, p. 1293–1298. 

Burisch, M., Gerdes, A., Walter, B.F., Neumann, U., Fettel, M., and Markl, G., 2017, Methane 

and the origin of five-element veins: Mineralogy, age, fluid inclusion chemistry and ore forming 

processes in the Odenwald, SW Germany: Ore Geology Reviews, v. 81, p. 42–61. 

Gerdes, A., and Zeh, A., 2006, Combined U–Pb and Hf isotope LA-(MC-)ICP-MS analyses 

of detrital zircons: Comparison with SHRIMP and new constraints for the provenance and age of 

an Armorican metasediment in Central Germany: Earth and Planetary Science Letters, v. 249, p. 

47–61, doi: 10.1016/j.epsl.2006.06.039. 

Gerdes, A., and Zeh, A., 2009, Zircon formation versus zircon alteration — New insights from 

combined U–Pb and Lu–Hf in-situ LA-ICP-MS analyses, and consequences for the interpretation 

of Archean zircon from the Central Zone of the Limpopo Belt: Chemical Geology, v. 261, p. 230–

243, doi: 10.1016/j.chemgeo.2008.03.005. 

Ludwig, K.R., 2009, Isoplot/Ex Ver 3.71: A geochronological toolkit for Microsoft Excel: 

Berkeley Geochronology Center Special Publications,. 
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Ring, U., and Gerdes, A., 2016, Kinematics of the Alpenrhein-Bodensee graben system in 

the Central Alps: Oligocene/Miocene transtension due to formation of the Western Alps arc: 

Tectonics, v. 35, p. 1367–1391, doi: 10.1002/2015TC004085. 

Roberts, N.M.W., Rasbury, E.T., Parrish, R.R., Smith, C.J., Horstwood, M.S.A., and 

Condon,D.J., 2017, A calcite reference material for LA-ICP-MS U-Pb geochronology: 

Geochemistry, Geophysics, Geosystems, v. 18, p. 2807–2814. 
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Table DR1: Description and field images of samples 

Bóixols – Upper Pedraforca thrust sheet 

Sample Location Description Host rock Age 

Bx1a 42° 9'55.90"N 
1° 9'38.96"E 

E-W sub-vertical 
calcite vein 

Upper 
Cretaceous 
limestones 

No 

 

 

Sample Location Description Host rock Age 

Bx5 42° 9'56.73"N 
1° 9'39.25"E 

Calcite within 
reverse fault 

Upper 
Cretaceous 
limestones 

Yes 
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Sample Location Description Host rock Age 

Bx10 42°10'9.17"N 
1° 9'47.38"E 

Calcite within 
normal fault 

Jurassic 
limestones No 

 

 

Sample Location Description Host rock Age 

Bx11 42°10'25.48"N 
1° 9'55.30"E 

Calcite within 
strike-slip fault 

Lower 
Cretaceous 
limestones 

No 

 

 

Sample Location Description Host rock Age 

Bx16 42°10'24.90"N 
1° 9'55.47"E E-W calcite veins 

Lower 
Cretaceous 
limestones 

Yes 
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Sample Location Description Host rock Age 

Bx33 42°11'29.08"N 
0°57'27.28"E 

Calcite within 
strike-slip fault 

Upper 
Cretaceous marls 
and limestones 

Yes 

 

 

Sample Location Description Host rock Age 

CN15 42°10'36.18"N 
1°18'24.18"E 

Calcite within 
strike-slip fault 

Upper 
Cretaceous 
limestones 

No 

 

 

Sample Location Description Host rock Age 

CN20 42°10'33.65"N 
1°18'12.63"E 

NW-SE calcite 
vein 

Paleocene 
limestones No 
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Sample Location Description Host rock Age 

CN33 42°10'39.31"N 
1°18'59.17" 

NE-SW calcite 
vein 

Lower 
Cretaceous 
limestones 

No 

 

 

Sample Location Description Host rock Age 

CN38 42°10'39.52"N 
  1°18'14.41"E 

NW-SE calcite 
vein 

Lower 
Cretaceous 
limestones 

Yes 

 

 

Sample Location Description Host rock Age 

MGT9 42°11'53.57"N 
1° 2'11.19"E 

Calcite within 
normal fault 

Lower 
Cretaceous 
limestones 

Yes 
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Sample Location Description Host rock Age 

P2 42°14'50.15"N 
1°42'18.21"E 

Calcite within 
strike-slip fault 

Upper 
Cretaceous 
limestones 

Yes 

 

 
 

Sample Location Description Host rock Age 

P4 42°14'50.15"N 
1°42'18.21"E 

Hydraulic breccia 
cemented by 

calcite 

Upper 
Cretaceous 
limestones 

Yes 

 

 

Sample Location Description Host rock Age 

P8 42°14'39.87"N 
1°41'52.75"E N-S calcite vein Lower Jurassic 

limestones Yes 
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Sample Location Description Host rock Age 

P9 42°14'39.62"N 
1°41'52.82"E 

Calcite within 
breccia 

Lower Jurassic 
Breccias Yes 

 

 

Sample Location Description Host rock Age 

P12 42°13'35.72"N 
1°42'41.08"E 

Calcite within 
strike-slip fault 

Upper 
Cretaceous 

Breccias 
Yes 

 

 

Sample Location Description Host rock Age 

P14 42°13'35.47"N 
1°42'41.62" 

Calcite within 
strike-slip fault 

Upper 
Cretaceous marls Yes 
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Sample Location Description Host rock Age 

P21 42°14'59.03"N 
1°39'5.60"E 

Calcite within 
reverse fault 

Lower 
Cretaceous 

breccias 
Yes 

 

 

Sample Location Description Host rock Age 

P24 42°14'58.92"N 
1°39'14.55"E 

N-S dolomite vein 
predating N-S 

calcite vein 

Upper Jurassic 
dolostones Yes 

 

Sample Location Description Host rock Age 

P44 42°13'14.60"N 
1°41'12.57"E N-S calcite vein 

Upper 
Cretaceous 
siltstones 

Yes 
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Sample Location Description Host rock Age 

P63 42°14'31.10"N 
1°41'55.27"E Karst cavity 

Lower 
Cretaceous 

breccias 
Yes 

 

 

Sample Location Description Host rock Age 

P69 42°14'59.09"N 
1°39'6.44"E 

Calcite within 
WSW-ENE 

reverse fault 

Lower 
Cretaceous 

breccias 
No 

 

 

Sample Location Description Host rock Age 

P75A 42°14'59.03"N 
1°39'13.20"E 

Bed-parallel 
dolomite vein 

Upper Jurassic 
dolostones No 
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Sample Location Description Host rock Age 

P82A and B 42°14'59.00"N 
1°39'11.84"E 

Calcite within E-
W normal fault 

Lower 
Cretaceous 

breccias 
No 

 

 

Sample Location Description Host rock Age 

P86 42°14'54.16"N 
1°38'52.10"E 

Calcite within E-
W reverse fault 

Lower 
Cretaceous 

breccias 
No 

 

 

238



Chapter 12 

Lower Pedraforca thrust sheet 
 

Sample Location Description Host rock Age 

EST2 42°15'27.89"N 
1°41'15.31"E 

Calcite within 
NNW-SSE 
normal fault 

Oligocene 
conglomerates Yes 

 

 

Sample Location Description Host rock Age 

G3 42° 7'55.99"N 
1°51'45.57"E N-S calcite vein Lower Jurassic 

limestones Yes 

 

 

Sample Location Description Host rock Age 

G4 42° 7'56.49"N 
1°51'47.59"E 

Calcite within 
strike-slip fault 

Upper 
Cretaceous 
limestones 

No 
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Sample Location Description Host rock Age 

G15 42°14'16.70"N 
1°51'55.89"E 

Calcite within 
reverse fault 

Lower Jurassic 
limestones Yes 

 

 

Sample Location Description Host rock Age 

PEG1 42° 9'52.60"N 
1°45'37.50"E 

Calcite within 
reverse fault 

Paleocene 
limestones No 

 

 

Sample Location Description Host rock Age 

PEG4 42° 9'52.60"N 
1°45'37.50"E 

Calcite within 
reverse fault 

Paleocene 
limestones No 
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Sample Location Description Host rock Age 

Q3-1 and Q3-2 42° 6'37.28"N 
1°49'27.69"E 

Calcite within 
reverse fault 

Upper 
Cretaceous 
limestones 

Q3-1 = Yes 
Q3-2 = No 

 

 

Sample Location Description Host rock Age 

Q11 42° 6'26.46"N 
1°49'35.42"E E-W calcite vein Middle Eocene 

sandstones Yes 

 

 

Sample Location Description Host rock Age 

Q24 42° 7'0.88"N 
1°50'34.71"E 

Calcite within 
reverse fault 

Upper 
Cretaceous 
limestones 

Yes 
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Sample Location Description Host rock Age 

Q27 42° 6'38.01"N 
1°49'26.53"E N-S calcite vein 

Upper 
Cretaceous 
limestones 

Yes 

 

 

Sample Location Description Host rock Age 

Q29 42° 7'5.30"N 
1°50'38.26"E 

Calcite within 
reverse fault 

Upper 
Cretaceous 
limestones 

Yes 

 

 

Sample Location Description Host rock Age 

Q33 42° 6'26.26"N 
1°49'35.74"E N-S calcite vein Middle Eocene 

sandstones Yes 
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Cadí thrust sheet 

Sample Location Description Host rock Age 

B2 42°16'4.45"N 
1°51'5.53"E 

E-W calcite veins 
and vug porosity 

Middle Eocene 
limestones Yes 

 

 
 

Sample Location Description Host rock Age 

B1 42°16'4.45"N 
1°51'5.53"E N-S calcite vein Lower Eocene 

limestones No 

 

 

Sample Location Description Host rock Age 

B22 42°15'43.66"N 
1°52'24.92"E E-W calcite vein Lower Eocene 

limestones Yes 
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Sample Location Description Host rock Age 

B24 42°15'43.67"N 
1°52'24.47"E E-W calcite vein Lower Eocene 

limestones No 

 

 

Sample Location Description Host rock Age 

B32 42°15'34.75"N 
1°51'59.95"E N-S calcite vein Lower Eocene 

limestones Yes 

 

 

Sample Location Description Host rock Age 

B45 42°16'3.65"N 
1°51'5.22"E 

Calcite within 
strike-slip fault 

Lower Eocene 
limestones No 
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Sample Location Description Host rock Age 

B46 42°15'55.18"N 
1°51'1.34"E N-S calcite vein Lower Eocene 

limestones Yes 

 

 

Sample Location Description Host rock Age 

B54 42°15'52.14"N 
1°51'4.54"E N-S calcite vein Lower Eocene 

limestones Yes 

 

 

Sample Location Description Host rock Age 

GDV5 42°7'49.04"N 
1°54'1.88"E 

Calcite within 
reverse fault 

Lower Eocene 
marls Yes 
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Sample Location Description Host rock Age 

GDV13 42° 7'47.45"N 
1°53'59.15"E 

Calcite within 
reverse fault  

Oligocene 
sandstones No 

 

 

Sample Location Description Host rock Age 

B57 42°15'43.95"N 
1°52'24.76"E 

N-S and E-W 
calcite veins 

Lower Eocene 
limestones Yes 

 

 

Sample Location Description Host rock Age 

GDV26 42° 7'49.33"N 
1°54'2.79"E 

Calcite within 
strike-slip fault  

Lower Eocene 
marls No 
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Sample Location Description Host rock Age 

GIS1 42°15'58.35"N 
1°44'33.28"E E-W calcite vein  Lower Eocene 

marls Not analyzed 

 

 

Sample Location Description Host rock Age 

GIS4 42°16'10.42"N 
1°42'29.96"E N-S calcite vein  Lower Eocene 

marls Yes 

 

 

Sample Location Description Host rock Age 

GIS10A 42°15'56.29"N 
1°41'36.05"E 

N-S and E-W 
calcite veins  

Lower Eocene 
marls Yes 
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Sample Location Description Host rock Age 

PA9 42°17'53.69"N 
1°42'49.66"E 

N-S and E-W 
calcite veins  

Upper 
Cretaceous 
limestones 

No 

 

 

Sample Location Description Host rock Age 

PA12 42°17'53.97"N 
1°42'57.09"E 

Calcite within 
reverse fault  

Upper 
Cretaceous 
limestones 

Yes 
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Ebro Basin 

Sample Location Description Host rock Age 

309B 42° 4'8.05"N 
1°34'14.09"E 

Calcite within 
strike-slip fault  

Oligocene 
sandstones No 

 

 

Sample Location Description Host rock Age 

311A 42° 3'54.91"N 
1°34'9.26"E 

Calcite within 
strike-slip fault  

Oligocene 
sandstones No 

 

 

Sample Location Description Host rock Age 

GPR401 42° 3'54.91"N 
1°34'9.26"E 

Calcite within 
fault breccia  

Oligocene 
sandstones Yes 
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Axial Zone 

Sample Location Description Host rock Age 

C8 42°20'12.45"N 
1°29'57.58"E 

Calcite within 
reverse fault 

Devonian 
limestones No 

 

 

Sample Location Description Host rock Age 

C9 42°20'12.45"N 
1°29'57.58"E 

Calcite within 
reverse fault 

Devonian 
limestones No 

 

 

Sample Location Description Host rock Age 

C10 42°20'12.45"N 
1°29'57.58"E N-S calcite vein Permian volcanic 

rocks No 
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Sample Location Description Host rock Age 

C12 42°20'12.45"N 
1°29'57.58"E E-W calcite vein Permian volcanic 

rocks Yes 

 

 

Sample Location Description Host rock Age 

Est-2 42°21'37.16"N 
1°31'5.31"E 

Calcite within 
reverse fault 

Permian¿? 
volcanic rocks No 

 

 

Sample Location Description Host rock Age 

Est-8 42°21'34.91"N 
1°31'8.19"E 

Calcite within 
reverse fault 

Devonian 
limestones No 
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Sample Location Description Host rock Age 

MAI2 42°32'43.83"N 
1°43'11.37"E 

Calcite within 
reverse fault 

Devonian 
limestones No 

 

 

Sample Location Description Host rock Age 

MAI3 42°32'43.91"N 
1°43'11.58"E 

Calcite within 
reverse fault 

Devonian 
limestones No 

 

 

Sample Location Description Host rock Age 

MAI4 42°32'43.69"N 
1°43'11.01"E 

Calcite within 
reverse fault 

Devonian 
limestones No 
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Table DR2: U-Pb calcite and dolomite ages 

Sample Structure Age (Ma) ± 2σ MSWD Number of spots 

      

Bx5 Bóixols-Upper Pedraforca 56.8 1.2 1.18 24 

Bx16 Bóixols-Upper Pedraforca 46.9 3 0.93 23 

Bx16b Bóixols-Upper Pedraforca 47.8 2.8 1.5 23 

Bx33 Bóixols-Upper Pedraforca 47 10 0.75 20 

CN38 Bóixols-Upper Pedraforca 65.3 4.3 0.98 27 

MGT9 Bóixols-Upper Pedraforca 14.8 2.3 1.09 23 

MGT9b Bóixols-Upper Pedraforca 18.9 0.8 1.6 27 

P2 Bóixols-Upper Pedraforca 67 2.4 0.8 32 

P4 Bóixols-Upper Pedraforca 70.5 1.1 1.08 20 

P8a Bóixols-Upper Pedraforca 63.4 0.85 1.07 59 

P8b Bóixols-Upper Pedraforca 34.3 2.8 0.89 12 

P8c Bóixols-Upper Pedraforca 33.2 5.1 2.2 28 

P9a Bóixols-Upper Pedraforca 35.9 1.2 1.5 24 

P9b Bóixols-Upper Pedraforca 37.6 0.84 0.69 26 

P11a Bóixols-Upper Pedraforca 50 12 1.8 13 

P11b Bóixols-Upper Pedraforca 39.5 1.2 1.3 34 

P12a Bóixols-Upper Pedraforca 26.1 2.2 3.8 14 

P12b Bóixols-Upper Pedraforca 14.9 1.2 0.66 15 

P14 Bóixols-Upper Pedraforca 38.4 1.5 0.85 28 

P21 Bóixols-Upper Pedraforca 31.4 1.7 1.8 24 

P24a Bóixols-Upper Pedraforca 138 12 1.4 21 

P24b Bóixols-Upper Pedraforca 34.8 1.6 1.5 14 

P44 Bóixols-Upper Pedraforca 25 17 1.6 23 

P63 Bóixols-Upper Pedraforca 54.9 0.66 0.99 25 

      

EST2 Lower Pedraforca 30.2 2 1.8 21 

G3 Lower Pedraforca 42.9 0.94 1.8 32 

G3b Lower Pedraforca 42.3 0.84 1.5 20 

G15b Lower Pedraforca 11.9 1.4 1.3 23 

Q3-1 Lower Pedraforca 47.3 1 1.3 24 

Q11 Lower Pedraforca 47.9 1.3 1.7 31 

Q24 Lower Pedraforca 45.1 1.2 1.09 32 

Q27 Lower Pedraforca 45.7 1.9 2.2 25 

Q29 Lower Pedraforca 47.2 0.7 1.4 27 

Q33 Lower Pedraforca 44.8 1.3 1.4 23 

      

B2 Cadí 28.4 1.9 1.3 23 

B22 Cadí 36.5 2.3 1.5 38 

B32 Cadí 28.7 0.83 0.94 28 

B46 Cadí 30 11.3 3.5 26 

B54 Cadí 37 10 1.5 25 

B57 Cadí 37.2 1.5 0.95 43 
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Sample Structure Age (Ma) ± 2σ MSWD Number of spots 

      

GDV5 Cadí 36.9 1.1 0.82 21 

GIS4 Cadí 35.1 2.2 1.3 30 

GIS4b Cadí 33.7 1.2 1.4 12 

GIS10a Cadí 30.1 4.8 1.2 15 

Pa12 Cadí 15.3 0.4 1.7 21 

      

C12 Axial zone 3.9 5.7 0.83 24 

      

GPR401 Ebro basin 2.6 1.3 0.55 26 
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Table DR3: LA-ICP-MS U-Th-Pb isotope data of calcite cements  

spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

                    

Sequence 1 

A06 P12a 9805 0.171 0.074 0.00 3.745 3.0 0.796 2 

A07 P12a 12378 1.022 0.093 0.00 17.683 3.2 0.7712 2.2 

A07i P12a 11387 1.110 0.084 0.00 21.349 3.6 0.7692 2.6 

A08 P12a 14890 0.997 0.112 0.00 14.399 2.9 0.7893 1.7 

A09 P12a 630 0.524 0.003 0.00 178.667 6.4 0.2751 12 

A10 P12a 1906 0.364 0.013 0.00 41.477 10.5 0.6774 4.7 

A11 P12a 270 0.155 0.002 0.00 122.986 10.3 0.401 16 

A12 P12a 465 0.285 0.003 0.00 130.702 6.8 0.4257 11 

A13 P12a 842 0.351 0.006 0.00 89.606 5.7 0.5919 7.6 

A14 P12a 629 0.424 0.004 0.00 143.596 6.7 0.4945 10 

A15 P12a 962 0.748 0.005 0.00 165.782 5.0 0.3089 8.3 

A16 P12a 8866 3.364 0.059 0.01 80.841 2.8 0.5465 1.9 

A17 P12a 10034 1.667 0.074 0.01 34.928 4.7 0.6988 2 

A18 P12a 6986 0.642 0.053 0.00 19.482 5.7 0.7557 2.2 

                    

A19 P12b 5323 1.408 0.039 0.00 56.022 7.9 0.707 3.4 

A20 P12b 8485 1.034 0.064 0.00 26.062 3.3 0.7772 2.5 

A21 P12b 46712 0.708 0.362 0.08 3.206 3.0 0.8071 0.91 

A22 P12b 17827 1.645 0.136 0.13 19.589 3.4 0.7909 1.8 

A23 P12b 5601 3.505 0.038 0.02 132.591 3.3 0.5824 3.2 

A24 P12b 19777 2.511 0.150 0.12 26.731 5.0 0.7644 1.5 

A25 P12b 13899 1.782 0.107 0.07 26.596 8.5 0.7629 2.1 

A26 P12b 30479 1.763 0.240 0.14 11.920 6.4 0.7918 1.4 

A27 P12b 22672 1.783 0.174 0.11 16.656 3.9 0.7915 1.6 

A28 P12b 13935 0.973 0.107 0.02 14.728 2.9 0.7808 1.8 

A29 P12b 15208 0.813 0.118 0.05 11.236 4.3 0.7953 1.6 

A30 P12b 12109 1.395 0.095 0.08 23.585 7.1 0.7699 1.8 

A31 P12b 7735 1.141 0.059 0.01 30.979 3.5 0.7587 2.5 

A32 P12b 37529 0.506 0.293 0.42 2.833 5.2 0.8123 1.1 

A38 P12b 7898 1.341 0.060 0.01 35.448 3.9 0.7425 2.3 

                    

A94 B32 3247 0.300 0.026 0.24 18.165 8.6 0.7545 4.7 

A95 B32 3587 0.157 0.028 0.29 8.905 8.5 0.766 3.2 

A96 B32 11887 0.207 0.098 0.23 3.489 7.8 0.817 2 

A97 B32 3003 0.231 0.024 0.18 15.161 8.6 0.757 3.8 

A98 B32 19302 0.307 0.173 0.32 2.902 16.1 0.8083 2 

A99 B32 75 0.053 0.000 0.01 142.816 16.5 0.2126 37 

A100 B32 23936 0.467 0.226 0.58 3.385 17.4 0.809 1.4 

A100i B32 21045 0.573 0.168 0.62 5.574 6.6 0.806 1.5 

A101 B32 2804 0.150 0.023 0.33 10.760 5.3 0.7886 4 

A107 B32 10448 0.207 0.086 0.26 3.959 7.1 0.8062 1.7 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A108 B32 351 0.234 0.002 0.00 132.979 8.0 0.3921 14 

A109 B32 257 0.258 0.001 0.00 199.402 11.0 0.1376 31 

A110 B32 326 0.299 0.002 0.01 182.648 8.7 0.1713 21 

A111 B32 792 0.326 0.005 0.01 83.612 12.3 0.5026 10 

A112 B32 345 0.265 0.002 0.02 153.752 8.2 0.3431 16 

A113 B32 343 0.187 0.002 0.01 109.206 10.5 0.4168 18 

A114 B32 229 0.269 0.001 0.01 234.467 10.9 0.03493 84 

A115 B32 140 0.150 0.001 0.01 212.947 12.8 0.1223 45 

A116 B32 196 0.219 0.001 0.01 222.618 10.8 0.05182 43 

A117 B32 164 0.180 0.001 0.01 216.826 10.3 0.06087 68 

A118 B32 194 0.213 0.001 0.00 219.491 10.4 0.1024 38 

A119 B32 260 0.257 0.001 0.01 196.967 8.4 0.1129 31 

A120 B32 375 0.391 0.002 0.01 206.186 8.1 0.1105 23 

A121 B32 312 0.299 0.002 0.01 191.095 8.5 0.1341 24 

A122 B32 241 0.230 0.001 0.01 190.876 11.2 0.1658 25 

A123 B32 179 0.229 0.001 0.00 253.872 11.8 0.05388 61 

A124 B32 280 0.102 0.002 0.00 72.464 10.2 0.6053 15 

A125 B32 298 0.191 0.002 0.00 128.502 12.9 0.3245 19 

                    

A130 GDV5 515 0.188 0.004 0.05 72.098 7.6 0.5413 9 

A131 GDV5 303 0.225 0.002 0.16 146.757 8.2 0.1909 18 

A132 GDV5 329 0.243 0.002 0.36 145.455 8.1 0.1654 19 

A133 GDV5 352 0.238 0.002 0.15 133.014 7.2 0.2564 17 

A134 GDV5 33056 0.285 0.271 0.66 1.702 5.9 0.7858 1.3 

A135 GDV5 441 0.275 0.003 0.26 122.354 6.8 0.2663 14 

A136 GDV5 32772 0.480 0.272 0.99 2.888 3.1 0.806 1.1 

A137 GDV5 87678 0.914 0.735 2.34 2.050 3.0 0.8197 0.8 

A138 GDV5 116992 0.782 0.979 1.29 1.315 4.1 0.8164 0.74 

A139 GDV5 373 0.269 0.002 0.14 141.864 7.9 0.1641 19 

A140 GDV5 7323 0.529 0.060 0.46 14.124 10.0 0.7618 2.8 

A141 GDV5 19854 0.627 0.164 0.66 6.211 3.8 0.7885 1.7 

A142 GDV5 27289 0.559 0.227 0.73 4.024 7.2 0.8077 1.1 

A143 GDV5 100506 0.753 0.847 1.10 1.466 4.4 0.8207 0.76 

A144 GDV5 680 0.379 0.004 1.16 108.038 8.2 0.3638 15 

A145 GDV5 492 0.323 0.003 1.25 127.129 6.9 0.2299 17 

A151 GDV5 451 0.325 0.002 0.36 140.885 7.3 0.1622 19 

A152 GDV5 358 0.275 0.002 0.41 147.427 7.8 0.1976 18 

A153 GDV5 1290 0.623 0.009 1.10 93.284 9.1 0.4216 13 

A153i GDV5 3750 0.549 0.029 0.98 28.827 9.1 0.6899 4.3 

A154 GDV5 305 0.231 0.002 0.04 147.319 7.8 0.1778 17 

                    

A165 CN38 309 0.029 0.003 0.00 18.070 10.2 0.7616 13 

A166 CN38 413 0.097 0.003 0.03 44.964 9.1 0.4585 14 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A167 CN38 3278 0.122 0.027 0.11 7.133 5.2 0.7711 3.7 

A168 CN38 1748 0.158 0.014 0.00 17.416 4.3 0.6812 4.9 

A169 CN38 663 0.120 0.005 0.03 34.686 6.5 0.5966 8.9 

A170 CN38 1143 0.104 0.009 0.01 17.388 5.9 0.6903 7 

A171 CN38 1608 0.122 0.013 0.04 14.550 5.0 0.6873 6.2 

A172 CN38 859 0.090 0.007 0.05 20.129 6.1 0.6278 7.6 

A173 CN38 813 0.060 0.007 0.09 13.945 6.1 0.7398 11 

A174 CN38 1045 0.070 0.009 0.02 12.999 6.4 0.7506 6.2 

A175 CN38 2701 0.097 0.023 0.15 6.807 10.3 0.7914 5.3 

A176 CN38 2137 0.086 0.018 0.28 7.734 5.8 0.7354 4.5 

A177 CN38 1845 0.090 0.015 0.15 9.294 6.2 0.7507 5.1 

A178 CN38 2358 0.129 0.020 0.16 10.472 6.9 0.7419 4.8 

A179 CN38 498 0.191 0.003 0.03 73.421 7.0 0.2392 14 

A180 CN38 978 0.124 0.008 0.08 24.050 5.8 0.6379 7 

A181 CN38 931 0.175 0.007 0.11 36.603 7.7 0.5567 10 

A182 CN38 892 0.103 0.007 0.02 21.993 9.3 0.6315 8.2 

A183 CN38 3868 0.105 0.033 0.60 5.171 5.4 0.8046 3.7 

A184 CN38 952 0.109 0.008 0.03 21.650 5.5 0.699 6.3 

A185 CN38 688 0.090 0.005 0.02 24.969 8.4 0.6564 8.3 

A186 CN38 301 0.078 0.002 0.00 48.924 7.6 0.4259 12 

A187 CN38 851 0.055 0.007 0.39 12.246 6.0 0.7449 8.3 

A188 CN38 2660 0.067 0.023 0.08 4.792 4.3 0.7945 3.6 

A189 CN38 1632 0.119 0.013 0.04 13.797 5.8 0.7049 5.3 

A190 CN38 1298 0.134 0.011 0.07 19.489 4.8 0.6861 5.7 

A191 CN38 1178 0.044 0.010 0.13 7.072 8.0 0.8 5.8 

                    

A231 Q24 7436 0.280 0.065 0.00 6.940 3.2 0.7795 2.5 

A232 Q24 8681 0.890 0.074 0.00 18.822 3.6 0.7299 2.3 

A233 Q24 1310 0.380 0.010 0.00 53.419 4.5 0.5303 6.6 

A234 Q24 1495 0.305 0.012 0.00 37.313 5.0 0.6359 6 

A235 Q24 2507 0.211 0.021 0.00 15.516 3.9 0.7105 4 

A236 Q24 950 0.388 0.007 0.20 74.963 5.5 0.4396 7.3 

A237 Q24 2291 0.589 0.018 0.01 47.371 5.6 0.5902 4.4 

A243 Q24 5909 1.782 0.045 0.04 54.945 4.1 0.5206 3.5 

A244 Q24 1918 1.029 0.012 0.00 97.847 3.8 0.2831 6 

A245 Q24 798 0.419 0.005 0.00 95.147 5.6 0.2762 11 

A246 Q24 3953 1.115 0.030 0.02 51.308 6.1 0.5297 4.5 

A247 Q24 2121 0.898 0.015 0.00 77.280 4.2 0.4227 5.8 

A248 Q24 40936 1.157 0.369 0.08 5.133 5.6 0.807 1.2 

A249 Q24 608 0.264 0.004 0.03 78.864 7.2 0.4276 10 

A250 Q24 834 0.319 0.006 0.17 69.735 5.0 0.4962 8.4 

A251 Q24 23930 0.710 0.215 0.02 5.365 4.0 0.7945 1.5 

A252 Q24 6033 0.348 0.053 0.01 10.461 3.8 0.7667 3 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A253 Q24 149572 0.912 1.387 0.57 1.088 5.5 0.8256 0.72 

A254 Q24 16472 0.698 0.148 0.06 7.669 3.6 0.7978 1.7 

A255 Q24 65942 0.872 0.602 1.03 2.395 4.6 0.8237 0.87 

A256 Q24 29990 2.280 0.262 0.09 13.835 6.2 0.7501 1.6 

A257 Q24 5557 0.371 0.049 0.00 12.066 3.5 0.7632 2.6 

A258 Q24 4854 0.304 0.043 0.00 11.276 3.9 0.7736 3 

A259 Q24 47054 0.982 0.429 0.34 3.765 3.0 0.8153 1.2 

A260 Q24 30591 1.111 0.278 0.12 6.510 5.5 0.7969 1.4 

A261 Q24 14870 1.121 0.132 0.08 13.602 6.6 0.7582 1.7 

A262 Q24 12581 0.715 0.113 0.19 10.208 4.5 0.774 1.6 

A263 Q24 1116 0.249 0.009 0.00 40.290 4.6 0.6152 5.6 

A264 Q24 21183 0.896 0.192 0.14 7.587 2.9 0.7917 1.5 

A265 Q24 53851 1.992 0.490 0.04 6.636 4.5 0.7996 1 

A266 Q24 39279 1.010 0.359 0.12 4.613 3.2 0.805 1.1 

A267 Q24 7003 0.710 0.062 0.07 18.198 3.9 0.7434 2.7 

                    

A268 P11b 2741 0.054 0.025 0.00 3.527 3.6 0.8204 4.2 

A269 P11b 2870 0.065 0.026 0.00 4.060 5.8 0.8057 3.2 

A270 P11b 3432 0.061 0.031 0.18 3.186 3.7 0.7646 3.7 

A271 P11b 1734 0.086 0.015 0.01 8.897 4.4 0.7521 5.1 

A272 P11b 5639 0.033 0.051 0.06 1.033 4.2 0.796 2.8 

A273 P11b 2033 0.037 0.019 0.00 3.233 20.2 0.7671 4.4 

A274 P11b 26862 0.126 0.251 0.22 0.833 4.1 0.8214 1.3 

A275 P11b 937 0.039 0.009 0.00 7.396 6.3 0.7728 6.7 

A276 P11b 100647 4.659 0.921 0.02 8.183 5.3 0.7813 0.88 

A277 P11b 176369 0.941 1.634 0.03 0.946 3.1 0.8128 0.71 

A278 P11b 17046 1.601 0.152 0.01 16.600 3.3 0.7316 1.6 

A279 P11b 110819 2.225 1.024 0.02 3.550 3.2 0.8009 0.91 

A280 P11b 63846 0.369 0.604 0.19 1.001 5.9 0.8064 1.1 

A281 P11b 79322 0.303 0.744 0.17 0.667 3.8 0.8072 1 

A282 P11b 547 0.097 0.005 0.05 31.606 7.3 0.6817 12 

A288 P11b 1973 0.131 0.018 0.07 11.547 5.0 0.7452 4.1 

A289 P11b 831 0.095 0.007 0.00 20.247 5.0 0.7018 7.3 

A290 P11b 740 0.066 0.007 0.01 15.547 6.3 0.6992 7.8 

A291 P11b 13603 0.161 0.129 0.03 2.046 5.0 0.8047 1.9 

A292 P11b 13902 2.617 0.119 0.01 33.036 3.3 0.6564 1.8 

A293 P11b 52585 2.964 0.484 0.00 9.881 2.8 0.7761 1.1 

A294 P11b 91259 4.520 0.840 0.00 8.666 2.8 0.7745 0.81 

A295 P11b 18236 3.270 0.159 0.00 31.299 3.1 0.6737 1.6 

A296 P11b 77854 2.176 0.735 0.01 4.831 4.7 0.7986 0.93 

A297 P11b 271773 1.639 2.601 0.07 1.036 4.7 0.8137 0.59 

A298 P11b 131490 3.514 1.235 0.01 4.634 4.0 0.7954 0.66 

A299 P11b 23367 3.056 0.208 0.01 22.691 4.9 0.7008 1.9 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A300 P11b 72787 3.902 0.673 0.01 9.328 3.1 0.7724 1.2 

A301 P11b 68061 3.167 0.632 0.00 8.078 3.2 0.7761 1.1 

A302 P11b 78312 3.664 0.736 0.00 8.045 6.9 0.7825 0.98 

A303 P11b 49669 5.896 0.447 0.00 20.602 4.5 0.7208 0.98 

A304 P11b 11886 2.123 0.105 0.01 30.826 4.6 0.6676 2.3 

A305 P11b 8357 4.056 0.063 0.00 83.822 3.2 0.4318 3.3 

A306 P11b 10865 3.583 0.088 0.00 57.110 3.4 0.5381 2.2 

A307 P44 18048 0.119 0.172 0.68 1.142 2.8 0.8165 1.5 

A308 P44 1378 0.124 0.013 0.18 15.511 5.2 0.7445 5.5 

A309 P44 841 0.066 0.008 0.20 13.569 7.2 0.7724 8.5 

A310 P44 2332 0.065 0.023 0.54 4.704 7.2 0.8206 3.8 

A311 P44 6578 0.059 0.065 0.53 1.495 12.8 0.8227 2.8 

A312 P44 20118 0.344 0.193 0.39 2.928 4.4 0.8062 1.6 

A313 P44 17209 0.076 0.165 0.90 0.759 3.6 0.8115 1.5 

A314 P44 23450 0.128 0.224 0.87 0.935 3.5 0.8118 1.4 

A315 P44 26659 0.305 0.253 1.69 1.963 2.8 0.7961 1.4 

A316 P44 18476 0.120 0.181 0.57 1.097 4.2 0.8289 1.6 

A317 P44 13943 0.097 0.135 0.74 1.197 3.3 0.8236 2 

A318 P44 17678 0.088 0.171 0.34 0.847 2.7 0.8185 1.4 

A319 P44 8164 0.058 0.079 1.80 1.205 4.1 0.8156 2.4 

A320 P44 17216 0.293 0.166 0.35 2.887 3.7 0.8103 1.5 

A321 P44 7337 0.257 0.070 0.17 5.977 3.2 0.8081 2.4 

A322 P44 8015 0.431 0.078 0.13 9.066 5.0 0.8089 2.6 

A323 P44 25936 0.302 0.251 0.16 1.981 3.3 0.8171 1.4 

A324 P44 20178 0.125 0.199 1.16 1.039 4.3 0.8213 1.8 

A325 P44 22178 0.247 0.216 0.75 1.879 4.4 0.8093 1.3 

A326 P44 26790 0.252 0.260 2.14 1.589 4.0 0.8072 1.5 

A327 P44 34956 0.495 0.353 1.38 2.283 7.2 0.7974 1.3 

A333 P44 22603 0.180 0.222 2.60 1.333 3.7 0.8199 1.3 

A334 P44 37585 0.647 0.355 0.34 2.626 8.0 0.5774 2.4 

A335 P44 9321 0.053 0.091 1.21 0.962 4.3 0.8095 2.1 

                    

A336 P8 14389 0.178 0.140 0.14 2.081 3.1 0.809 1.7 

A337 P8 49493 5.692 0.466 0.01 19.212 4.3 0.7311 1.1 

A338 P8 43726 5.881 0.413 0.01 22.267 4.5 0.7222 1 

A339 P8 17490 0.294 0.173 0.19 2.784 5.4 0.8073 1.6 

A340 P8 14893 0.242 0.146 0.19 2.717 3.2 0.8066 1.6 

A341 P8 25324 0.263 0.248 0.19 1.733 2.9 0.8059 1.5 

A342 P8 83805 0.238 0.824 0.30 0.474 3.1 0.8109 0.81 

A343 P8 28124 0.209 0.274 0.26 1.243 2.9 0.7998 1.2 

A344 P8 85394 0.448 0.839 0.55 0.876 2.7 0.8112 0.97 

A345 P8 77467 0.555 0.779 0.45 1.165 6.3 0.8028 0.91 

A346 P8 37119 1.934 0.364 0.03 8.576 4.6 0.7815 1.1 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A347 P8 1581 0.150 0.015 0.04 15.805 4.6 0.7031 5.3 

A348 P8 12799 0.174 0.125 0.00 2.258 3.1 0.7897 1.7 

A349 P8 1242 0.168 0.012 0.01 22.686 6.0 0.7485 5.8 

A350 P8 2882 0.212 0.028 0.04 12.108 8.3 0.7482 4.5 

A351 P8 2124 0.183 0.020 0.05 14.213 5.9 0.7256 4.1 

A352 P8 2844 0.178 0.027 0.05 10.378 7.0 0.7526 4 

A353 P8 3933 0.218 0.038 0.09 9.208 4.5 0.7684 3 

A354 P8 6324 0.276 0.062 0.09 7.220 4.2 0.7806 2.5 

A355 P8 9887 0.364 0.097 0.08 6.046 4.9 0.7737 2.2 

A356 P8 5223 0.317 0.051 0.06 9.980 4.1 0.7754 2.5 

A357 P8 694 0.244 0.006 0.00 57.274 7.8 0.4961 8.9 

A358 P8 218 0.098 0.002 0.00 70.872 11.8 0.5844 15 

A359 P8 824 0.049 0.008 0.00 9.597 6.5 0.7519 6.9 

A360 P8 554 0.142 0.005 -0.03 42.159 6.8 0.5948 8.5 

A361 P8 377 0.200 0.003 0.00 84.175 9.9 0.3674 14 

A362 P8 367 0.041 0.004 0.00 18.083 11.4 0.7109 11 

A363 P8 1707 0.222 0.016 0.03 21.177 5.5 0.7261 4.9 

A364 P8 43346 0.246 0.437 0.00 0.922 3.6 0.8053 1.4 

A365 P8 14384 0.228 0.144 0.00 2.581 3.2 0.7931 1.9 

A366 P8 10474 0.311 0.104 0.00 4.829 3.0 0.7828 2.1 

A367 P8 17142 0.231 0.174 0.00 2.176 3.6 0.8108 1.7 

A368 P8 15040 0.211 0.152 0.00 2.263 3.4 0.792 1.7 

A369 P8 14344 0.246 0.143 0.00 2.784 3.1 0.7848 1.8 

A370 P8 16262 0.137 0.163 0.01 1.378 5.4 0.804 1.8 

A371 P8 21975 0.176 0.225 0.01 1.289 4.4 0.8158 1.8 

A372 P8 8738 1.462 0.080 0.00 27.078 2.9 0.6217 2.5 

A373 P8 4845 0.680 0.045 0.00 22.497 3.7 0.6371 3.1 

A374 P8 10332 1.172 0.098 0.00 18.175 3.9 0.673 2.4 

A375 P8 8214 1.457 0.075 0.00 28.571 3.2 0.6093 2.3 

A376 P8 8224 1.102 0.077 0.00 21.381 3.9 0.6508 2.7 

A377 P8 9899 1.343 0.092 0.00 21.668 4.1 0.6295 2.3 

A378 P8 8437 1.971 0.073 0.00 37.651 3.1 0.5202 2.4 

A379 P8 6383 0.934 0.059 0.00 23.343 4.1 0.6209 3.2 

A380 P8 10828 1.861 0.098 0.00 27.563 4.4 0.5915 2.3 

A381 P8 8154 1.444 0.074 0.00 28.353 3.0 0.5935 2.2 

A382 P8 10252 1.839 0.093 0.00 28.752 3.0 0.5898 2.2 

A388 P8 10784 1.955 0.099 0.00 28.902 3.2 0.6004 2.3 

A389 P8 5599 1.397 0.049 0.00 39.651 3.3 0.5253 2.9 

A390 P8 8192 1.897 0.072 0.00 36.846 3.1 0.532 2.4 

A391 P8 8277 1.149 0.078 0.00 21.925 3.0 0.6393 2.4 

A392 P8 25466 1.315 0.255 0.00 8.170 2.9 0.7482 1.3 

A393 P8 16004 0.766 0.161 0.01 7.582 3.7 0.7511 1.8 

A394 P8 28137 1.266 0.285 0.00 7.112 2.8 0.7657 1.3 
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Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A395 P8 878 0.016 0.009 0.00 2.950 6.6 0.7954 7.8 

A396 P8 432 0.087 0.004 0.00 31.949 7.9 0.6931 9.7 

A397 P8 240 0.181 0.002 0.00 118.991 10.4 0.3729 16 

A398 P8 504 0.098 0.005 0.00 30.544 6.2 0.6829 8.2 

A399 P8 364 0.112 0.003 0.00 48.567 8.3 0.643 11 

A400 P8 594 0.102 0.006 0.00 26.674 6.2 0.6594 10 

A401 P8 144 0.054 0.001 0.00 59.207 11.4 0.6045 15 

A402 P8 281 0.103 0.003 0.00 57.670 10.0 0.6569 12 

A403 P8 414 0.039 0.004 0.00 14.516 7.8 0.7261 12 

A404 P8 1269 0.059 0.013 0.00 7.205 5.8 0.7601 5 

A405 P8 840 0.064 0.009 0.00 11.770 7.5 0.749 7 

A406 P8 913 0.027 0.010 0.00 4.335 8.8 0.7567 7.7 

A407 P8 697 0.105 0.007 0.00 23.137 9.9 0.8018 8.8 

A408 P8 376 0.071 0.004 0.00 29.121 8.7 0.709 10 

A409 P8 298 0.111 0.003 0.00 57.078 7.9 0.6365 11 

A410 P8 109 0.044 0.001 0.00 62.228 14.7 0.7518 22 

A411 P8 3390 0.095 0.036 0.00 4.277 5.8 0.8068 3.3 

A412 P8 4821 0.071 0.052 0.00 2.299 4.6 0.8335 3.1 

A413 P8 10606 0.087 0.113 0.00 1.263 3.1 0.8191 1.8 

A414 P8 7854 2.219 0.069 0.00 43.573 3.3 0.4887 2.8 

A415 P8 8186 2.331 0.071 0.00 43.956 3.2 0.4701 2.7 

A416 P8 7075 2.307 0.061 0.00 50.226 3.0 0.4388 2.7 

A417 P8 11246 2.429 0.104 0.01 33.223 3.9 0.5531 2.3 

A418 P8 4867 0.209 0.052 0.02 6.596 4.8 0.8016 2.9 

A419 P8 5143 0.734 0.053 0.02 21.968 4.0 0.7393 3.2 

A420 P8 12278 1.780 0.120 0.01 22.242 2.8 0.6469 2 

A421 P8 10504 2.860 0.095 0.00 41.771 2.8 0.512 2.3 

A422 P8 18968 2.362 0.194 0.03 18.443 9.5 0.6665 2.3 

A423 P8 11468 3.997 0.097 0.00 53.305 2.8 0.4178 2.6 

A424 P8 46001 2.135 0.483 0.03 7.077 3.5 0.7623 1.2 

A425 P8 10819 2.683 0.099 0.01 37.836 4.7 0.5261 2.4 

A426 P8 88950 1.581 0.953 0.07 2.699 2.9 0.7926 0.91 

A427 P8 27982 1.405 0.291 0.05 7.675 3.3 0.7507 1.3 

A428 P8 51622 1.593 0.547 0.03 4.690 3.4 0.7753 0.95 

A429 P8 10749 3.126 0.095 0.01 44.170 2.8 0.4743 2.5 

A430 P8 9531 2.307 0.089 0.00 36.738 4.4 0.5454 3.4 

A431 P8 10961 2.292 0.104 0.00 31.516 4.4 0.561 2.5 

A432 P8 58222 1.887 0.621 0.02 4.902 3.7 0.7776 0.93 

A433 P8 11569 1.527 0.115 0.00 19.932 3.1 0.6497 2.1 

A434 P8 81823 1.563 0.884 0.01 2.872 2.8 0.7907 0.92 

A435 P8 6470 1.473 0.061 0.00 34.294 3.0 0.5626 2.7 

A436 P8 5112 0.815 0.050 0.00 24.044 3.2 0.6313 2.9 

A437 P8 8813 1.553 0.086 0.01 26.504 2.8 0.6126 2.1 
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Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A438 P8 12547 1.557 0.127 0.00 18.685 2.8 0.6701 2.1 

A444 P8 8990 1.248 0.091 0.00 20.721 3.0 0.6549 2.3 

A445 P8 10535 1.638 0.106 0.00 23.175 3.4 0.6452 2.3 

A446 P8 9646 1.445 0.098 0.01 22.232 3.3 0.6508 2.4 

A447 P8 8233 1.346 0.081 0.01 24.295 3.3 0.6048 2.6 

A448 P8 7608 1.463 0.075 0.00 28.580 3.3 0.5994 2.4 

A449 P8 5627 1.737 0.051 0.00 45.683 3.3 0.4733 3.1 

A450 P8 5962 1.794 0.055 0.00 44.543 3.0 0.4833 3.2 

A451 P8 5717 1.631 0.053 0.00 42.212 3.1 0.4939 3.2 

A452 P8 6324 1.784 0.058 0.00 41.701 3.0 0.4917 2.8 

A453 P8 6725 1.398 0.066 0.01 30.694 3.5 0.5823 2.8 

A454 Q3-1 228 0.101 0.002 0.01 64.185 11.7 0.4795 18 

A455 Q3-1 117 0.096 0.001 0.00 121.448 11.8 0.06565 68 

A456 Q3-1 325 0.116 0.003 0.02 52.826 9.1 0.5515 12 

A457 Q3-1 410 0.272 0.003 0.01 97.276 9.3 0.3479 15 

A458 Q3-1 162 0.128 0.001 0.02 116.293 9.9 0.2387 27 

A459 Q3-1 229 0.209 0.002 0.00 134.499 10.1 0.1078 29 

A460 Q3-1 657 0.589 0.004 0.00 131.441 6.3 0.06673 21 

A461 Q3-1 1662 0.152 0.018 0.09 13.615 14.7 0.7677 6.1 

A462 Q3-1 287 0.130 0.002 0.01 67.522 10.3 0.4033 16 

A463 Q3-1 238 0.216 0.002 0.02 132.450 10.9 0.1122 34 

A464 Q3-1 495 0.419 0.004 0.14 122.745 8.2 0.1039 27 

A465 Q3-1 82 0.068 0.001 0.00 122.399 17.5 0.1581 46 

A466 Q3-1 61 0.079 0.000 0.00 190.658 19.4 0.2812 36 

A467 Q3-1 935 0.143 0.011 0.02 21.993 7.5 0.8009 7 

A468 Q3-1 340 0.283 0.002 0.04 121.907 11.9 0.09094 32 

A469 Q3-1 148 0.113 0.001 0.14 111.123 14.3 0.1351 36 

A470 Q3-1 265 0.234 0.002 0.01 128.617 8.5 0.04649 41 

A471 Q3-1 539 0.451 0.004 0.01 121.212 7.5 0.112 19 

A472 Q3-1 816 0.815 0.005 0.08 144.363 4.9 0.04157 24 

A473 Q3-1 789 0.721 0.006 0.01 131.752 6.2 0.08144 17 

A474 Q3-1 559 0.448 0.004 0.06 114.561 7.6 0.1907 16 

A475 Q3-1 603 0.531 0.004 0.01 126.534 6.2 0.08479 20 

A476 Q3-1 191 0.155 0.001 0.01 116.645 10.1 0.1102 40 

A477 Q3-1 308 0.125 0.003 0.01 57.737 8.0 0.5108 13 

A478 Q3-1 16 0.005 0.000 0.09 21.459 60.5 0.4256 85 

A479 Q3-1 297 0.257 0.002 0.05 123.001 8.1 0.1616 20 

                    

A506 Q11 172 0.156 0.001 0.01 124.642 10.2 0.1995 30 

A507 Q11 875 0.731 0.007 0.03 113.379 7.5 0.1855 16 

A508 Q11 4930 1.515 0.053 0.08 42.176 5.3 0.6188 4.6 

A509 Q11 159 0.103 0.001 0.01 85.106 13.1 0.2426 23 

A510 Q11 108 0.051 0.001 0.01 64.185 15.5 0.4117 26 
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Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

A511 Q11 6721 1.127 0.076 0.13 22.910 3.6 0.6992 3.3 

A512 Q11 240 0.123 0.002 0.01 69.881 10.1 0.3922 15 

A513 Q11 122 0.122 0.001 0.01 136.575 12.5 0.1313 48 

A514 Q11 813 0.369 0.008 0.03 61.767 7.7 0.4735 8.5 

A515 Q11 678 0.648 0.005 0.03 129.618 5.9 0.1039 16 

A516 Q11 350 0.314 0.003 0.01 122.205 8.5 0.1177 20 

A517 Q11 551 0.510 0.004 0.01 125.094 7.3 0.06845 27 

A518 Q11 637 0.598 0.005 0.02 127.812 6.3 0.09592 18 

A519 Q11 982 0.887 0.007 0.04 122.264 5.4 0.08929 14 

A520 Q11 518 0.461 0.004 0.01 118.287 7.6 0.186 17 

A521 Q11 201 0.111 0.002 0.01 74.963 10.3 0.3692 18 

A522 Q11 618 0.612 0.005 0.02 133.014 7.4 0.1084 17 

A523 Q11 47 0.022 0.000 0.01 62.578 24.6 0.5115 32 

A524 Q11 464 0.426 0.004 0.02 123.839 6.5 0.1146 21 

A525 Q11 427 0.364 0.003 0.02 112.918 7.5 0.1494 18 

A526 Q11 159 0.119 0.001 0.01 101.092 12.3 0.2977 24 

A527 Q11 47 0.023 0.000 0.00 63.052 21.8 0.4353 39 

A528 Q11 375 0.359 0.003 0.02 126.662 8.0 0.1122 23 

A529 Q11 1330 0.907 0.012 0.03 91.324 5.2 0.3025 8.2 

A530 Q11 788 0.745 0.006 0.03 127.129 5.7 0.08819 16 

A531 Q11 1166 0.712 0.010 0.37 81.699 5.6 0.2956 8.6 

A532 Q11 168 0.070 0.002 0.02 55.835 10.9 0.5077 18 

A533 Q11 1200 0.606 0.011 0.03 67.705 4.5 0.3861 6.8 

A534 Q11 285 0.172 0.003 0.02 80.710 7.1 0.3383 15 

A535 Q11 513 0.456 0.004 0.04 117.925 5.7 0.1529 18 

A536 Q11 202 0.115 0.002 0.01 74.405 10.7 0.4005 19 

                    

A537 P9 5797 3.928 0.057 0.00 90.744 3.8 0.4244 4.2 

A538 P9 14271 0.505 0.179 0.00 4.606 6.9 0.7987 2 

A540 P9 4055 2.779 0.040 0.00 90.662 4.1 0.4303 3.5 

A541 P9 9579 3.132 0.108 0.00 43.234 3.7 0.64 2.2 

A542 P9 11097 3.543 0.125 0.00 42.230 3.1 0.6363 2.4 

A543 P9 161124 0.969 2.021 0.00 0.791 3.1 0.8191 0.79 

A544 P9 155446 3.801 1.916 0.00 3.247 7.1 0.8053 0.97 

A545 P9 746910 0.014 9.421 0.03 0.002 3.9 0.821 0.54 

A546 P9 8013 2.181 0.094 0.00 35.075 8.2 0.6537 3.8 

A547 P9 5364 2.560 0.057 0.00 62.461 3.4 0.5311 3.6 

A548 P9 6203 3.888 0.064 0.00 82.169 5.0 0.4892 3.4 

A554 P9 18404 19.242 0.163 0.00 137.024 2.8 0.2563 3.5 

A555 P9 20617 12.409 0.213 0.01 78.678 4.0 0.4779 3.3 

A556 P9 12076 6.974 0.126 0.01 75.131 3.6 0.4801 2.6 

A557 P9 18616 6.539 0.212 0.00 45.620 3.1 0.6213 1.7 

A558 P9 26700 15.696 0.287 0.00 75.873 3.8 0.5149 2.1 
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207Pbc 
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A559 P9 67167 16.773 0.823 0.00 31.201 7.4 0.6826 1.9 

A560 P9 15770 8.188 0.172 0.00 67.249 4.8 0.543 2.4 

A561 P9 23999 13.460 0.254 0.00 72.569 3.0 0.4967 2.2 

A562 P9 23710 6.651 0.278 0.01 36.127 3.7 0.6607 1.6 

A563 P9 13680 9.158 0.139 0.00 86.356 7.8 0.4348 5 

A564 P9 11711 7.213 0.123 0.00 79.239 4.5 0.4734 3.2 

A565 P9 17613 9.307 0.190 0.00 68.027 5.6 0.5194 3 

A566 P9 11047 6.810 0.115 0.00 79.428 4.9 0.4594 3 

A567 P9 12702 3.353 0.151 0.00 33.659 5.2 0.6706 2.4 

A568 P9 3810 2.052 0.041 0.00 69.013 6.7 0.5052 3.2 

A569 P9 45062 17.142 0.511 0.01 48.900 3.2 0.5979 1.3 

A570 P9 29617 16.400 0.318 0.00 70.274 7.0 0.4888 4.2 

A571 P9 92582 13.089 1.148 0.01 18.012 5.5 0.7399 1 

A572 P9 41425 23.245 0.450 0.01 70.472 8.2 0.4915 4.6 

A573 P9 24847 21.043 0.239 0.00 108.331 3.1 0.3352 3.6 

A574 P9 54187 28.184 0.583 0.01 66.622 5.0 0.5072 2.8 

A575 P9 15754 17.254 0.138 0.00 139.626 2.9 0.2053 5.3 

A576 P9 30255 27.279 0.285 0.00 114.587 2.8 0.297 2.2 

A577 P9 45648 21.383 0.506 0.00 59.524 6.9 0.5434 3.1 

A578 P9 75952 15.816 0.913 0.00 26.853 14.1 0.7053 3.3 

A579 P9 18930 11.286 0.200 0.00 76.161 8.9 0.4726 5.8 

A580 P9 22820 0.500 0.295 0.39 2.768 3.7 0.7955 1.7 

A581 P9 31370 2.000 0.403 0.02 8.078 5.7 0.7919 1.8 

A582 P9 56099 2.132 0.730 0.05 4.771 3.6 0.8022 1.1 

A583 P9 28063 1.722 0.365 0.04 7.669 5.2 0.7906 1.5 

A584  P9 24732 3.638 0.308 0.06 18.515 4.0 0.7261 1.7 

A585 P9 50445 3.055 0.642 0.04 7.710 5.0 0.787 0.95 

A586 P9 80063 2.622 1.039 0.04 4.112 4.1 0.7967 0.92 

A587 P9 43809 1.032 0.569 0.03 2.963 3.5 0.8005 1.1 

A588 P9 39549 0.862 0.514 0.02 2.746 5.7 0.8063 1.2 

A589 P9 37103 4.424 0.469 0.04 14.950 3.4 0.7469 1.1 

A590 P9 40432 3.111 0.519 0.06 9.634 3.5 0.773 1.2 

A591 P9 43824 1.088 0.573 0.03 3.101 3.6 0.7996 1 

A592 P9 90806 1.145 1.195 0.04 1.570 11.5 0.8078 1.4 

A593 P9 50308 1.112 0.660 0.03 2.755 3.6 0.8047 1 

A594 P9 89803 2.443 1.187 0.04 3.370 3.2 0.8055 1.1 

                    

WC-1 calcite reference (Roberts et al., 2017) 

P 03 WC-1 5960 6 0.27659244 0.00 22.401 2.5 0.1098 2.8 

P 35 WC-1 5443 5 0.24345631 0.00 22.411 2.6 0.1187 2.9 

P 69 WC-1 5287 5 0.24814146 0.00 22.852 2.6 0.1153 2.5 

P 104 WC-1 4788 4 0.21027843 0.00 21.949 2.7 0.131 2.8 

P 148 WC-1 3615 4 0.1787932 0.00 22.432 2.7 0.1144 2.6 
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P 196 WC-1 4058 4 0.20482077 0.00 23.218 2.6 0.1159 2.9 

P 240 WC-1 3779 4 0.20054314 0.00 23.132 3.0 0.1132 2.6 

P 285 WC-1 3851 4 0.19615981 0.00 22.826 2.7 0.1257 3.3 

P 330 WC-1 3289 4 0.18831887 0.00 23.414 2.6 0.1139 2.6 

P 385 WC-1 3416 4 0.19407127 0.00 23.213 2.6 0.1261 3.5 

P 441 WC-1 2720 4 0.17134958 0.00 22.999 2.9 0.1183 3.4 

P 496 WC-1 3136 4 0.21059538 0.00 23.430 2.6 0.1206 3.8 

P 551 WC-1 2592 4 0.17856733 0.00 22.356 2.7 0.1244 3.2 

                    

Nama, stromatolitic limestone, Cambrian-Precambrian boundary, South Namibia 

B 04 NAMA 33218 2 0.72701275 0.03 5.348 4.2 0.4659 2.1 

B 36 NAMA 18356 1 0.44097014 0.01 6.431 2.8 0.3972 1.7 

B 70 NAMA 15638 1 0.39146974 0.01 6.892 2.7 0.3668 2.1 

B 105 NAMA 11548 1 0.30318825 0.01 7.225 3.7 0.3478 2.2 

B 149 NAMA 15971 2 0.42205988 0.02 6.925 3.8 0.3723 2.1 

B 197 NAMA 19910 2 0.52390745 0.03 6.410 3.5 0.4006 2.3 

B 241 NAMA 14612 1 0.3741792 0.02 5.365 4.0 0.4814 1.9 

B 286 NAMA 18081 2 0.52018748 0.05 6.596 3.0 0.3948 1.6 

B 331 NAMA 13915 1 0.40425221 0.02 6.281 3.2 0.4229 1.7 

B 386 NAMA 22288 1 0.65405503 0.04 5.010 3.5 0.4821 2.1 

B 442 NAMA 11295 1 0.38343061 0.01 6.614 3.8 0.3761 2.4 

B 497 NAMA 8583 1 0.3202101 0.02 6.988 2.9 0.3555 2.1 

B 552 NAMA 7391 1 0.29401884 0.01 7.267 3.5 0.3584 3.2 

                    

Calgrun, inhouse calcite reference material 

9 5 Calgru 1505 7 0.04279431 0.00 234.5 4.9 0.2468 8.4 

9 37 Calgru 3768 0 0.07606167 0.00 7.7 3.2 0.7451 3.1 

9 71 Calgru 3822 1 0.08092124 0.00 50.8 4.6 0.6542 3.0 

9 106 Calgru 1319 3 0.03427238 0.00 172.1 3.3 0.3748 4.5 

9 150 Calgru 3442 1 0.07792698 0.00 47.3 3.0 0.6636 2.9 

9 198 Calgru 384 7 0.02408513 0.00 299.9 3.3 0.08688 6.7 

9 242 Calgru 2294 1 0.05524008 0.00 44.9 3.9 0.6535 3.3 

9 287 Calgru 4545 0 0.10762331 0.00 6.8 4.2 0.7761 2.9 

9 332 Calgru 2758 1 0.06873295 0.00 32.4 3.3 0.6983 3.2 

9 387 Calgru 2264 1 0.06052375 0.00 49.9 3.2 0.6789 3.4 

9 443 Calgru 2399 1 0.06891792 0.00 45.2 3.6 0.6571 3.9 

9 498 Calgru 1510 3 0.05074196 0.00 131.8 3.2 0.468 3.6 

9 553 Calgru 430 6 0.02772003 0.00 281.8 3.5 0.1447 9.4 

                    

        Sequence 2           

U007 GIS4 10790 169.45 51.65 <0.001 5.40 5.01 0.82 1.94 

U008 GIS4 1216 102.85 6.10 0.03 26.10 5.67 0.70 5.93 

U009 GIS4 4229 74.72 20.27 <0.001 6.03 5.28 0.80 3.01 
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207Pbc 
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U010 GIS4 32948 128.03 155.10 1.05 1.37 12.34 0.84 1.27 

U011 GIS4 635 133.41 3.51 0.02 55.80 6.44 0.61 6.71 

U012 GIS4 9870 104.17 46.86 0.00 3.66 5.72 0.82 2.50 

U013 GIS4 880 164.74 4.77 <0.001 51.51 5.42 0.64 5.43 

U014 GIS4 1566 205.55 7.83 0.00 39.94 6.44 0.67 4.31 

U015 GIS4 3013 359.04 14.89 0.07 36.53 5.81 0.67 2.81 

U016 GIS4 8849 396.26 43.06 0.14 14.88 17.38 0.78 2.54 

U017 GIS4 249836 702.17 1180.07 2.26 0.99 5.07 0.83 0.48 

U018 GIS4 1730 143.38 8.84 <0.001 25.53 6.45 0.73 6.55 

U019 GIS4 8694 102.61 41.50 0.12 4.07 5.39 0.82 2.21 

U020 GIS4 37825 186.30 179.32 0.73 1.71 6.39 0.82 1.46 

U021 GIS4 978 2.43 4.72 0.00 0.85 6.54 0.82 4.42 

U022 GIS4 4320 132.25 21.14 <0.001 10.13 5.04 0.78 3.72 

U023 GIS4 5440 72.76 25.61 0.01 4.73 5.15 0.84 2.93 

U024 GIS4 519 61.55 2.52 0.00 37.31 6.25 0.68 7.16 

U025 GIS4 15850 121.97 75.47 0.69 2.67 7.18 0.82 1.66 

U026 GIS4 34967 213.43 165.65 0.38 2.13 5.31 0.83 1.27 

U027 GIS4 11531 99.52 54.19 0.22 3.07 6.04 0.84 1.89 

U028 GIS4 8379 177.06 40.52 <0.001 7.13 5.03 0.80 2.25 

U029 GIS4 9916 65.03 46.80 0.00 2.31 4.58 0.83 1.73 

U030 GIS4 6003 99.77 29.60 0.00 5.44 5.64 0.78 2.57 

U031 GIS4 3627 74.28 17.40 0.03 7.01 4.90 0.81 3.90 

U032 GIS4 791 192.83 4.46 0.01 61.81 5.20 0.57 4.84 

U039 GIS4 2848 201.09 14.56 0.03 21.70 6.43 0.73 4.12 

U040 GIS4 5202 250.52 25.68 0.02 15.72 5.49 0.78 2.97 

U041 GIS4 8357 105.02 40.03 <0.001 4.28 21.56 0.80 2.98 

U042 GIS4 15365 77.72 72.71 0.01 1.78 13.09 0.83 1.95 

                    

U043 GIS4b 6085 948.41 32.66 0.05 44.22 4.65 0.67 2.14 

U044 GIS4b 22020 243.99 105.11 0.08 3.85 4.85 0.83 1.16 

U045 GIS4b 2015 1050.17 14.27 0.07 97.27 4.77 0.44 4.36 

U046 GIS4b 5158 966.18 28.60 0.03 50.45 6.48 0.64 3.39 

U047 GIS4b 10421 786.64 52.86 0.03 23.58 4.67 0.74 2.51 

U048 GIS4b 9913 996.97 51.12 0.07 30.39 7.13 0.71 2.20 

U049 GIS4b 2879 1057.96 18.44 0.06 79.43 4.83 0.51 3.15 

U050 GIS4b 7197 662.00 37.57 0.02 27.36 4.42 0.71 2.36 

U051 GIS4b 4767 521.54 25.34 0.11 31.68 4.61 0.69 2.89 

U052 GIS4b 7528 1527.36 42.54 0.04 53.00 5.38 0.62 2.39 

U053 GIS4b 3245 1526.91 22.34 0.06 90.96 4.51 0.45 3.03 

U054 GIS4b 6847 165.38 33.13 0.01 8.17 4.96 0.80 2.45 

                    

U055 Q29 555 566.56 6.61 0.01 97.35 5.25 0.23 8.15 

U056 Q29 560 582.94 6.53 0.01 101.76 5.21 0.23 5.89 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U057 Q29 680 907.92 9.32 0.04 107.72 5.05 0.19 9.00 

U058 Q29 641 1074.45 10.23 0.03 113.32 5.13 0.16 7.61 

U059 Q29 585 449.40 5.70 0.02 93.73 5.85 0.29 7.32 

U060 Q29 537 520.89 6.09 0.03 98.29 6.06 0.24 7.94 

U061 Q29 621 489.12 6.11 0.03 95.21 5.56 0.29 7.92 

U062 Q29 604 447.77 5.94 0.01 89.57 5.70 0.29 7.33 

U063 Q29 972 304.33 6.71 0.01 60.80 7.18 0.46 6.38 

U064 Q29 644 202.53 4.43 0.08 61.59 7.51 0.47 6.93 

U065 Q29 835 269.45 5.66 0.02 64.57 6.75 0.48 5.51 

U066 Q29 10443 3079.83 69.45 3.10 60.17 7.26 0.48 4.63 

U073 Q29 11521 3253.01 69.64 3.20 60.98 20.61 0.42 17.00 

U074 Q29 734 2374.07 18.01 1.79 134.99 4.87 0.10 8.00 

U075 Q29 39349 2068.58 202.22 2.20 16.14 7.31 0.74 1.46 

U076 Q29 14265 2492.58 82.94 1.73 43.69 8.23 0.59 3.17 

U077 Q29 9734 1905.08 58.41 3.12 46.62 10.81 0.57 4.48 

U078 Q29 15 76.80 0.58 <0.001 130.98 10.97 0.07 75.34 

U079 Q29 1567 901.97 13.43 <0.001 83.26 5.37 0.35 4.57 

U080 Q29 521 811.34 7.79 0.01 113.58 5.62 0.18 8.74 

U081 Q29 311 380.09 4.15 0.01 102.01 6.24 0.20 12.27 

U082 Q29 242 885.69 6.73 0.19 133.47 5.01 0.09 13.49 

U083 Q29 684 1346.50 11.52 0.25 125.15 4.98 0.15 5.95 

U084 Q29 643 946.65 9.05 0.01 115.30 5.03 0.19 6.38 

U085 Q29 720 705.54 8.13 0.01 100.04 4.93 0.25 7.47 

U086 Q29 4125 2017.53 32.77 0.02 77.97 7.01 0.38 6.78 

U087 Q29 714 1848.17 15.40 <0.001 124.66 4.77 0.12 5.46 

                    

U088 Q27 75 166.86 1.44 0.03 122.40 9.47 0.14 23.14 

U089 Q27 193 249.75 2.44 0.07 115.44 7.00 0.22 13.46 

U090 Q27 877 224.17 5.89 0.08 52.27 9.57 0.50 6.75 

U091 Q27 964 240.19 6.16 0.06 54.83 7.09 0.54 6.08 

U092 Q27 1538 322.51 9.58 0.13 47.88 8.51 0.56 5.86 

U093 Q27 678 346.60 5.63 0.05 77.47 6.64 0.37 7.26 

U094 Q27 604 154.13 3.84 0.03 56.88 6.99 0.55 8.02 

U095 Q27 311 283.10 3.37 0.03 97.85 7.01 0.26 9.78 

U096 Q27 1049 94.90 5.81 0.04 24.90 5.93 0.68 8.68 

U097 Q27 255 140.42 2.07 0.02 87.34 8.34 0.40 13.98 

U098 Q27 1480 109.47 7.78 0.04 22.35 9.07 0.75 6.75 

U099 Q27 149 199.60 1.93 0.07 116.32 8.80 0.22 14.34 

U100 Q27 296 194.71 2.69 0.04 88.78 10.18 0.34 9.58 

U101 Q27 511 306.87 4.34 0.03 87.89 7.82 0.35 11.02 

U108 Q27 208 245.23 2.54 0.03 110.16 8.23 0.23 13.55 

U109 Q27 575 370.21 5.07 0.11 90.39 7.27 0.35 11.34 

U110 Q27 334 178.57 2.71 0.03 84.09 8.26 0.39 13.17 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U111 Q27 147 191.17 1.98 0.03 107.93 9.67 0.21 17.75 

U112 Q27 3868 107.23 19.38 0.03 9.01 8.33 0.80 3.26 

U113 Q27 314 180.00 2.88 0.03 76.58 6.62 0.33 10.97 

U114 Q27 185 215.59 2.33 0.03 103.80 8.14 0.21 14.33 

U115 Q27 1112 121.97 5.96 0.04 31.92 5.95 0.71 7.65 

U116 Q27 304 99.98 2.12 0.03 65.07 8.71 0.51 13.34 

U117 Q27 358 326.97 3.84 0.05 100.18 5.92 0.28 9.74 

U118 Q27 218 244.52 2.44 0.02 116.42 5.60 0.26 7.49 

                    

U173 G3 261 230.99 2.84 0.01 96.64 7.53 0.29 13.17 

U174 G3 236 414.34 3.65 0.03 124.39 6.59 0.18 11.13 

U175 G3 773 633.83 7.55 0.05 99.78 9.14 0.29 16.42 

U176 G3 450 711.89 6.68 0.02 117.78 5.19 0.19 6.21 

U177 G3 234 711.10 5.45 0.03 135.49 5.50 0.12 12.32 

U178 G3 118 175.38 1.55 0.01 127.55 9.00 0.22 16.81 

U179 G3 216 1184.38 8.07 0.03 146.32 5.95 0.07 15.91 

U180 G3 218 979.62 6.58 0.02 150.87 6.93 0.09 11.92 

U181 G3 177 995.92 6.65 0.02 149.41 6.39 0.07 13.53 

U182 G3 350 849.92 6.92 0.00 130.12 5.78 0.14 10.57 

U183 G3 1176 522.26 9.06 0.02 76.73 5.52 0.45 6.60 

U184 G3 2417 643.86 15.86 0.01 57.46 5.07 0.55 3.74 

U185 G3 228 385.45 3.43 0.01 123.95 8.04 0.19 14.18 

U186 G3 393 223.60 3.49 0.48 81.13 8.08 0.38 11.39 

U187 G3 566 359.04 5.28 0.01 84.52 6.37 0.35 9.04 

U188 G3 812 549.16 7.61 0.03 88.66 7.78 0.34 8.60 

U189 G3 650 662.98 7.41 0.03 104.72 5.95 0.27 9.91 

U190 G3 394 210.18 3.40 0.15 78.08 8.33 0.38 14.74 

U191 G3 357 427.55 4.62 0.01 105.39 6.70 0.23 10.67 

U192 G3 535 481.13 6.03 0.01 94.06 5.81 0.28 8.94 

U193 G3 362 462.40 4.63 0.01 113.88 7.09 0.23 10.09 

U200 G3 476 842.60 7.50 0.01 122.28 7.38 0.17 17.18 

U201 G3 604 1391.94 11.51 0.08 128.86 4.77 0.15 6.97 

U202 G3 1656 707.45 13.40 0.02 69.13 5.36 0.43 5.81 

U204 G3 9078 158.80 40.18 0.10 6.29 6.63 0.75 1.84 

U206 G3 95 405.28 2.98 0.01 137.64 7.57 0.09 25.81 

U207 G3 1538 330.03 10.33 0.02 45.61 6.95 0.56 4.94 

U208 G3 351 171.49 3.00 0.26 72.50 6.96 0.38 7.85 

U209 G3 230 724.32 5.46 0.02 137.85 6.03 0.12 13.76 

U210 G3 172 437.22 3.54 0.01 130.74 6.39 0.14 15.88 

U211 G3 858 527.04 7.97 0.02 82.82 5.58 0.36 7.16 

U213 G3 235 151.60 2.03 0.10 92.52 9.80 0.35 11.54 

U214 G3 594 83.77 3.44 0.15 37.25 11.36 0.68 8.77 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U215 G3b 6584 5498.83 70.91 0.02 92.62 4.30 0.30 2.40 

U216 G3b 5184 3831.03 51.67 0.02 90.37 5.54 0.32 4.44 

U217 G3b 22835 2899.00 157.86 0.03 25.91 4.53 0.55 1.79 

U218 G3b 44719 4515.68 288.86 0.02 22.89 4.36 0.61 1.08 

U219 G3b 12647 4810.22 100.97 0.02 62.82 6.32 0.44 3.21 

U220 G3b 54956 3498.68 342.88 0.07 15.26 4.72 0.64 1.05 

U221 G3b 4493 6502.04 64.38 0.01 112.90 5.01 0.21 4.33 

U222 G3b 556 1520.24 11.76 0.01 136.04 5.18 0.13 9.43 

U223 G3b 3571 1072.82 26.99 0.01 53.94 5.21 0.48 4.19 

U224 G3b 42590 1791.50 261.15 0.02 10.40 4.48 0.67 1.16 

U225 G3b 21166 1346.37 132.46 0.01 15.21 4.32 0.64 1.63 

U226 G3b 55003 3751.39 350.20 0.02 15.88 4.20 0.63 0.96 

U227 G3b 26041 3926.17 177.77 0.02 31.53 4.23 0.56 1.43 

U228 G3b 2157 1394.92 21.00 0.01 82.07 4.69 0.34 4.77 

U229 G3b 5778 5729.82 68.18 0.02 98.19 4.64 0.27 5.48 

U230 G3b 9292 3134.25 78.48 0.03 51.79 5.86 0.41 3.28 

U231 G3b 2217 1317.97 21.17 0.02 77.50 5.13 0.35 3.84 

U232 G3b 2554 679.13 18.74 0.01 50.01 5.74 0.51 4.71 

U233 G3b 3252 618.65 22.63 0.00 38.87 5.04 0.56 4.47 

U234 G3b 1579 1019.53 15.17 0.01 83.52 5.10 0.35 3.81 

U235 G3b 2922 1450.47 25.38 0.01 73.53 4.46 0.40 3.98 

U236 G3b 3189 1061.15 25.07 0.02 56.72 4.99 0.46 4.53 

                    

U237 P4 101842 1368.23 566.48 0.01 3.94 4.72 0.80 0.87 

U244 P4 125232 1626.98 698.86 0.01 3.80 4.21 0.80 0.80 

U245 P4 60593 3253.92 364.93 0.01 13.81 4.35 0.70 0.88 

U246 P4 21240 5364.12 166.91 <0.001 43.19 4.26 0.47 1.66 

U247 P4 77816 2226.49 450.89 0.01 7.87 4.60 0.76 0.86 

U248 P4 32413 3543.79 213.32 0.00 24.41 4.27 0.61 1.15 

U249 P4 27542 3991.64 189.94 0.00 30.13 4.40 0.57 1.09 

U250 P4 26411 3154.96 175.26 0.00 26.35 4.14 0.61 1.66 

U251 P4 35924 4589.83 242.54 0.00 27.44 4.15 0.59 1.12 

U252 P4 28718 2897.56 186.85 <0.001 22.97 4.37 0.63 1.66 

U253 P4 30419 4724.81 211.96 0.01 31.84 4.46 0.57 1.18 

U254 P4 29459 4188.44 204.13 0.00 29.38 4.51 0.57 1.55 

U255 P4 32896 11533.55 294.33 <0.001 50.15 4.16 0.39 1.20 

U256 P4 41159 5303.99 277.87 <0.001 27.75 4.22 0.59 1.00 

U257 P4 31172 8705.50 254.00 <0.001 45.54 4.21 0.45 1.18 

U258 P4 25603 4913.12 189.75 0.00 35.89 4.29 0.52 1.24 

U259 P4 142186 181.49 795.19 0.14 0.38 5.67 0.83 0.60 

U260 P4 297431 21.56 1650.51 30.61 0.02 4.88 0.83 0.54 

U261 P4 131947 14.80 733.83 7.91 0.03 4.53 0.83 0.61 

U262 P4 156639 12.92 875.94 28.49 0.02 5.46 0.83 0.66 
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Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U263 MGT9 13425 149.01 72.96 0.00 3.37 4.32 0.82 1.71 

U264 MGT9 7296 73.48 40.96 <0.001 2.96 5.47 0.82 2.52 

U265 MGT9 2259 104.14 13.03 <0.001 13.18 8.75 0.82 3.52 

U266 MGT9 2734 215.75 15.35 <0.001 22.66 5.29 0.78 3.19 

U267 MGT9 6221 165.50 34.72 <0.001 7.89 4.53 0.83 2.51 

U268 MGT9 8536 152.96 48.29 0.00 5.23 4.36 0.82 1.71 

U269 MGT9 5579 177.17 30.31 <0.001 9.62 5.31 0.82 1.98 

U270 MGT9 11234 256.35 62.99 0.01 6.72 4.32 0.82 1.95 

U271 MGT9 5079 223.97 29.15 0.00 12.50 5.20 0.79 2.84 

U272 MGT9 2706 79.54 15.33 <0.001 8.56 5.92 0.82 3.05 

U273 MGT9 10367 292.67 58.50 0.02 8.24 4.39 0.82 2.44 

U274 MGT9 19148 264.65 107.92 0.09 4.06 5.28 0.83 1.88 

U275 MGT9 7334 196.89 41.65 0.03 7.76 4.94 0.81 2.79 

U276 MGT9 17298 180.19 97.51 <0.001 3.05 4.54 0.82 1.60 

U277 MGT9 21116 100.68 119.44 0.00 1.39 4.85 0.82 1.59 

U278 MGT9 2929 36.57 16.60 0.01 3.66 6.63 0.83 4.77 

U279 MGT9 1873 128.62 10.55 <0.001 19.73 5.05 0.78 4.40 

U280 MGT9 3136 421.70 17.96 0.00 37.64 5.85 0.77 3.92 

U281 MGT9 1051 372.08 7.12 0.18 77.94 5.18 0.64 5.31 

U282 MGT9 99555 215.25 554.29 25.82 0.64 4.58 0.82 0.42 

U289 MGT9 4403 246.77 24.94 0.02 16.15 4.87 0.80 2.50 

U290 MGT9 1139 235.97 7.20 <0.001 52.14 4.93 0.75 3.45 

U291 MGT9 6750 260.71 38.63 0.05 11.12 4.52 0.82 2.39 

                    

U292 MGT9b 732 1291.01 7.77 <0.001 201.97 6.76 0.32 9.34 

U293 MGT9b 112 1030.24 3.30 <0.001 318.48 6.69 0.10 20.99 

U294 MGT9b 251 1304.18 4.87 <0.001 287.31 5.78 0.16 15.38 

U295 MGT9b 6892 884.67 41.95 0.00 33.38 5.84 0.74 2.78 

U296 MGT9b 2399 539.20 15.75 <0.001 51.67 5.40 0.66 3.68 

U297 MGT9b 1726 791.54 12.02 <0.001 96.16 6.39 0.60 4.33 

U298 MGT9b 1250 1266.47 10.53 <0.001 160.20 6.53 0.45 5.54 

U299 MGT9b 482 62.39 2.88 0.00 34.82 8.52 0.77 8.20 

U300 MGT9b 990 330.96 6.68 <0.001 73.85 6.22 0.64 6.99 

U301 MGT9b 506 249.60 3.44 <0.001 107.68 8.09 0.63 9.12 

U302 MGT9b 5680 223.55 33.31 0.01 10.95 6.10 0.80 3.46 

U303 MGT9b 112 701.74 2.60 0.00 283.14 7.13 0.13 19.79 

U304 MGT9b 133 456.60 1.85 <0.001 280.39 9.16 0.23 19.86 

U305 MGT9b 190 554.03 2.40 <0.001 269.81 8.90 0.27 11.53 

U306 MGT9b 2671 496.61 17.03 <0.001 44.86 5.18 0.69 3.49 

U307 MGT9b 2895 790.80 18.98 <0.001 63.16 6.02 0.67 5.46 

U308 MGT9b 1212 759.54 8.96 <0.001 120.28 5.36 0.55 5.60 

U309 MGT9b 2346 901.71 16.20 <0.001 82.03 5.27 0.62 4.77 

U310 MGT9b 3070 1086.74 21.11 <0.001 76.59 15.31 0.63 6.06 
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Thb 238Uc 

± 2σ (%) 
207Pbc 
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U 206Pb 206Pb 

          

U311 MGT9b 2342 759.23 15.17 <0.001 76.67 5.29 0.68 5.44 

U312 MGT9b 1639 207.34 10.33 <0.001 31.40 8.72 0.72 4.57 

U313 MGT9b 2700 48.11 15.88 <0.001 4.95 6.36 0.80 3.66 

U314 MGT9b 529 717.55 4.93 <0.001 186.35 9.43 0.40 9.25 

U315 MGT9b 222 92.21 1.56 <0.001 87.54 9.94 0.63 13.50 

U316 MGT9b 418 400.58 3.35 <0.001 160.20 13.59 0.46 12.91 

U317 MGT9b 394 509.17 3.55 <0.001 185.58 8.92 0.41 10.16 

U318 MGT9b 769 251.11 5.33 <0.001 69.25 15.51 0.61 6.51 

                    

U319 BX16 432 83.00 3.01 0.10 39.94 8.36 0.59 6.24 

U320 BX16 168 54.48 1.16 0.19 63.16 12.04 0.47 9.70 

U321 BX16 123 53.74 0.90 0.12 78.70 7.74 0.44 14.26 

U322 BX16 427 33.74 2.62 0.08 20.46 7.91 0.75 7.97 

U323 BX16 286 79.70 1.74 0.08 62.80 6.96 0.50 9.21 

U324 BX16 7475 59.10 43.14 0.13 2.29 5.53 0.84 2.67 

U325 BX16 1236 69.56 7.61 0.10 14.60 7.07 0.76 6.58 

U326 BX16 529 31.93 3.48 0.25 14.34 10.99 0.72 9.95 

U327 BX16 2072 65.29 12.09 0.12 8.84 9.78 0.80 3.97 

U334 BX16 6893 45.04 40.72 0.11 1.83 5.14 0.82 2.80 

U335 BX16 11130 49.41 64.37 0.10 1.29 5.06 0.85 2.62 

U336 BX16 808 45.50 5.05 0.13 14.26 8.28 0.74 7.30 

U337 BX16 1690 69.93 10.46 0.18 10.74 16.97 0.77 6.88 

U338 BX16 361 30.84 2.40 0.26 19.74 9.29 0.69 10.61 

U339 BX16 679 61.98 4.39 0.10 22.06 9.55 0.72 8.42 

U340 BX16 326 94.71 2.35 0.12 55.56 6.04 0.51 7.50 

U341 BX16 10325 73.29 59.88 0.11 2.04 8.30 0.84 2.06 

U342 BX16 1424 64.50 8.87 0.17 11.67 8.97 0.77 5.96 

U343 BX16 772 23.18 4.78 0.06 7.89 17.62 0.79 9.61 

U344 BX16 488 58.06 2.95 0.12 30.66 8.05 0.72 7.74 

U345 BX16 3779 50.87 22.03 0.13 3.87 5.96 0.85 3.65 

U346 BX16 522 65.60 3.47 0.11 29.03 8.94 0.69 7.74 

U347 BX16 325 55.75 2.22 0.19 36.87 7.69 0.61 7.75 

                    

U348 BX16b 5029 67.30 30.74 0.41 3.51 14.95 0.77 3.31 

U349 BX16b 254 80.80 2.03 0.13 55.33 9.40 0.52 11.73 

U350 BX16b 128 84.47 1.31 0.10 79.66 9.09 0.35 9.11 

U351 BX16b 165 49.57 1.29 0.25 54.10 9.73 0.54 10.58 

U352 BX16b 355 55.26 2.15 0.14 36.61 6.45 0.56 6.40 

U353 BX16b 252 63.33 1.67 0.13 53.46 7.63 0.55 8.20 

U354 BX16b 155 48.74 1.20 0.19 56.73 8.91 0.53 17.83 

U355 BX16b 921 72.86 6.14 0.23 18.27 10.64 0.69 6.74 

U356 BX16b 523 30.63 3.40 1.18 14.09 8.30 0.72 9.46 

U357 BX16b 382 67.40 2.79 0.67 35.21 8.65 0.60 11.20 
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U358 BX16b 146 24.81 1.13 0.89 31.65 10.60 0.58 11.05 

U359 BX16b 285 32.31 2.01 1.15 24.35 14.82 0.66 13.54 

U360 BX16b 6476 114.39 39.82 0.51 4.67 9.63 0.79 3.19 

U361 BX16b 44100 175.65 266.32 0.61 1.09 9.45 0.82 1.21 

U362 BX16b 502 43.80 3.34 0.91 20.00 12.41 0.68 11.08 

U363 BX16b 361 33.77 1.70 0.27 29.52 14.23 0.63 9.40 

U364 BX16b 169 57.90 1.17 0.22 68.17 11.61 0.51 11.21 

U365 BX16b 269 46.94 1.89 0.19 36.96 7.77 0.63 9.62 

U366 BX16b 411 25.38 2.74 0.17 14.51 11.46 0.72 10.99 

U367 BX16b 300 31.10 2.12 0.23 22.23 12.84 0.66 13.88 

U368 BX16b 188 45.99 1.49 0.22 43.58 11.65 0.55 17.52 

U369 BX16b 229 83.15 1.91 0.12 59.98 7.16 0.50 14.22 

U370 BX16b 191 80.44 1.75 0.18 61.54 10.59 0.46 16.99 

                    

U402 B2 492 187.17 3.74 0.24 72.26 7.73 0.58 9.07 

U403 B2 443 253.94 3.94 0.60 87.48 7.82 0.48 12.15 

U404 B2 1203 288.45 8.22 0.52 54.35 6.77 0.70 6.20 

U405 B2 163 321.97 2.23 0.79 168.61 7.64 0.26 12.05 

U406 B2 3279 287.31 20.92 0.27 22.35 14.85 0.79 5.45 

U407 B2 1669 402.83 11.39 0.19 54.77 8.38 0.70 5.31 

U408 B2 996 330.36 7.59 0.19 63.72 6.37 0.61 8.14 

U409 B2 492 413.23 4.64 0.13 116.76 6.51 0.43 9.09 

U410 B2 1845 241.37 12.35 0.23 30.49 14.77 0.72 5.08 

U411 B2 836 236.01 6.14 0.38 56.98 6.04 0.63 7.75 

U412 B2 1166 218.13 7.86 0.26 43.17 13.08 0.71 7.07 

U413 B2 1130 186.35 7.74 0.24 37.72 8.50 0.72 7.12 

U414 B2 1451 206.74 9.75 0.47 33.37 8.44 0.73 6.00 

U415 B2 679 222.76 4.89 0.41 68.75 7.24 0.66 7.38 

U416 B2 614 140.58 4.16 0.19 52.90 9.89 0.72 8.01 

U417 B2 998 50.90 6.43 0.33 13.07 11.29 0.82 7.13 

U418 B2 2236 71.78 14.11 0.21 8.46 9.42 0.83 4.76 

U419 B2 400 33.42 2.68 0.54 19.57 15.00 0.73 16.26 

U420 B2 914 80.32 5.64 0.21 23.27 12.44 0.80 9.18 

U421 B2 4064 57.85 25.56 0.50 3.77 19.67 0.84 4.27 

U422 B2 727 128.86 4.94 0.43 40.80 8.14 0.72 9.83 

U423 B2 101 363.39 1.62 0.64 252.64 10.32 0.21 31.81 

U424 B2 1084 190.82 7.24 0.30 41.40 7.24 0.73 6.63 

                    

U425 P2 3327 640.94 26.46 <0.001 34.54 5.20 0.56 3.36 

U426 P2 7050 878.91 51.76 <0.001 25.35 4.70 0.64 2.43 

U427 P2 4769 454.84 34.25 <0.001 20.21 6.62 0.67 3.47 

U428 P2 1847 458.15 15.54 <0.001 40.94 4.90 0.52 4.99 

U429 P2 4076 657.72 31.25 <0.001 30.69 4.79 0.60 3.22 
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U430 P2 2774 449.02 21.81 <0.001 29.62 4.85 0.58 4.25 

U431 P2 6555 677.91 47.47 0.01 21.54 5.21 0.66 3.44 

U432 P2 2533 906.64 24.30 0.00 49.05 4.82 0.43 5.12 

U433 P2 4099 529.73 30.77 <0.001 25.47 5.05 0.62 2.76 

U434 P2 4171 665.54 31.95 <0.001 30.41 5.26 0.60 2.87 

U435 P2 3914 636.20 30.28 <0.001 30.62 4.86 0.60 3.81 

U436 P2 4132 1130.97 36.55 <0.001 42.20 4.89 0.49 3.78 

U437 P2 4665 576.82 34.53 <0.001 24.99 5.19 0.64 3.32 

U438 P2 2821 426.33 21.63 <0.001 28.98 5.58 0.61 4.49 

U445 P2 4721 510.72 34.41 <0.001 22.50 5.01 0.67 2.95 

U446 P2 6585 422.60 46.33 <0.001 14.18 4.55 0.71 2.71 

U447 P2 3774 564.19 29.03 <0.001 28.58 4.95 0.61 3.77 

U448 P2 1890 535.41 16.88 <0.001 43.20 5.86 0.49 4.53 

U449 P2 2199 499.97 18.47 <0.001 37.95 5.22 0.54 5.78 

U450 P2 3675 916.08 31.87 <0.001 39.68 4.52 0.51 3.02 

U451 P2 5822 671.12 43.18 <0.001 23.34 4.69 0.65 2.96 

U452 P2 2934 874.35 26.71 <0.001 44.27 4.94 0.48 3.90 

U453 P2 3559 615.56 28.18 <0.001 31.71 4.97 0.59 4.24 

U454 P2 2652 591.87 21.98 <0.001 38.24 6.14 0.56 4.10 

U455 P2 3174 786.13 27.54 <0.001 39.49 5.14 0.51 3.50 

U456 P2 2394 766.62 22.60 <0.001 45.15 5.26 0.45 4.15 

U457 P2 2517 829.06 23.84 <0.001 46.31 4.85 0.45 3.76 

U458 P2 3933 838.87 33.60 0.00 34.88 5.07 0.53 3.49 

U459 P2 2554 961.53 25.51 <0.001 49.15 4.65 0.42 4.01 

U460 P2 2431 602.54 21.11 0.02 39.55 4.75 0.52 3.92 

U461 P2 2041 762.54 20.07 0.00 49.98 5.18 0.44 5.34 

U462 P2 2838 794.55 25.66 0.00 42.21 5.18 0.49 3.90 

                    

U463 P63 1568 2238.76 26.54 <0.001 94.78 4.55 0.21 6.29 

U464 P63 610 155.79 5.33 0.00 40.59 5.63 0.52 6.62 

U465 P63 2149 2811.55 34.79 0.00 91.71 4.43 0.23 4.30 

U466 P63 92885 404.95 619.03 0.00 1.07 4.86 0.80 1.06 

U467 P63 664 4083.86 34.72 <0.001 116.48 4.47 0.06 5.77 

U468 P63 10571 1265.59 79.03 0.01 24.06 5.74 0.65 2.40 

U469 P63 563 157.48 4.89 0.06 45.13 8.07 0.53 9.41 

U470 P63 7451 126.97 50.34 0.01 4.08 7.78 0.78 2.31 

U471 P63 3488 444.43 26.22 0.00 25.56 4.61 0.66 4.30 

U472 P63 12642 118.60 83.71 0.02 2.33 4.55 0.81 1.93 

U473 P63 392 1612.70 14.70 0.00 111.11 5.00 0.09 9.62 

U474 P63 34060 83.46 226.47 0.03 0.60 4.38 0.81 1.30 

U475 P63 58571 112.21 389.88 0.04 0.47 4.35 0.81 0.90 

U476 P63 1213 3518.82 35.55 <0.001 102.71 4.42 0.12 8.33 

U477 P63 1129 1470.87 19.06 0.01 87.06 4.69 0.22 5.74 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U478 P63 566 1955.93 18.73 <0.001 106.90 4.74 0.10 11.68 

U479 P63 1605 6017.98 55.66 <0.001 110.38 4.28 0.10 4.19 

U480 P63 1608 2974.87 33.53 0.02 96.10 4.84 0.17 8.10 

U481 P63 1615 3039.87 33.29 0.00 99.34 4.53 0.17 3.88 

U482 P63 786 5054.06 43.58 <0.001 114.57 4.39 0.06 7.00 

U483 P63 1159 3676.52 35.35 <0.001 107.53 4.28 0.11 6.81 

U484 P63 886 112.01 6.88 0.01 24.40 8.55 0.65 8.05 

U485 P63 516 3112.07 26.86 <0.001 114.89 4.56 0.06 7.94 

U486 P63 458 1009.04 10.65 <0.001 101.12 5.31 0.15 10.56 

U487 P63 1496 4972.32 48.32 <0.001 105.82 4.29 0.11 4.90 

                    

U488 P21 77586 7985.50 554.68 <0.001 22.60 4.34 0.73 0.72 

U489 P21 69647 2794.95 481.40 0.60 9.33 4.15 0.77 0.97 

U490 P21 67107 1988.01 458.14 0.00 7.04 4.31 0.79 0.94 

U491 P21 85126 845.28 574.77 <0.001 2.41 4.29 0.81 1.05 

U492 P21 65026 2435.41 449.79 0.13 8.70 4.18 0.77 0.87 

U493 P21 70252 4522.28 492.51 0.00 14.63 4.26 0.76 0.96 

U500 P21 70482 3662.97 492.02 0.01 11.96 4.33 0.77 0.82 

U501 P21 75859 1717.51 525.15 0.15 5.29 4.19 0.78 0.80 

U502 P21 99860 562.09 680.79 0.02 1.35 4.32 0.81 0.74 

U503 P21 52302 3720.91 369.68 0.04 16.05 4.13 0.76 0.89 

U504 P21 164199 1187.37 1121.27 <0.001 1.73 4.31 0.80 0.69 

U505 P21 84798 4971.19 600.72 0.02 13.20 4.78 0.76 0.89 

U506 P21 52553 1879.54 364.73 0.00 8.36 4.37 0.79 1.16 

U507 P21 55368 4479.81 396.95 <0.001 17.89 4.46 0.75 0.90 

U508 P21 52309 849.61 361.59 0.06 3.82 4.36 0.79 1.13 

U509 P21 49717 1856.94 349.17 0.02 8.57 4.75 0.78 1.16 

U510 P21 57649 4444.98 416.35 <0.001 16.86 4.38 0.74 0.95 

U511 P21 52735 3023.03 373.47 0.02 12.95 4.17 0.76 0.96 

U512 P21 54926 4099.87 395.82 <0.001 16.38 4.20 0.74 0.97 

U513 P21 52051 6551.86 387.14 <0.001 26.23 4.45 0.71 1.17 

U514 P21 45907 12184.53 364.87 <0.001 49.70 4.11 0.63 1.22 

U515 P21 58504 5628.95 428.59 <0.001 20.60 4.48 0.73 0.91 

U516 P21 52224 10488.41 404.30 0.01 39.27 4.19 0.66 0.99 

U517 P21 67258 11231.74 514.97 <0.001 33.37 4.96 0.68 1.06 

                    

U518 B46 3503 106.67 23.83 0.72 7.43 10.27 0.83 4.24 

U519 B46 1790 52.42 12.58 1.19 6.76 8.75 0.79 4.19 

U520 B46 1136 43.08 8.30 1.30 8.43 9.95 0.79 7.35 

U521 B46 1356 52.79 9.41 2.57 9.30 6.81 0.83 7.25 

U522 B46 2565 26.85 17.78 2.44 2.50 6.01 0.83 6.92 

U523 B46 5973 86.77 13.10 0.60 10.51 6.56 0.75 2.45 

U524 B46 1033 203.15 7.13 0.11 42.46 6.21 0.64 6.73 

278



Chapter 12 

          

spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U525 B46 1222 183.96 10.19 0.12 28.72 7.33 0.73 5.98 

U526 B46 1196 81.70 9.13 0.67 14.04 5.89 0.83 5.50 

U527 B46 45979 49.66 8.21 2.21 10.01 7.80 0.79 1.20 

U528 B46 1597 402.34 330.96 0.42 1.97 6.21 0.83 4.70 

U529 B46 1663 58.59 11.06 1.32 8.77 6.97 0.78 6.49 

U530 B46 2491 72.14 11.91 1.20 9.79 7.51 0.78 4.77 

U531 B46 1230 71.68 18.02 1.17 6.43 6.27 0.79 5.44 

U532 B46 879 52.00 8.75 1.43 9.67 6.55 0.78 4.16 

U533 B46 40773 47.86 6.08 1.56 12.75 31.86 0.83 1.38 

U534 B46 2064 190.23 275.53 0.53 1.14 6.08 0.81 5.04 

U535 B46 1329 79.16 14.59 1.24 8.88 6.17 0.80 6.93 

U536 B46 2935 53.80 9.42 1.26 9.35 7.22 0.84 4.86 

U537 B46 2870 84.04 20.15 0.56 6.97 7.36 0.82 5.42 

U538 B46 4610 94.26 20.07 0.58 7.74 15.62 0.80 3.35 

U539 B46 1929 183.37 33.67 0.09 8.87 6.60 0.77 6.18 

U540 B46 2284 61.88 14.13 0.48 7.04 5.38 0.85 4.88 

U541 B46 1381 78.72 15.64 0.78 8.45 6.73 0.78 7.03 

U542 B46 770 70.07 10.05 2.45 11.26 7.01 0.74 7.71 

                    

U543 C12 119545 38.41 5.78 2.74 10.51 4.39 0.84 0.66 

U544 C12 148272 694.06 824.66 1.58 1.40 4.18 0.83 0.38 

U545 C12 173880 705.48 1035.95 2.12 1.13 4.44 0.83 0.71 

U546 C12 171876 848.21 1207.97 1.66 1.17 4.46 0.83 0.71 

U547 C12 324583 766.91 1198.25 1.92 1.06 4.68 0.84 0.50 

U548 C12 166598 1618.94 2258.14 0.85 1.19 5.58 0.84 0.73 

U555 C12 53141 1036.00 1160.53 0.73 1.49 4.99 0.84 1.03 

U556 C12 107054 553.04 373.43 0.98 2.47 4.34 0.83 0.80 

U557 C12 105075 1190.83 753.09 0.84 2.63 4.35 0.84 0.94 

U558 C12 117930 1598.78 738.47 0.53 3.60 4.25 0.83 0.74 

U559 C12 62681 1272.34 828.99 0.71 2.55 4.17 0.83 0.91 

U560 C12 62477 1021.70 441.18 0.52 3.85 4.23 0.83 0.82 

U561 C12 75369 832.31 440.45 0.50 3.14 4.58 0.83 0.95 

U562 C12 49711 822.00 534.25 0.92 2.55 4.19 0.83 0.86 

U563 C12 76597 1721.72 346.93 0.15 8.23 4.28 0.84 0.63 

U564 C12 57245 644.19 545.35 1.21 1.96 4.32 0.84 0.84 

U565 C12 77619 694.55 402.93 0.98 2.87 4.34 0.83 1.21 

U566 C12 41836 658.13 551.54 1.22 1.98 4.20 0.84 1.15 

U567 C12 45722 837.72 295.55 0.37 4.71 4.39 0.83 0.97 

U568 C12 67208 949.37 325.02 0.31 4.85 4.28 0.83 0.69 

U569 C12 48423 1594.28 465.07 0.29 5.69 4.15 0.83 0.82 

U570 C12 72597 1260.13 344.68 0.20 6.05 4.28 0.84 0.61 

U571 C12 192789 1016.50 514.25 0.33 3.29 4.21 0.83 0.59 

U572 C12 96786 1096.55 1371.41 0.32 1.33 4.32 0.83 0.66 
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Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U573 BX33 6538 1041.08 690.03 0.70 2.51 4.74 0.84 2.13 

U574 BX33 6164 69.01 46.63 <0.001 2.46 4.50 0.81 2.09 

U575 BX33 7770 121.58 44.63 0.00 4.48 4.93 0.85 2.71 

U576 BX33 5026 51.51 55.26 0.00 1.56 4.71 0.80 2.90 

U577 BX33 2873 141.03 36.86 0.03 6.25 4.73 0.77 2.96 

U578 BX33 3943 207.02 21.35 0.00 15.54 4.77 0.82 2.55 

U579 BX33 4317 90.30 28.24 <0.001 5.29 4.73 0.77 3.30 

U580 BX33 3813 244.74 32.42 0.01 12.14 5.76 0.79 3.48 

U581 BX33 4434 184.36 28.35 0.01 10.55 4.52 0.80 3.23 

U582 BX33 3964 108.26 32.53 0.00 5.45 5.25 0.83 3.69 

U583 BX33 3835 89.29 28.79 0.00 5.13 5.18 0.79 2.76 

U584 BX33 2051 147.69 28.54 0.01 8.39 5.13 0.81 5.36 

U585 BX33 7424 52.24 15.10 <0.001 5.68 4.84 0.84 2.74 

U586 BX33 6151 40.04 53.38 0.01 1.25 4.85 0.84 2.45 

U587 BX33 8973 46.27 44.22 0.03 1.75 6.09 0.82 2.36 

U588 BX33 7601 60.55 65.18 0.36 1.54 4.58 0.82 2.56 

U589 BX33 4417 70.61 55.48 <0.001 2.10 4.61 0.80 3.32 

U590 BX33 3889 129.09 32.84 0.03 6.41 4.72 0.79 3.95 

U591 BX33 5315 159.09 29.10 0.02 8.89 4.67 0.80 2.89 

U592 BX33 6220 114.28 39.57 0.03 4.71 4.43 0.84 1.89 

                    

Soda-lime glass NIST SRM-614 

A001 NIST 290623 0.85 2.79 0.93 1.22 0.59 0.87 0.47 

A002 NIST 284547 0.86 2.73 0.94 1.26 0.54 0.87 0.42 

A033 NIST 278502 0.81 2.68 0.95 1.21 0.47 0.87 0.37 

A034 NIST 261572 0.80 2.52 0.95 1.27 0.41 0.87 0.42 

A067 NIST 268583 0.79 2.61 0.96 1.21 0.60 0.87 0.46 

A068 NIST 264484 0.80 2.58 0.97 1.23 0.40 0.87 0.52 

A102 NIST 264427 0.80 2.64 0.96 1.21 0.55 0.87 0.44 

A103 NIST 256512 0.82 2.56 0.95 1.28 0.44 0.87 0.38 

A146 NIST 251301 0.81 2.58 0.96 1.25 0.48 0.87 0.36 

A147 NIST 251716 0.82 2.59 0.95 1.27 0.69 0.87 0.44 

A194 NIST 257030 0.83 2.75 0.96 1.21 0.51 0.87 0.34 

A195 NIST 242489 0.82 2.59 0.96 1.25 0.68 0.87 0.51 

A238 NIST 251683 0.82 2.78 0.97 1.18 0.49 0.87 0.40 

A239 NIST 241638 0.84 2.67 0.95 1.25 0.37 0.87 0.53 

A283 NIST 230326 0.82 2.64 0.96 1.24 0.64 0.87 0.40 

A284 NIST 229149 0.82 2.62 0.96 1.26 0.45 0.87 0.55 

A328 NIST 225180 0.83 2.67 0.96 1.25 0.52 0.87 0.40 

A329 NIST 220174 0.81 2.61 0.97 1.24 0.45 0.87 0.39 

A383 NIST 227452 0.84 2.82 0.97 1.21 0.51 0.88 0.60 

A384 NIST 214023 0.84 2.65 0.96 1.27 0.55 0.87 0.54 

A439 NIST 213330 0.82 2.76 0.97 1.20 0.55 0.87 0.37 
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Thb 238Uc 

± 2σ (%) 
207Pbc 
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U 206Pb 206Pb 

          

A440 NIST 200942 0.82 2.60 0.97 1.27 0.52 0.87 0.39 

A494 NIST 190948 0.80 2.58 0.97 1.23 0.41 0.87 0.54 

A495 NIST 191298 0.81 2.59 0.97 1.25 0.74 0.87 0.44 

A549 NIST 187090 0.82 2.66 0.97 1.23 0.44 0.87 0.52 

A550 NIST 181493 0.80 2.58 0.98 1.24 0.39 0.87 0.37 

A593 NIST 182355 0.83 2.70 0.97 1.22 0.58 0.87 0.50 

A594 NIST 178256 0.83 2.64 0.98 1.25 0.61 0.87 0.36 

                    

WC-1 calcite reference (Roberts et al., 2017) 

B003 WC1 22262 6.59 0.40 <0.001 0.05 4.45 0.17 6.88 

B004 WC1 12162 5.47 0.27 <0.001 0.04 4.31 0.12 4.46 

B035 WC1 20733 5.95 0.37 <0.001 0.05 4.34 0.17 6.85 

B036 WC1 9579 5.15 0.24 <0.001 0.04 4.36 0.10 6.05 

B069 WC1 18979 7.08 0.38 <0.001 0.04 4.25 0.14 5.25 

B070 WC1 10821 4.89 0.24 <0.001 0.04 4.45 0.12 9.90 

B104 WC1 22794 7.08 0.42 <0.001 0.05 4.50 0.17 6.88 

B105 WC1 9948 4.60 0.23 <0.001 0.04 4.21 0.12 3.58 

B148 WC1 14977 8.02 0.38 <0.001 0.04 4.20 0.11 3.46 

B149 WC1 13755 5.97 0.30 <0.001 0.04 4.38 0.13 6.39 

B196 WC1 12556 6.74 0.32 <0.001 0.04 4.24 0.11 5.60 

B197 WC1 14023 5.41 0.30 <0.001 0.05 4.62 0.15 10.57 

B240 WC1 14284 6.95 0.35 <0.001 0.04 4.29 0.13 4.57 

B241 WC1 11621 4.95 0.27 <0.001 0.05 4.53 0.14 7.89 

B285 WC1 19784 6.47 0.41 <0.001 0.05 4.83 0.18 7.66 

B286 WC1 13865 5.23 0.30 <0.001 0.05 4.47 0.16 5.00 

B330 WC1 17944 6.88 0.41 <0.001 0.05 4.67 0.16 7.60 

B331 WC1 8574 4.62 0.23 <0.001 0.04 4.27 0.12 5.12 

B385 WC1 19217 7.28 0.44 <0.001 0.05 4.73 0.16 9.70 

B386 WC1 9361 5.85 0.28 <0.001 0.04 4.30 0.11 7.17 

B441 WC1 15083 8.46 0.44 <0.001 0.05 4.37 0.12 6.60 

B442 WC1 21140 5.96 0.44 <0.001 0.05 4.83 0.22 7.11 

B496 WC1 13690 6.34 0.37 <0.001 0.05 4.29 0.15 6.27 

B497 WC1 18084 7.20 0.44 <0.001 0.05 4.94 0.18 7.97 

B551 WC1 13625 6.67 0.38 <0.001 0.05 4.66 0.15 6.36 

B552 WC1 13942 6.38 0.37 <0.001 0.05 4.70 0.17 7.66 

                    

ASH15D calcite reference (Vaks et al., 2003) 

C005 ASH 2709 1.77 0.03 <0.001 0.00 10.20 0.79 5.19 

C006 ASH 268532 1.30 2.48 <0.001 0.54 11.83 0.87 1.09 

C037 ASH 179833 3.56 1.71 <0.001 0.14 8.77 0.87 0.74 

C038 ASH 781250 2.82 7.34 <0.001 0.74 8.50 0.87 0.88 

C071 ASH 486 2.38 0.01 <0.001 0.00 6.83 0.51 9.36 

C072 ASH 383145 2.75 3.73 <0.001 0.38 7.22 0.87 0.82 
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207Pbc 
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C106 ASH 10078 2.75 0.10 <0.001 0.01 7.69 0.83 1.75 

C107 ASH 8403 2.19 0.08 <0.001 0.01 11.25 0.82 4.13 

C150 ASH 5411 2.27 0.05 <0.001 0.01 7.64 0.83 2.46 

C151 ASH 1583839 2.01 22.39 <0.001 2.47 16.23 0.92 38.60 

C198 ASH 3610 2.29 0.04 <0.001 0.01 11.87 0.80 4.20 

C199 ASH 312605 4.18 3.28 <0.001 0.23 12.45 0.87 0.58 

C242 ASH 2363 3.22 0.03 <0.001 0.00 11.32 0.73 5.47 

C243 ASH 428907 2.85 4.67 <0.001 0.47 15.07 0.87 1.41 

C287 ASH 685 3.71 0.01 <0.001 0.00 10.03 0.50 8.73 

C288 ASH 1210592 3.44 14.31 <0.001 1.13 5.07 0.88 1.14 

C332 ASH 9218 3.22 0.11 <0.001 0.01 7.91 0.85 3.02 

C333 ASH 543751 3.70 6.40 <0.001 0.49 12.91 0.88 0.73 

C387 ASH 695606 1.84 8.49 <0.001 1.31 7.63 0.88 0.82 

C388 ASH 669 6.54 0.01 <0.001 0.00 5.90 0.38 6.50 

C443 ASH 984 1.77 0.01 <0.001 0.00 11.46 0.68 7.85 

C444 ASH 11900 2.15 0.15 <0.001 0.02 15.19 0.86 2.51 

C498 ASH 726 3.39 0.01 <0.001 0.00 6.10 0.54 5.77 

C499 ASH 436 1.60 0.01 <0.001 0.00 8.47 0.59 10.29 

C553 ASH 32340 1.94 0.45 <0.001 0.07 6.63 0.88 1.46 

C554 ASH 432329 2.64 6.07 <0.001 0.65 17.97 0.88 0.89 

                    

        Sequence 3           

U088 BX5 9420 1306.86 53.92 0.00 35.05 3.65 0.59 2.18 

U089 BX5 4695 1312.63 32.31 0.02 53.90 2.82 0.45 2.94 

U090 BX5 4985 738.20 28.96 0.00 36.70 2.91 0.58 2.27 

U091 BX5 6011 1640.29 41.26 0.01 52.88 2.64 0.45 2.48 

U092 BX5 10180 625.09 52.28 0.02 18.53 3.30 0.70 2.07 

U093 BX5 5571 523.14 30.33 0.00 25.79 2.97 0.64 2.69 

U094 BX5 30170 1071.02 151.96 0.23 11.09 4.81 0.73 1.38 

U095 BX5 7681 1048.54 44.65 0.02 33.81 2.67 0.58 2.02 

U096 BX5 5545 416.83 29.41 0.01 21.57 3.12 0.67 2.35 

U097 BX5 7002 1598.72 45.83 <0.001 47.44 3.48 0.49 2.61 

U098 BX5 12511 381.08 61.51 0.01 9.91 2.53 0.76 1.81 

U099 BX5 9737 1629.14 58.49 0.02 39.51 3.06 0.55 2.05 

U100 BX5 7293 422.57 37.76 0.00 17.30 2.86 0.70 2.12 

U101 BX5 9075 1145.56 51.54 0.01 32.50 3.16 0.60 2.33 

U108 BX5 5328 1233.21 34.41 0.01 49.14 3.56 0.50 2.90 

U109 BX5 4785 462.67 26.40 0.01 26.16 3.12 0.64 2.91 

U110 BX5 4432 1904.47 36.09 0.01 66.03 2.68 0.36 3.41 

U111 BX5 7862 180.21 38.56 0.00 7.53 2.75 0.78 2.02 

U112 BX5 3523 1117.51 25.27 0.00 58.02 2.95 0.43 3.43 

U113 BX5 9463 511.16 49.65 0.00 15.92 3.41 0.70 2.31 

U114 BX5 10630 625.05 55.37 0.00 17.47 2.79 0.70 1.77 
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207Pbc 
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U115 BX5 7621 957.26 43.98 0.00 31.72 2.85 0.60 2.27 

U116 BX5 10757 1551.01 62.76 0.02 35.77 3.10 0.59 1.86 

U117 BX5 16813 1201.68 89.62 0.08 20.53 3.66 0.68 1.62 

U118 B22 124 59.81 0.95 0.04 80.02 9.04 0.39 15.07 

U119 B22 58 60.63 0.60 0.04 122.20 12.22 0.30 25.71 

U120 B22 162 67.78 1.08 0.06 85.48 8.27 0.49 14.09 

U121 B22 108 52.49 0.83 0.03 81.19 9.80 0.40 19.64 

U122 B22 113 72.30 0.95 0.02 94.85 9.57 0.35 19.55 

U123 B22 124 59.53 0.86 0.03 92.98 8.47 0.47 15.76 

U124 B22 591 39.45 3.20 0.12 18.75 13.36 0.67 8.47 

U125 B22 126 46.34 0.84 0.07 75.79 11.47 0.51 18.42 

U126 B22 72 54.15 0.58 0.03 116.40 11.61 0.37 24.33 

U127 B22 53 59.30 0.58 0.03 119.60 10.80 0.26 27.70 

U128 B22 121 65.43 0.90 0.07 95.11 10.77 0.43 18.66 

U129 B22 254 62.52 1.55 0.10 57.41 10.26 0.56 11.57 

U130 B22 84 43.39 0.62 0.17 93.11 11.56 0.44 17.10 

U131 B22 151 48.01 0.98 0.15 67.02 8.01 0.50 15.79 

U132 B22 127 74.85 0.99 0.19 96.94 10.94 0.40 17.85 

U133 B22 218 63.06 1.31 0.18 69.09 9.13 0.57 12.95 

U134 B22 362 59.61 2.03 0.19 44.44 9.06 0.66 11.15 

U135 B22 318 56.97 1.79 0.13 47.68 8.20 0.65 10.56 

U136 B22 1445 73.54 7.45 0.42 15.55 6.55 0.73 5.72 

U137 B22 702 69.40 3.69 0.20 29.32 8.45 0.71 7.46 

U138 B22 161 52.64 1.06 0.11 68.72 8.84 0.52 13.29 

U139 B22 129 48.43 0.80 0.08 85.41 10.79 0.55 17.70 

U140 B22 460 38.54 2.43 0.10 24.56 6.68 0.70 7.70 

U141 B22 155 29.00 0.98 0.12 43.10 11.52 0.59 15.42 

U142 B22 93 64.32 0.79 0.09 101.10 10.67 0.35 19.42 

U143 B22 266 54.00 1.45 0.11 56.47 14.20 0.67 14.48 

U144 B22 113 32.50 0.77 0.18 58.71 10.56 0.51 18.57 

U145 B22 154 41.80 0.94 0.14 64.34 10.73 0.59 13.25 

U152 B22 111 54.54 0.84 0.11 83.12 13.33 0.40 22.94 

U153 B22 7399 100.47 35.99 0.20 4.62 4.53 0.82 2.45 

U154 B22 2545 77.78 12.54 0.23 10.04 6.32 0.78 3.84 

U155 B22 520 79.64 2.97 0.09 39.91 8.33 0.63 7.41 

U156 B22 263 50.82 1.41 0.03 54.86 11.04 0.67 13.33 

U157 B22 197 60.94 1.27 0.03 65.21 16.63 0.48 15.32 

U158 B22 125 61.51 0.86 0.03 95.53 12.17 0.47 17.03 

U159 B22 307 73.98 1.85 0.07 58.68 10.54 0.61 9.06 

U160 B22 392 78.93 2.32 0.26 50.11 7.68 0.61 10.64 

U161 B22 162 68.49 1.10 0.15 86.66 11.48 0.52 18.79 

                    

U162 GPR401 212761 4843.52 1037.07 0.02 7.75 2.47 0.83 0.57 
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Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U163 GPR401 540733 1023.23 2629.61 0.09 0.65 2.45 0.83 0.40 

U164 GPR401 204735 4807.73 896.11 0.04 8.90 3.49 0.83 0.49 

U165 GPR401 772644 6351.47 3760.85 0.03 2.81 2.69 0.83 0.34 

U166 GPR401 178934 7578.62 875.94 0.01 14.35 2.72 0.83 0.58 

U167 GPR401 1840998 2966.52 9039.33 0.02 0.55 5.84 0.83 0.45 

U168 GPR401 3507595 3020.32 17298.59 0.04 0.29 6.87 0.83 0.33 

U169 GPR401 553461 5035.11 2732.16 0.03 3.06 4.12 0.83 0.37 

U170 GPR401 529043 6079.43 2594.05 0.02 3.89 2.78 0.83 0.35 

U171 GPR401 535338 5210.62 2633.18 0.02 3.29 3.16 0.83 0.42 

U172 GPR401 495745 5048.75 2431.78 0.01 3.45 3.23 0.83 0.36 

U173 GPR401 179746 866.67 883.53 0.05 1.63 2.51 0.83 0.55 

U174 GPR401 267690 5004.05 1315.75 0.01 6.31 2.92 0.83 0.49 

U175 GPR401 244681 3363.04 1211.54 0.05 4.61 3.00 0.83 0.51 

U177 GPR401 367574 16776.09 1810.62 0.01 15.36 2.29 0.83 0.50 

U178 GPR401 1582810 3725.85 7826.66 0.24 0.79 4.34 0.83 0.33 

U179 GPR401 2378412 5400.31 11698.07 0.05 0.77 2.51 0.83 0.29 

U180 GPR401 1060467 6893.91 5307.73 0.02 2.16 7.68 0.83 0.34 

U181 GPR401 404697 5841.08 2010.48 0.02 4.83 6.42 0.83 0.56 

U182 GPR401 1076146 6971.04 5307.19 0.03 2.18 2.40 0.83 0.32 

U183 GPR401 110373 6374.68 550.39 0.01 19.20 2.27 0.83 0.58 

U184 GPR401 228133 8527.86 1130.51 0.02 12.51 2.45 0.83 0.51 

U185 GPR401 721736 8757.85 3569.45 0.03 4.08 2.31 0.83 0.35 

U187 GPR401 782809 9212.99 3900.12 0.02 3.92 3.82 0.83 0.35 

U188 GPR401 267296 6385.67 1333.25 0.04 7.95 2.30 0.83 0.47 

U189 GPR401 1101025 6470.77 5466.64 0.02 1.97 3.63 0.83 0.33 

                    

U259 G15 352 7.89 1.99 <0.001 6.31 7.69 0.75 8.85 

U260 G15 580 9.36 3.21 0.00 4.68 6.27 0.77 7.09 

U261 G15 318 5.41 1.40 0.01 6.15 10.82 0.76 9.63 

U262 G15 567 3.66 3.22 0.00 1.84 10.89 0.78 7.25 

U263 G15 608 8.57 4.53 <0.001 3.00 21.04 0.75 7.17 

U264 G15 678 8.87 3.66 0.00 3.94 6.96 0.79 6.71 

U265 G15 878 4.98 3.89 0.01 2.08 10.83 0.79 5.69 

U266 G15 492 5.55 2.88 0.01 3.10 10.38 0.77 8.26 

U267 G15 949 10.11 5.27 <0.001 3.19 8.93 0.83 6.83 

U268 G15 737 8.06 4.88 0.01 2.73 17.78 0.83 7.54 

U269 G15 409 6.31 2.18 <0.001 4.53 10.34 0.72 8.72 

U271 G15 454 10.23 2.56 <0.001 6.44 8.00 0.78 7.97 

U272 G15 12608 1198.30 70.49 0.10 27.09 4.48 0.76 2.23 

U273 G15 15076 344.15 81.52 0.13 6.87 9.46 0.80 2.19 

U274 G15 2011 3.42 11.16 0.33 0.49 5.80 0.78 3.86 

U275 G15 5960 33.97 33.12 0.01 1.66 5.02 0.78 2.64 

U276 G15 29330 1879.47 164.07 0.06 18.25 11.58 0.76 1.25 
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Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U277 G15 7696 1667.10 44.29 0.04 58.04 10.30 0.70 2.57 

U278 G15 16360 949.30 90.82 0.21 16.81 2.87 0.77 1.70 

U279 G15 2638 466.03 15.41 0.07 47.53 7.71 0.73 3.45 

U280 G15 363 499.34 2.80 <0.001 239.10 6.88 0.47 7.54 

U281 G15 672 3.92 3.67 <0.001 1.76 9.62 0.82 7.07 

U282 G15 1191 7.46 6.93 0.00 1.70 7.98 0.74 5.64 

                    

U289 B54 524 48.20 3.06 1.86 25.06 7.60 0.75 8.27 

U290 B54 356 55.36 2.23 1.92 37.01 7.28 0.64 10.55 

U291 B54 403 44.11 2.40 1.16 28.11 9.19 0.68 10.52 

U292 B54 669 54.32 4.28 2.00 19.15 6.64 0.66 7.50 

U293 B54 459 38.13 2.66 1.82 22.61 9.39 0.73 9.56 

U294 B54 450 53.77 2.76 1.44 29.74 7.26 0.68 8.96 

U295 B54 688 54.66 3.98 1.85 21.39 12.16 0.72 8.49 

U296 B54 527 25.88 3.03 2.85 13.79 8.99 0.78 10.08 

U297 B54 361 36.73 2.12 2.47 27.23 7.82 0.73 11.19 

U298 B54 563 20.34 3.27 3.04 9.85 6.54 0.74 8.38 

U299 B54 533 32.82 3.03 2.02 16.97 11.86 0.73 9.31 

U300 B54 815 21.11 4.34 2.59 8.09 12.04 0.83 6.25 

U301 B54 779 30.88 4.28 2.55 11.85 8.82 0.81 6.71 

U302 B54 682 18.87 3.96 2.65 7.68 15.06 0.77 9.06 

U303 B54 899 25.42 4.92 2.44 8.54 7.08 0.83 6.38 

U304 B54 379 24.68 2.21 2.40 17.66 10.07 0.74 11.50 

U305 B54 174 21.78 1.04 2.38 33.73 14.08 0.77 17.32 

U306 B54 395 4.39 2.22 0.70 3.28 14.31 0.83 11.01 

U307 B54 625 17.67 3.48 1.63 8.29 10.28 0.80 10.09 

U308 B54 363 14.96 2.09 0.04 11.44 8.69 0.76 9.86 

U309 B54 654 29.20 3.61 1.85 13.31 7.51 0.82 7.62 

U310 B54 505 32.06 2.92 1.79 17.55 10.69 0.76 10.18 

U311 B54 1714 19.99 9.75 1.84 3.31 7.24 0.78 4.48 

U312 B54 250 11.22 1.44 2.91 12.67 11.67 0.79 12.27 

U313 B54 278 15.32 1.53 5.02 16.91 11.56 0.86 14.71 

                    

U314 B57 231 164.73 2.04 0.13 103.50 8.38 0.40 12.56 

U315 B57 221 149.52 1.99 0.14 95.27 7.33 0.38 14.29 

U316 B57 173 191.05 2.01 0.13 112.30 8.89 0.28 12.12 

U317 B57 326 178.44 2.71 0.26 85.93 8.85 0.42 10.54 

U318 B57 1456 134.70 8.55 0.23 24.93 6.41 0.74 7.04 

U319 B57 879 174.06 5.52 0.20 47.26 10.72 0.65 7.00 

U320 B57 430 34.62 2.39 0.06 23.72 10.31 0.80 10.40 

U321 B57 569 140.13 3.65 0.26 57.23 7.52 0.64 7.94 

U322 B57 260 135.31 1.98 0.25 93.57 8.35 0.50 10.11 

U323 B57 377 159.62 2.80 0.28 78.63 9.25 0.51 9.82 
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± 2σ (%) 
207Pbc 
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U 206Pb 206Pb 

          

U324 B57 324 182.19 2.68 0.22 89.29 8.35 0.43 11.16 

U325 B57 556 173.25 3.73 0.10 67.93 8.68 0.61 9.80 

U326 B57 306 155.26 2.44 0.12 85.83 6.56 0.47 11.15 

U327 B57 103 156.55 1.35 0.17 133.70 8.56 0.25 18.10 

U334 B57 134 265.69 2.10 0.12 140.00 6.03 0.20 17.29 

U335 B57 592 109.55 3.84 0.19 42.75 7.27 0.65 7.23 

U336 B57 1402 178.47 8.47 0.11 32.91 8.06 0.72 5.34 

U337 B57 578 136.79 3.80 0.14 53.44 10.42 0.63 6.91 

U338 B57 428 187.18 3.37 0.08 74.91 8.14 0.47 11.03 

U339 B57 551 158.69 3.75 0.16 61.50 7.62 0.60 9.71 

U340 B57 443 135.80 3.22 0.07 59.44 6.56 0.55 9.75 

U341 B57 487 128.13 3.26 0.16 58.00 8.68 0.62 10.70 

U342 B57 139 6.77 0.79 <0.001 14.66 19.53 0.88 19.41 

U343 B57 258 100.87 1.99 0.37 70.74 9.60 0.53 11.55 

U344 B57 236 36.66 1.43 0.09 40.83 11.55 0.76 13.53 

U345 B57 491 10.74 2.81 0.01 6.27 11.02 0.81 9.02 

U346 B57 1129 6.61 6.48 0.13 1.69 10.53 0.83 5.87 

U347 B57 144 52.86 1.09 0.11 67.59 14.24 0.52 16.85 

U348 B57 314 91.39 2.22 0.15 59.48 14.44 0.59 11.96 

U349 B57 312 53.79 2.07 0.12 38.90 11.24 0.65 9.33 

U350 B57 332 48.54 2.02 0.06 37.66 11.86 0.73 10.38 

U351 B57 363 52.61 2.25 0.05 36.40 13.46 0.72 11.47 

U352 B57 198 27.11 1.20 0.03 34.05 18.31 0.66 16.07 

U353 B57 212 20.70 1.35 0.05 23.73 16.56 0.70 15.28 

U354 B57 163 34.88 1.07 0.02 49.83 13.96 0.69 18.81 

U355 B57 127 3.54 0.74 0.00 8.40 22.58 0.93 25.13 

U356 B57 127 4.23 0.74 <0.001 9.48 17.47 0.84 19.64 

U357 B57 223 9.10 1.26 <0.001 11.52 17.51 0.76 15.46 

U358 B57 348 11.51 2.00 0.00 9.48 12.79 0.82 11.22 

U359 B57 246 21.73 1.44 0.03 24.34 14.14 0.78 15.11 

U360 B57 157 15.40 0.94 <0.001 25.77 14.20 0.73 15.71 

U361 B57 212 6.38 1.21 0.00 8.70 15.69 0.82 12.57 

U362 B57 98 6.67 3.23 #¡DIV/0! 3.50 16.71 0.87 23.83 

                    

U363 Q33 1969 281.00 13.02 0.10 32.48 4.53 0.65 4.47 

U364 Q33 174 399.02 3.53 0.10 120.60 5.92 0.15 11.06 

U365 Q33 178 271.93 2.66 0.13 114.80 8.78 0.21 15.72 

U366 Q33 550 205.19 4.34 0.20 64.49 6.29 0.49 10.24 

U367 Q33 947 148.91 6.45 0.39 34.35 4.54 0.63 7.13 

U368 Q33 1265 206.34 8.49 0.18 36.40 4.70 0.65 5.64 

U369 Q33 3932 175.26 23.35 0.23 12.18 3.86 0.79 3.95 

U370 Q33 209 256.04 2.83 0.10 104.40 6.06 0.25 15.03 

U371 Q33 38569 166.50 217.42 0.33 1.30 3.54 0.87 1.33 
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U372 Q33 4323 214.33 25.40 0.13 13.82 3.82 0.81 3.10 

U373 Q33 349 429.90 4.58 0.10 108.70 4.83 0.25 10.82 

U374 Q33 5909 307.74 35.14 0.08 14.23 6.81 0.79 2.85 

U375 Q33 4001 218.92 23.76 0.16 15.03 4.31 0.80 3.27 

U376 Q33 1979 261.68 13.03 0.12 30.54 4.66 0.67 4.97 

U377 Q33 2529 135.56 15.29 0.34 14.44 8.08 0.80 4.37 

U378 Q33 183 235.68 2.43 0.16 112.30 7.17 0.26 16.57 

U379 Q33 2791 123.04 16.35 0.35 12.46 4.63 0.83 4.27 

U380 Q33 1309 77.61 8.00 1.94 15.60 7.42 0.77 6.30 

U381 Q33 1193 218.92 8.02 0.16 41.17 6.13 0.66 5.88 

U382 Q33 10718 98.79 61.36 0.75 2.71 3.87 0.86 2.34 

U389 Q33 19996 290.43 114.47 0.09 4.26 4.76 0.86 1.21 

U390 Q33 1472 381.87 10.45 0.08 53.53 4.23 0.61 5.45 

U391 Q33 85 339.35 2.46 0.15 141.50 5.17 0.10 23.12 

                    

U392 EST2 6090 907.60 39.35 <0.001 35.85 4.18 0.71 2.45 

U393 EST2 7881 758.67 49.61 <0.001 24.12 2.64 0.74 2.13 

U394 EST2 5238 877.09 34.99 <0.001 38.15 3.30 0.67 3.15 

U395 EST2 6521 887.97 42.52 <0.001 32.25 2.92 0.70 2.41 

U396 EST2 3886 159.98 25.13 0.03 10.55 6.14 0.83 5.17 

U399 EST2 6070 23.13 35.70 <0.001 1.08 3.99 0.84 3.06 

U402 EST2 6196 807.55 39.07 <0.001 32.78 3.36 0.75 2.67 

U403 EST2 2544 1816.96 22.51 0.00 106.80 3.06 0.44 4.49 

U404 EST2 3693 1002.98 25.89 <0.001 57.49 3.72 0.63 3.58 

U405 EST2 5172 1367.63 36.45 <0.001 55.90 5.20 0.64 3.27 

U406 EST2 6386 691.12 39.89 <0.001 27.68 2.83 0.76 2.17 

U407 EST2 23886 940.08 144.35 0.12 10.65 4.20 0.80 1.38 

U408 EST2 5077 253.51 30.98 <0.001 13.32 3.09 0.80 3.20 

U409 EST2 1776 28.41 10.66 <0.001 4.42 4.51 0.83 4.71 

U411 EST2 6958 933.44 44.69 <0.001 32.86 2.74 0.73 2.12 

U412 EST2 3078 827.77 21.83 <0.001 56.08 3.32 0.62 3.69 

U413 EST2 3965 1355.09 29.04 <0.001 67.84 2.89 0.59 2.98 

U414 EST2 9940 965.02 62.88 <0.001 24.44 2.97 0.75 1.86 

U415 EST2 11756 912.13 73.74 <0.001 19.83 2.73 0.77 2.28 

U416 EST2 4043 297.08 25.53 <0.001 18.62 3.41 0.76 3.53 

U417 EST2 4004 409.12 25.61 <0.001 25.30 3.50 0.74 3.15 

                    

U418 PA12 16354 5961.82 108.70 0.04 84.10 6.38 0.69 2.42 

U419 PA12 1031 1685.36 9.63 0.03 228.00 3.84 0.42 5.39 

U420 PA12 2062 4640.21 22.83 0.05 249.60 3.47 0.33 6.15 

U421 PA12 8187 2617.81 54.47 0.04 74.30 6.02 0.70 2.42 

U422 PA12 2713 6157.28 29.19 0.06 260.80 4.12 0.34 5.48 

U423 PA12 2664 3926.94 24.42 0.10 208.70 9.02 0.42 10.04 
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U424 PA12 1045 6815.64 20.21 0.03 365.40 3.03 0.17 5.98 

U425 PA12 9043 4752.90 63.39 0.03 112.30 4.22 0.64 2.86 

U426 PA12 831 1033.15 7.99 0.02 176.70 4.40 0.49 7.07 

U427 PA12 858 1573.14 9.41 0.02 215.10 5.00 0.40 6.80 

U428 PA12 534 250.29 4.32 0.03 86.99 8.34 0.65 10.66 

U429 PA12 8819 858.05 62.20 0.08 22.54 3.83 0.80 2.01 

U430 PA12 29461 2983.20 210.25 0.06 23.07 7.69 0.79 1.24 

U431 PA12 8473 2196.91 62.44 0.03 55.53 7.32 0.74 2.68 

U432 PA12 1778 5088.60 23.00 0.03 270.30 2.92 0.33 4.32 

U433 PA12 41723 2406.29 292.95 0.08 13.53 5.54 0.82 0.89 

U434 PA12 13687 2541.40 99.39 0.03 41.05 4.82 0.77 1.67 

U435 PA12 2421 5114.73 28.33 0.04 226.10 5.74 0.36 7.87 

U436 PA12 1707 6425.63 25.46 0.02 296.70 2.95 0.27 4.43 

U437 PA12 699 5557.71 15.89 0.02 377.80 3.57 0.16 7.18 

U438 PA12 1355 4017.24 17.94 0.02 271.80 3.56 0.32 4.91 

                    

U445 P14 1889 171.36 14.00 <0.001 19.51 3.84 0.76 4.94 

U446 P14 1606 391.95 13.23 <0.001 44.11 3.79 0.63 4.37 

U447 P14 2334 110.18 17.46 <0.001 10.18 6.54 0.78 4.01 

U448 P14 1263 454.43 11.44 <0.001 56.24 3.89 0.55 5.57 

U449 P14 1671 446.85 14.19 <0.001 46.15 4.00 0.61 5.00 

U450 P14 1490 474.64 12.73 <0.001 54.39 4.21 0.60 5.05 

U451 P14 4348 379.56 32.48 0.00 18.64 4.18 0.76 2.97 

U452 P14 4128 225.57 30.11 <0.001 12.14 3.71 0.79 3.17 

U453 P14 4601 187.83 33.37 0.00 9.17 3.46 0.80 3.26 

U454 P14 1545 333.12 12.45 <0.001 40.58 4.23 0.67 5.55 

U455 P14 1757 60.87 12.44 <0.001 8.15 4.83 0.84 5.51 

U456 P14 2021 2.94 14.32 0.00 0.35 6.52 0.85 5.48 

U457 P14 659 3.05 4.65 0.02 1.12 8.24 0.88 8.37 

U458 P14 3223 26.29 23.04 <0.001 1.89 3.97 0.82 3.53 

U459 P14 2187 37.68 15.33 <0.001 4.11 4.33 0.84 4.02 

U460 P14 2117 454.96 17.39 <0.001 39.13 5.78 0.64 4.65 

U461 P14 1796 723.92 16.40 <0.001 62.50 3.94 0.55 4.80 

U462 P14 876 949.79 11.24 <0.001 104.30 4.02 0.34 5.58 

U463 P14 2917 465.97 22.97 <0.001 31.37 3.83 0.70 4.20 

U464 P14 3804 115.59 27.80 0.01 6.77 3.89 0.80 3.40 

U465 P14 2390 495.44 19.51 0.01 38.33 3.71 0.66 3.75 

U466 P14 3049 616.02 24.75 0.01 37.70 3.55 0.66 4.47 

U467 P14 4161 246.89 30.51 <0.001 13.17 3.38 0.80 3.09 

U468 P14 2341 535.89 19.27 0.00 41.81 3.48 0.65 3.79 

U469 P14 3824 541.75 29.82 <0.001 28.27 3.23 0.71 3.13 

U470 P14 2848 421.81 22.05 <0.001 29.98 3.29 0.73 4.27 

U471 P14 2324 1101.04 21.92 <0.001 70.27 3.64 0.53 4.03 
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U472 P14 1324 524.72 12.38 <0.001 59.79 4.86 0.55 4.77 

                    

U473 GIS10a 1315 56.90 9.78 0.44 9.33 14.30 0.77 6.28 

U474 GIS10a 1204 78.90 9.01 0.20 14.12 12.91 0.78 5.35 

U475 GIS10a 386 20.46 2.77 0.01 11.58 7.49 0.73 8.56 

U476 GIS10a 863 17.84 6.20 0.65 4.78 14.92 0.83 7.26 

U477 GIS10a 1624 26.79 11.55 0.41 3.84 14.18 0.82 5.36 

U478 GIS10a 2732 49.96 20.08 0.80 4.04 16.54 0.79 5.50 

U479 GIS10a 3948 95.76 29.20 0.67 5.39 13.39 0.81 3.78 

U480 GIS10a 974 11.92 7.18 0.32 2.72 9.20 0.81 5.78 

U481 GIS10a 472 37.05 3.58 0.12 16.61 12.46 0.77 9.51 

U482 GIS10a 290 50.08 1.69 0.02 43.14 16.17 0.60 11.53 

U483 GIS10a 475 21.92 3.59 0.33 9.56 10.98 0.72 7.50 

U484 GIS10a 1086 46.09 8.15 0.64 9.12 9.07 0.78 7.26 

U485 GIS10a 107 67.36 0.84 0.04 106.00 11.15 0.45 14.55 

U486 GIS10a 59 30.49 0.36 0.03 111.10 18.10 0.43 18.04 

U487 GIS10a 1136 12.13 8.34 0.28 2.42 7.32 0.84 6.04 

                    

U542 P24a 71317 763.29 543.51 0.93 2.30 3.12 0.80 0.87 

U543 P24a 51225 988.86 419.23 2.36 3.77 6.04 0.76 1.45 

U544 P24a 63022 759.32 485.95 0.98 2.54 3.07 0.79 0.95 

U545 P24a 70360 784.82 542.21 1.07 2.36 3.53 0.79 0.94 

U546 P24a 118144 838.65 899.70 1.00 1.53 4.66 0.81 0.63 

U547 P24a 93240 6195.94 905.42 0.49 9.76 4.22 0.56 1.74 

U548 P24a 85434 793.20 651.43 1.00 2.00 2.98 0.81 0.87 

U558 P24a 110203 869.75 847.58 0.95 1.68 3.67 0.81 0.67 

U559 P24a 136491 930.36 1048.01 1.00 1.46 3.50 0.81 0.57 

U560 P24a 54709 707.41 424.14 1.08 2.71 3.22 0.79 1.06 

U561 P24a 55502 794.45 435.74 0.96 2.94 3.28 0.78 1.14 

U562 P24a 41329 663.31 324.53 1.28 3.29 6.59 0.77 1.31 

U563 P24a 39612 675.87 311.37 1.05 3.51 4.02 0.78 1.36 

U564 P24a 44417 693.39 348.21 1.07 3.22 4.51 0.78 0.89 

U565 P24a 41089 760.73 323.88 1.07 3.78 3.92 0.78 1.03 

U566 P24a 34718 602.42 272.76 1.02 3.57 3.38 0.78 1.34 

U567 P24a 22911 585.90 183.41 1.11 5.10 3.15 0.76 1.29 

U568 P24a 30920 613.44 246.34 1.11 3.98 2.70 0.76 1.32 

U569 P24a 20239 533.73 162.56 0.93 5.22 2.82 0.75 1.74 

U570 P24a 35154 676.19 277.65 1.11 3.92 2.42 0.77 1.06 

U571 P24a 44043 790.43 349.68 1.10 3.63 3.61 0.77 1.03 

                    

U575 P24b 69393 5596.80 552.94 0.03 16.24 2.74 0.77 0.78 

U576 P24b 26139 5322.33 223.31 0.03 36.41 2.81 0.68 1.41 

U577 P24b 33031 5145.32 275.34 0.02 29.11 3.27 0.71 1.14 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

U578 P24b 88194 2825.62 680.46 0.03 6.83 2.88 0.81 0.97 

U579 P24b 33981 2851.48 272.62 0.02 16.70 3.18 0.76 1.21 

U580 P24b 26231 1656.20 205.67 0.03 13.06 3.29 0.79 1.42 

U581 P24b 34380 187.63 265.16 0.22 1.17 3.68 0.83 1.23 

U582 P24b 27293 131.97 208.53 0.46 1.05 3.59 0.83 1.26 

U583 P24b 60689 125.71 461.73 0.62 0.45 2.75 0.84 1.04 

U584 P24b 36335 143.18 276.12 0.62 0.86 2.72 0.84 1.10 

U585 P24b 121375 3914.60 949.43 0.08 6.74 3.83 0.80 0.63 

U586 P24b 255002 3699.99 1952.39 0.09 3.14 2.40 0.83 0.58 

U587 P24b 177337 2868.50 1372.09 0.19 3.44 3.18 0.82 0.51 

U588 P24b 334135 180.08 2548.62 1.07 0.12 2.67 0.84 0.44 

                    

Soda-lime glass NIST SRM-614 

A001 NIST 311162 856.22 2771.96 0.92 1.23 0.75 0.87 0.31 

A002 NIST 308290 855.22 2751.92 0.94 1.24 0.69 0.87 0.32 

A033 NIST 274989 775.13 2500.72 0.91 1.24 0.75 0.87 0.36 

A034 NIST 289506 819.74 2631.25 0.94 1.24 0.65 0.87 0.45 

A067 NIST 263235 752.42 2438.68 0.92 1.23 0.77 0.87 0.37 

A068 NIST 294611 865.81 2730.97 1.00 1.26 0.49 0.87 0.21 

A102 NIST 270170 780.45 2555.34 0.96 1.22 0.56 0.87 0.34 

A103 NIST 268237 782.36 2541.46 0.96 1.23 0.92 0.87 0.42 

A146 NIST 283305 851.76 2759.65 0.99 1.23 0.48 0.87 0.35 

A147 NIST 287776 888.83 2801.50 1.01 1.26 0.53 0.87 0.33 

A194 NIST 266427 831.86 2678.92 0.98 1.24 0.43 0.87 0.34 

A195 NIST 261324 814.42 2635.32 0.97 1.23 0.69 0.87 0.34 

A238 NIST 273213 900.19 2847.63 1.00 1.26 0.56 0.87 0.26 

A239 NIST 244477 780.76 2537.97 0.94 1.23 0.65 0.87 0.36 

A283 NIST 242735 808.16 2614.47 0.96 1.23 0.83 0.87 0.36 

A284 NIST 232656 772.32 2510.72 0.94 1.22 0.85 0.87 0.38 

A328 NIST 240408 840.64 2696.87 0.99 1.25 0.53 0.87 0.34 

A329 NIST 228402 780.16 2563.45 0.95 1.22 0.61 0.87 0.45 

A383 NIST 244403 905.93 2870.22 1.01 1.26 0.42 0.87 0.28 

A384 NIST 217144 791.47 2560.25 0.96 1.24 0.69 0.87 0.42 

A439 NIST 194845 837.31 2547.95 0.95 1.23 0.43 0.88 0.37 

A440 NIST 197810 870.18 2601.42 0.97 1.26 0.38 0.87 0.39 

A494 NIST 177323 799.78 2433.99 0.94 1.23 0.68 0.87 0.34 

A495 NIST 189500 862.83 2592.51 0.99 1.25 0.53 0.87 0.36 

A549 NIST 176891 822.10 2505.37 0.97 1.23 0.54 0.88 0.36 

A550 NIST 164298 756.99 2326.86 0.94 1.22 0.62 0.88 0.40 

A593 NIST 171024 822.64 2466.05 0.97 1.25 0.53 0.87 0.51 

A594 NIST 171462 817.10 2474.91 0.97 1.24 0.40 0.87 0.43 

                    

WC-1 calcite reference (Roberts et al., 2017) 

290



Chapter 12 

          

spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

B003 WC1 11806 5.25 0.26 <0.001 22.63 2.41 0.12 2.11 

B004 WC1 13028 6.19 0.29 <0.001 23.36 2.26 0.11 3.19 

B035 WC1 9527 4.92 0.22 <0.001 23.47 2.46 0.10 3.95 

B036 WC1 14500 5.01 0.27 <0.001 22.04 2.44 0.14 2.47 

B069 WC1 13153 5.52 0.28 <0.001 22.35 2.62 0.12 4.60 

B070 WC1 11328 4.93 0.24 <0.001 22.61 2.31 0.12 2.41 

B104 WC1 10696 4.20 0.22 <0.001 21.96 2.53 0.13 4.40 

B105 WC1 11981 5.72 0.27 <0.001 23.14 2.37 0.11 4.18 

B148 WC1 13191 4.76 0.27 <0.001 21.51 2.34 0.14 3.48 

B149 WC1 12653 4.99 0.26 <0.001 22.19 2.58 0.14 3.25 

B196 WC1 11407 7.25 0.32 <0.001 23.11 2.42 0.09 3.44 

B197 WC1 15274 5.55 0.31 <0.001 21.49 2.42 0.15 2.94 

B240 WC1 10280 6.39 0.29 <0.001 23.33 2.43 0.10 6.79 

B241 WC1 15521 6.88 0.36 <0.001 22.51 2.32 0.13 3.87 

B285 WC1 9106 5.25 0.24 <0.001 23.33 2.32 0.11 2.84 

B286 WC1 11450 5.71 0.28 <0.001 22.83 2.36 0.12 2.49 

B330 WC1 11695 6.06 0.30 <0.001 22.57 2.41 0.12 2.70 

B331 WC1 10822 5.49 0.28 <0.001 22.19 2.29 0.12 4.83 

B385 WC1 10810 5.84 0.29 <0.001 22.56 2.33 0.12 3.77 

B386 WC1 9406 4.80 0.25 <0.001 22.35 2.42 0.13 2.92 

B441 WC1 8332 5.49 0.26 <0.001 23.12 2.48 0.12 3.37 

B442 WC1 7562 5.11 0.24 <0.001 22.99 2.77 0.11 3.10 

B496 WC1 9176 7.03 0.32 0.00 23.43 2.51 0.11 3.89 

B497 WC1 11312 6.15 0.32 <0.001 22.54 2.63 0.15 2.24 

B551 WC1 7605 6.66 0.29 0.00 23.79 2.36 0.10 3.65 

B552 WC1 7410 5.41 0.26 0.00 23.28 2.46 0.12 3.73 

B595 WC1 6419 7.59 0.31 0.00 24.52 2.69 0.08 2.86 

                    

ASH15D carbonate reference (Vaks et al., 2003) 

C005 ASH15D 1073 1.79 0.01 <0.001 499.60 6.75 0.67 5.97 

C006 ASH15D 2273 2.53 0.02 <0.001 357.90 15.43 0.70 4.96 

C037 ASH15D 539 1.96 0.01 <0.001 880.00 7.46 0.55 8.06 

C038 ASH15D 852 1.04 0.01 <0.001 390.20 6.93 0.72 5.87 

C071 ASH15D 1008 1.94 0.01 <0.001 569.80 6.48 0.68 5.65 

C072 ASH15D 6701 3.72 0.06 <0.001 188.00 9.98 0.78 3.11 

C106 ASH15D 566 1.82 0.01 <0.001 822.60 6.19 0.58 8.09 

C107 ASH15D 317433 2.99 2.98 <0.001 3.50 7.35 0.87 1.38 

C150 ASH15D 40733 2.87 0.39 <0.001 25.38 10.32 0.87 1.24 

C151 ASH15D 1049 1.73 0.01 <0.001 479.00 6.10 0.71 7.03 

C198 ASH15D 753 1.58 0.01 <0.001 669.30 8.12 0.62 6.17 

C199 ASH15D 774 3.97 0.01 <0.001 1017.00 5.34 0.48 6.73 

C242 ASH15D 510 5.06 0.01 <0.001 1359.00 6.82 0.35 7.79 

C243 ASH15D 648 1.94 0.01 <0.001 697.10 8.12 0.60 7.34 
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spot Sample 206Pba (cps) Ub (ppm) Pbb (ppm) 
Thb 238Uc 

± 2σ (%) 
207Pbc 

± 2σ (%) 

U 206Pb 206Pb 

          

C287 ASH15D 817 4.13 0.01 <0.001 923.30 4.98 0.49 5.90 

C288 ASH15D 797 2.27 0.01 <0.001 686.70 9.31 0.63 7.51 

C332 ASH15D 1034 3.66 0.01 <0.001 748.20 4.26 0.59 4.93 

C333 ASH15D 1705 2.94 0.02 <0.001 434.70 9.48 0.70 5.58 

C387 ASH15D 1896 1.83 0.02 <0.001 259.90 7.57 0.79 5.10 

C388 ASH15D 2664 2.14 0.03 <0.001 218.50 13.21 0.80 6.35 

C443 ASH15D 1116 3.65 0.01 <0.001 847.40 4.80 0.55 6.15 

C444 ASH15D 20518 2.75 0.25 <0.001 37.22 10.47 0.85 1.50 

C498 ASH15D 633 1.75 0.01 <0.001 586.30 11.39 0.67 7.78 

C499 ASH15D 3362 1.70 0.04 <0.001 135.20 17.04 0.84 4.43 

C553 ASH15D 100009 3.11 1.31 <0.001 8.34 17.62 0.87 1.13 

C554 ASH15D 4010 2.56 0.05 <0.001 158.70 34.91 0.80 5.45 

C597 ASH15D 325 1.20 0.00 <0.001 695.40 8.59 0.64 8.66 

C598 ASH15D 6877 2.46 0.09 <0.001 89.45 7.34 0.84 2.11 

                    

Nama, stromatolitic limestone, Cambrian-Precambrian boundary, South Namibia 

D516 NAMA-dol 39761 1.39 0.59 0.03 5.50 6.65 0.50 3.70 

D517 NAMA-dol 32238 1.45 0.50 0.01 6.34 3.54 0.46 2.66 

D518 NAMA-dol 23819 1.25 0.37 0.02 6.91 3.11 0.42 2.55 

D531 NAMA-dol 42985 1.73 0.65 0.01 6.06 4.05 0.49 2.61 

D532 NAMA-dol 30556 1.58 0.49 0.02 6.76 3.22 0.43 1.59 

D533 NAMA-dol 36126 1.94 0.57 0.01 6.97 3.00 0.42 1.92 

D555 NAMA-dol 55567 2.39 0.86 0.05 6.19 4.57 0.46 3.09 

D556 NAMA-dol 26732 1.15 0.41 0.02 6.25 2.76 0.48 1.45 

D557 NAMA-dol 44444 1.60 0.67 0.01 5.59 6.47 0.50 4.00 

D572 NAMA-dol 24936 1.52 0.46 0.01 7.47 2.97 0.40 2.07 

D573 NAMA-dol 47519 1.26 0.69 0.03 4.69 5.62 0.58 2.78 

D574 NAMA-dol 56334 1.86 0.84 0.02 5.30 3.31 0.53 1.55 
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Annex 4: Geochemical data from Chapter 7. 

Carbon and oxygen isotopes 

Table S1. δ18O and δ13C values of the carbonate host rocks and calcite cements Cc1, Cc2, Cc3, 

Cc4, Cc5, Cc6, Cc7 and Cc8 precipitated in the Lower Pedraforca thrust sheet. For the fourth 

column, the blank spaces represent host rocks which are not affected by fractures and do not 

contain calcite cement respectively. 

Outcrop Sample Description Type of cement δ13C PDB δ18O PDB 

           

EST EST3A Oligocene Congl.  1,82 -5,04 

Q Q15B Garumnian  -17,47 -8,20 

Q Q4B Garumnian  -10,02 -4,87 

Q Q16C Garumnian  -3,65 -4,77 

PEG PEG1B Garumnian  -9,12 -4,86 

PEG PEG5A Garumnian  -9,37 -5,94 

Q Q27B Garumnian  -6,69 -4,26 

Q Q1C Areny Fm.  1,68 -4,48 

Q Q21D Areny Fm.  1,45 -3,20 

G1 G4B Vallcarga Fm.  2,62 -3,30 

G1 G9B Vallcarga Fm.  2,18 -4,34 

G1 G3C Lower Jurassic  4,10 -3,81 

G1 G1A Lower Jurassic  3,17 -4,78 

G2 G16D Lower Jurassic  -6,06 -5,65 

G2 G14B Lower Jurassic  1,65 -5,52 

      

Q Q21C Moldic porosity Cc1 1,49 -5,17 

Q Q6B Vug Porosity Cc2 -10,13 -5,95 

Q G7A Breccia Cc2 -6,86 -5,24 

Q Q13A F2 Cc3 -4,89 -5,45 

Q Q1A F3 Cc3 -0,38 -4,98 

Q Q3BA F3 Cc3 -2,15 -5,50 

Q Q4A F2 Cc3 -10,22 -3,87 

Q Q6A F2 Cc3 -10,78 -4,06 

Q Q8A Vug Porosity Cc3 0,84 -5,70 

Q Q15A F3 Cc3 -15,18 -6,77 

Q Q27A F3 Cc3 -5,84 -4,73 

Q Q28A F3 Cc3 -4,73 -6,68 

Q Q10A F3 Cc4 -5,38 -5,4 

Q Q10B F3 Cc4 -5,24 -3,24 

Q Q11A F1 Cc4 -5,97 -2,61 

Q Q12A F3 Cc4 -3,69 -5,89 

Q Q32A F1 Cc4 -6,18 -3,06 

Q Q33A F3 Cc4 -5,01 -7,26 

Q Q1B F3 Cc5 1,21 -5,55 
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Q Q3BC F4 Cc5 1,58 -5,23 

Q Q20A Vug Porosity Cc5 1,07 -4,39 

Q Q19AA F4 Cc6 -1,85 -8,14 

Q Q21A F4 Cc6 1,71 -6,15 

Q Q21B F4 Cc6 1,27 -6,69 

Q Q24A F4 Cc6 1,60 -6,26 

Q Q24B F4 Cc6 1,82 -7,70 

Q Q24C F4 Cc6 1,76 -7,75 

Q Q20B Vug Porosity Cc6 1,17 -6,09 

Q Q20C Vug Porosity Cc6 1,15 -7,01 

Q Q23B F5 Cc6 2,15 -8,16 

Q Q25A F4 Cc6 1,79 -7,20 

Q Q29A F4 Cc6 1,68 -6,87 

Q Q31A F4 Cc6 2,01 -7,50 

G1 G2A F5 Cc6 3,81 -8,09 

G1 G2B F5 Cc6 -1,39 -7,42 

G1 G4A F5 Cc6 2,04 -7,59 

G1 G5A F5 Cc6 0,66 -9,51 

G1 G5B F5 Cc6 -0,03 -9,56 

G1 G6A F5 Cc6 -6,99 -6,89 

G1 G6B F5 Cc6 -5,56 -5,34 

G1 G9A F4 Cc6 2,41 -7,34 

G1 G11A F4 Cc6 1,99 -11,23 

G2 G13A F4 Cc6 0,39 -8,32 

G2 G14A F5 Cc6 -6,91 -8,20 

G2 G15A F4 Cc6 -5,55 -9,51 

G2 G15B F4 Cc6 -5,35 -9,68 

G2 G16A F4 Cc6 -5,42 -9,63 

G2 G16B F4 Cc6 -5,41 -9,85 

G2 G16E F4 Cc6 -5,46 -8,53 

PEG PEG1A F4 Cc6 -9,03 -10,25 

PEG PEG4B F4 Cc6 -9,32 -10,52 

PEG PEG4A F4 Cc6 -9,33 -9,18 

G1 G1B F6 Cc7 -1,00 -11,50 

G1 G3A F6 Cc7 -1,81 -10,02 

G1 G3B F6 Cc7 -1,00 -11,85 

EST EST2A F7 Cc8 -0,24 -7,62 

EST EST2B F7 Cc8 -0,27 -6,52 

      

 

 

 

 

 

294



Chapter 12 

Clumped isotopes thermometry 

Table S2. Calcite cement δ13C, δ18O, Δ47 and δ18Ofluid of the calcite cements Cc3 and Cc6 within 

the Lower Pedraforca thrust sheet. n represents the number of analyses per sample. 

Sample Outcrop Type of cement n δ13C VPDB δ18O VPDB Δ47 T ºC δ18Ofluid VSMOW 
         

Q2 Q Cc3 4 +0.33 -5.02 0.579 ± 0.011  69.08 ± 5.34  +5.42 ± 0.87  

Q24 Q Cc6 3 +1.6 -6.1 0.569 ± 0.008 74.16 ± 4  +5.08 ± 0.67 
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Strontium isotopes 

Table S3. 87Sr/86Sr values of carbonate host rocks and calcite cements Cc3, Cc5 and Cc6 

precipitated in the Lower Pedraforca thrust sheet. For the fourth column, the blank spaces 

represent host rocks which are not affected by fractures and do not contain calcite cement 

respectively. 

Outcrop Sample Description Type of cement 87Sr/86Sr 

     

Q Q1D Areny Fm.  0,707841 

Q Q3BE F3 Cc3 0,707922 

Q Q3BD F4 Cc5 0,708230 

Q Q24D F4 Cc6 0,707817 
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Elemental composition 

Table S4. Mg, Sr, Fe, Mn and Ca content in ppm of calcite cements Cc1, Cc3, Cc5 and Cc6 

precipitated in outcrop Q.  

Sample Type of cement Mg (ppm) Sr (ppm) Fe (ppm) Mn (ppm) Ca (ppm) 

       

Q21 Cc1 3648 1981 628 229 383932 

Q21 Cc1 3706 d.l. 1287 d.l. 385862 

Q21 Cc1 4234 1204 172 217 393080 

Q21 Cc1 2236 534 327 d.l. 395724 

Q21 Cc1 1508 541 447 d.l. 391150 

Q21 Cc1 1096 649 359 257 392508 

Q21 Cc1 1772 d.l. 571 d.l. 391079 

Q21 Cc1 1813 d.l. 190 136 390007 

Q21 Cc1 1420 d.l. 371 d.l. 395724 

Q21 Cc1 1829 d.l. 730 219 395581 

Q21 Cc1 1749 465 277 d.l. 390864 

Q21 Cc1 1390 d.l. 281 d.l. 396153 

Q21 Cc1 2983 d.l. 251 282 392794 

Q21 Cc1 3925 d.l. 407 144 394152 

Q21 Cc1 1412 d.l. 221 d.l. 395081 

Q21 Cc1 2265 d.l. 394 259 398655 

Q21 Cc1 1940 3593 358 290 391722 

Q21 Cc1 2928 d.l. 290 d.l. 394938 

Q21 Cc1 5574 d.l. 902 320 386791 

Q21 Cc1 5355 1112 895 187 389149 

Q21 Cc1 4129 d.l. 1940 d.l. 387291 

Q21 Cc1 5097 407 1056 d.l. 388077 

Q21 Cc1 6926 849 382 d.l. 387577 

Q21 Cc1 5014 1070 997 d.l. 388792 

Q21 Cc1 6524 d.l. 948 d.l. 388792 

Q21 Cc1 5842 633 1001 d.l. 383717 

Q21 Cc1 3036 1141 768 158 392794 

Q21 Cc1 6612 941 998 d.l. 383646 

Q21 Cc1 5817 666 972 d.l. 385147 

Q21 Cc1 6047 758 1467 215 381859 

Q21 Cc1 5330 753 1345 164 383289 

Q21 Cc1 6830 d.l. 1180 167 385933 

Q21 Cc1 6733 647 781 251 386648 

Q21 Cc1 5173 1034 836 239 389864 

Q21 Cc1 3600 414 1574 362 388935 

Q21 Cc1 6339 615 997 d.l. 389435 

Q21 Cc1 5748 1417 348 d.l. 388792 

Q21 Cc1 4400 d.l. 718 d.l. 390078 

Q3B Cc3 2163 d.l. 29 170 396796 

Q3B Cc3 3025 d.l. d.l. 139 392222 
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Q3B Cc3 2909 d.l. d.l. 212 393509 

Q3B Cc3 2690 d.l. d.l. d.l. 393509 

Q3B Cc3 2280 d.l. 229 229 393294 

Q3B Cc3 4169 387 142 257 393294 

Q3B Cc3 1715 d.l. d.l. d.l. 394223 

Q3B Cc3 1949 d.l. d.l. 191 397868 

Q3B Cc3 3485 d.l. 185 159 395796 

Q3B Cc3 2803 d.l. d.l. d.l. 394509 

Q3B Cc3 2031 d.l. d.l. 139 398083 

Q3B Cc3 2777 d.l. 139 d.l. 396582 

Q3B Cc3 3894 385 d.l. d.l. 394581 

Q3B Cc3 3441 d.l. d.l. d.l. 397511 

Q3B Cc3 3905 d.l. d.l. 205 397440 

Q3B Cc3 1599 467 186 d.l. 394938 

Q3B Cc3 2631 d.l. d.l. d.l. 400584 

Q3B Cc3 2342 d.l. d.l. 208 397154 

Q3B Cc3 2175 d.l. d.l. 187 396082 

Q3B Cc3 1448 d.l. d.l. d.l. 398369 

 Q6   Cc3  2073 d.l. d.l. 477 391079 

 Q6   Cc3  937 494 240 208 392294 

 Q6   Cc3  2494 d.l. 405 400 391222 

 Q6   Cc3  2438 d.l. 307 146 388291 

 Q6   Cc3  1696 d.l. 146 335 392294 

 Q6   Cc3  289 d.l. d.l. d.l. 393366 

 Q6   Cc3  1844 d.l. 548 293 390507 

 Q6   Cc3  2322 d.l. 139 244 387291 

 Q6   Cc3  1189 879 d.l. 223 391651 

 Q11   Cc4  4391 656 d.l. 384 386505 

 Q11   Cc4  3378 478 d.l. d.l. 390221 

 Q11   Cc4  1696 d.l. d.l. d.l. 391365 

 Q11   Cc4  1330 468 d.l. d.l. 392008 

 Q11   Cc4  3562 756 d.l. 163 389864 

 Q11   Cc4  2325 446 d.l. 251 391793 

 Q11   Cc4  1172 1374 d.l. d.l. 390864 

 Q11   Cc4  1172 d.l. d.l. 165 393938 

 Q11   Cc4  1765 762 d.l. 143 392508 

 Q11   Cc4  802 d.l. d.l. 190 397440 

 Q11   Cc4  1296 d.l. d.l. 163 395796 

 Q11   Cc4  890 d.l. d.l. d.l. 394223 

 Q11   Cc4  1470 d.l. d.l. 240 394581 

 Q11   Cc4  1277 d.l. d.l. 207 396725 

 Q11   Cc4  3764 d.l. d.l. 162 392151 

 Q11   Cc4  4561 d.l. d.l. d.l. 392794 

 Q11   Cc4  2986 d.l. d.l. 164 392794 

 Q11   Cc4  4062 d.l. d.l. 256 394581 

 Q11   Cc4  3799 d.l. d.l. 198 393580 
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 Q11   Cc4  4184 d.l. 158 209 391007 

Q3B Cc5 1344 d.l. 1902 281 387362 

Q3B Cc5 1537 934 2024 314 387505 

Q3B Cc5 1405 1302 1846 d.l. 386862 

Q3B Cc5 1466 674 1468 366 387934 

Q3B Cc5 1325 d.l. 1611 d.l. 385504 

Q3B Cc5 1438 934 1613 275 387577 

Q3B Cc5 1356 884 1756 d.l. 385004 

Q3B Cc5 1107 1269 1651 d.l. 388006 

Q3B Cc5 1096 1851 1361 d.l. 385647 

Q3B Cc5 1450 d.l. 1742 153 387791 

Q3B Cc5 1385 d.l. 1754 272 385361 

Q3B Cc5 672 1166 1655 d.l. 385433 

Q3B Cc5 2073 d.l. d.l. 328 390507 

Q3B Cc5 1912 d.l. d.l. 211 391293 

Q3B Cc5 1993 d.l. d.l. 194 392008 

Q3B Cc5 1890 d.l. 595 d.l. 388720 

Q3B Cc5 2221 d.l. 1002 205 391651 

Q3B Cc5 1920 d.l. 792 d.l. 386004 

Q3B Cc5 1040 1385 1371 156 387577 

Q3B Cc5 1426 d.l. 1436 d.l. 389721 

Q3B Cc5 1662 d.l. 1588 177 391293 

Q3B Cc5 1303 d.l. 968 d.l. 397082 

Q3B Cc5 2289 d.l. 2404 155 390650 

Q3B Cc5 2487 d.l. 2305 d.l. 387219 

Q3B Cc5 2389 d.l. 2451 d.l. 391936 

Q3B Cc5 2289 d.l. 2647 199 389506 

Q3B Cc5 1835 549 2570 d.l. 389149 

Q3B Cc5 1943 d.l. 2379 173 391436 

Q3B Cc5 2122 d.l. 2603 191 386505 

Q3B Cc5 2367 d.l. 3089 d.l. 387863 

Q3B Cc5 2049 354 2531 164 390650 

Q3B Cc5 2204 d.l. 2927 196 387791 

Q3B Cc5 2640 d.l. 3209 154 385361 

Q3B Cc5 1867 d.l. 2985 283 389935 

Q3B Cc5 2765 d.l. 2447 107 389221 

Q3B Cc5 2260 808 427 192 393938 

Q3B Cc5 1720 1414 391 223 392794 

Q24 Cc6 1414 581 1257 101 397297 

Q24 Cc6 680 d.l. d.l. d.l. 403229 

Q24 Cc6 2200 d.l. 1030 250 395438 

Q24 Cc6 2318 d.l. 1151 362 396510 

Q24 Cc6 2841 644 1415 263 394581 

Q24 Cc6 2265 d.l. 1214 212 395153 

Q24 Cc6 1333 837 1237 d.l. 398440 

Q24 Cc6 2714 d.l. d.l. d.l. 399584 
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Q24 Cc6 682 d.l. d.l. 147 405516 

Q24 Cc6 1354 d.l. 743 174 399369 

Q24 Cc6 1026 d.l. 956 129 397154 

Q24 Cc6 1960 d.l. 1422 145 394652 

Q24 Cc6 1437 d.l. 979 204 399869 

Q24 Cc6 1949 d.l. 949 137 399083 

Q24 Cc6 1177 d.l. 812 223 397368 

Q24 Cc6 2225 d.l. 1233 d.l. 395867 

Q24 Cc6 2374 d.l. 1254 d.l. 396010 

Q24 Cc6 3173 d.l. 1584 156 394080 

Q24 Cc6 1771 d.l. 1046 152 399083 

Q24 Cc6 3211 d.l. 1736 d.l. 390078 

Q24 Cc6 2714 d.l. 1458 d.l. 390436 

Q24 Cc6 2613 640 1232 d.l. 395010 

Q24 Cc6 1872 d.l. 1024 d.l. 394438 

Q24 Cc6 2777 d.l. 1722 d.l. 393366 

Q24 Cc6 2933 420 1662 d.l. 392866 

Q24 Cc6 2162 638 1231 160 396082 

 Q21   Cc6  2528 956 1565 d.l. 388649 

 Q21   Cc6  1892 d.l. 1427 283 388935 

 Q21   Cc6  3272 d.l. 1723 d.l. 387291 

 Q21   Cc6  2644 d.l. 1329 167 388720 

 Q21   Cc6  3101 d.l. 1541 229 394366 

 Q21   Cc6  1333 d.l. 706 d.l. 391865 

 Q21   Cc6  1273 d.l. 1072 d.l. 393580 

 Q21   Cc6  1364 d.l. 700 346 393151 

 Q21   Cc6  1210 1320 779 d.l. 393509 

 Q21   Cc6  1495 851 913 d.l. 393723 

 Q21   Cc6  3106 d.l. 1711 204 389078 

 Q21   Cc6  4166 d.l. 2521 221 386290 

 Q21   Cc6  3986 d.l. 3021 d.l. 382002 

 Q21   Cc6  2155 d.l. 1675 192 391079 

 Q21   Cc6  3848 d.l. 2057 282 385433 

 Q21   Cc6  4124 d.l. 1901 d.l. 386862 

 Q21   Cc6  3558 d.l. 1732 225 387005 

 Q21   Cc6  2693 d.l. 1986 d.l. 386076 

 Q21   Cc6  3181 956 1904 d.l. 387077 

 Q21   Cc6  4354 d.l. 2516 268 380859 

 Q21   Cc6  3864 d.l. 2054 d.l. 383503 
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Table S5. Mg/Ca, Sr/Ca, Ca/Fe and Mn/Ca ratios for calcite cements Cc1, Cc3, Cc4, Cc5 and 

Cc6 precipitated in outcrop Q. 

 
Type of cement Mg/Ca Sr/Ca Ca/Fe Mn/Ca 

         

Cc1 

Max. 0.30378 Max. 0.052244 Max. 15903 Max. 0.0000848 

Min. 0.0474 Min. 0.00599 Min. 1390 Min. 0.0000317 

Mean 0.17503 Mean 0.01432 Mean 5570 Mean 0.0000532 

         

Cc3 

Max. 0.1802 Max. 0.01283 Max. 19934 Max. 0.0001113 

Min. 0.06884 Min. 0.00557 Min. 4963 Min. 0.0000319 

Mean 0.010724 Mean 0.00759 Mean 13357 Mean 0.000054 

         

Cc4 

Max. 0.19737 Max. 0.0201 Max. - Max. 0.0000906 

Min. 0.03428 Min. 0.0065 Min. - Min. 0.0000333 

Mean 0.10427 Mean 0.01033 Mean - Mean 0.000048 

         

Cc5 

Max. 0.12077 Max. 0.02744 Max. 6993 Max. 0.0000859 

Min. 0.02966 Min. 0.00518 Min. 836 Min. 0.000025 

Mean 0.07749 Mean 0.01533 Mean 1916 Mean 0.0000506 

         

Cc6 

Max. 0.19432 Max. 0.01917 Max. 3912 Max. 0.0000832 

Min. 0.04393 Min. 0.00611 Min. 880 Min. 0.0000231 

Mean 0.10701 Mean 0.0114 Mean 2149 Mean 0.0000485 
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Annex 5: Geochemical data from Chapter 8. 

Carbon and oxygen isotopes 

Table S1. δ18O and δ13C values of the carbonate host rocks and dolomite and calcite cements 

precipitated in the Upper Pedraforca thrust sheet.  

Sample Outcrop Type of cement Description δ13C PDB δ18O PDB 

      
P6 CV  Lower Jurassic limestones 0.35 -5.15 
P8 CV  Lower Jurassic limestones 0.01 -5.05 
P9 CV  Lower Jurassic limestones -0.22 -6.18 
P54 S  Lower Jurassic limestones 0.75 -4.44 

P10 CV  Rd1 1.96 -0.67 

P10 CV  Rd1 -1.70 -3.33 
P24 GS  Rd1 2.33 -1.21 
P26 GS  Rd1 2.19 -1.95 
P32 GS  Rd1 2.29 -1.25 
P36 GS  Rd1 -0.50 -3.99 
P38 GS  Rd1 3.00 -0.05 

P61B CV  Rd1 2.37 -0.09 
P73 GS  Rd1 2.80 0.58 
P63 CV  Rd2 0.11 -1.66 
P64 CV  Rd2 1.70 -1.80 
P71 GS  Upper Jurassic limestones 1.11 -2.35 
P41 GS  Upper Jurassic limestones 1.79 -3.58 
P63 CV  Lower Cretaceous limestones -1.70 -3.14 
P64 CV  Lower Cretaceous limestones 1.44 -3.59 

P12A S  Undifferentiated Cretaceous limestones 2.30 -6.05 
P18B S  Undifferentiated Cretaceous limestones 2.24 -5.12 
P19C S  Undifferentiated Cretaceous limestones 2.35 -4.75 
P20A S  Undifferentiated Cretaceous limestones 2.80 -4.25 

P1 P  Upper Cretaceous limestones 0.06 -8.58 
P4 P  Upper Cretaceous limestones -0.41 -5.17 
P7 CV  Upper Cretaceous limestones -1.33 -5.92 
P56 P  Upper Cretaceous limestones 1.04 -5.55 
P57 P  Upper Cretaceous limestones -2.19 -7.90 
P14 S  Garumnian grey marls -0.19 -5.55 
P18 S  S1 1.53 -4.18 
P19 S  S1 1.62 -4.85 

P66D CV  Rd3 -0.29 -6.89 

P6 CV  Ddol -2.32 -7.38 
P39 GS  Ddol -0.97 -4.28 
P24 GS Dc1 F1 1.86 -3.92 
P25 GS Dc1 F1 1.05 -4.83 
P38 GS Dc1 F1 1.78 -4.53 

P76 GS Dc1 Calcite within moldic porosity 1.93 -2.54 
P32 GS Dc2 F2 1.21 -6.86 

P36 GS Dc2 F2 0.11 -6.89 

P73 GS Dc2 F2 0.99 -6.56 

P75A GS Dc2 F3 0.07 -6.29 

P77 GS Dc3 Calcite within moldic porosity 1.50 -8.98 

P77 GS Dc3 Calcite within moldic porosity 1.75 -8.55 
P72 GS Cc1 Cement clast -1.19 -10.61 

P87A GS Cc1 Cement clast -0.93 -9.12 
P87B GS Cc1 Cement clast -0.21 -8.05 

P80 GS Cc2 F4 -0.55 -9.20 

P82A GS Cc2 F4 -0.70 -12.18 

P82B GS Cc2 F4 -1.08 -12.36 

303



Chapter 12 

P19 S Cc3 Calcite replacing S1 1.90 -2.28 

P4 P Cc4 F5 -1.32 -5.85 
P4 P Cc4 F5 -2.37 -5.95 

P1 P Cc5 F5 -0.15 -13.62 

P2 P Cc5 F6 -1.05 -8.52 

P3 P Cc5 F5 -0.17 -8.86 

P8 CV Cc5 F11 -1.12 -9.86 

P56 P Cc5 F5 -0.14 -11.50 
P56 P Cc5 F5 -0.97 -14.46 

P57 P Cc5 F5 0.34 -10.85 

P59 P Cc5 F5 -0.06 -10.47 

P63 CV Cc5 F7 -0.58 -12.54 

P4 P Cc6 F8 -1.86 -11.56 

P59 P Cc6 F8 -1.10 -6.12 

P14 S Cc7 F10 0.56 -6.69 

P15 S Cc7 F10 0.64 -5.56 

P18 S Cc7 F10 0.77 -5.21 

P19 S Cc7 F10 -0.76 -7.23 

P20 S Cc7 Calcite within vug porosity -0.13 -7.47 

P20 S Cc7 Calcite within vug porosity 0.78 -6.90 

P20 S Cc7 Calcite within vug porosity 1.75 -6.40 

P6 CV Cc8 F11 -1.12 -11.71 

P8 CV Cc8 F11 -0.90 -8.87 

P12 S Cc8 F9 1.29 -8.78 

P12 S Cc8 F9 -0.93 -8.84 

P13 S Cc8 F9 1.95 -8.33 

P13 S Cc8 F9 1.76 -8.24 

P18 S Cc8 F9 1.49 -8.57 

P7 CV Cc10 Calcite within breccia clasts -1.04 -7.20 
P7 CV Cc10 Calcite within breccia clasts -0.09 -7.59 
P9 CV Cc10 Calcite within breccia clasts -0.49 -7.71 
P9 CV Cc10 Calcite within breccia clasts -1.15 -6.68 

P21 GS Cc10 Calcite within vug porosity -2.58 -7.43 

P21 GS Cc10 Calcite within vug porosity -1.79 -7.67 

P24 GS Cc10 Calcite within vug porosity -3.50 -7.33 
P26 GS Cc10 Calcite within vug porosity -1.54 -6.94 
P29 GS Cc10 Calcite within vug porosity -2.66 -6.30 

P32 GS Cc10 Calcite within vug porosity -1.20 -5.25 

P35 GS Cc10 Calcite within vug porosity -1.53 -7.44 
P74 GS Cc10 Calcite within vug porosity -1.57 -5.41 

P87A GS Cc10 Calcite within vug porosity -0.26 -5.51 
P87B GS Cc10 Calcite within vug porosity -1.55 -3.97 
P26 GS Cc11 Calcite within vug porosity -1.66 -8.80 
P21 GS Cc12 F12 -0.34 -10.44 

P22 GS Cc12 F13 -0.21 -11.52 

P41 GS Cc12 F12 0.89 -9.55 
P73 GS Cc12 F12 0.87 -14.32 
P79 GS Cc12 F12 -0.69 -9.58 
P25 GS Cc13 Reactivated F1 -0.59 -5.48 
P31 GS Cc13 F14? -0.18 -5.52 
P69 GS Cc13 F14 0.08 -6.64 
P71 GS Cc13 F14 0.68 -6.24 

P43 S Cc14 F15 -5.72 -9.23 

P44 S Cc14 F15 -6.22 -10.04 

P45 S Cc14 F15 -0.94 -11.52 

P10 CV Cc15 F11 -1.42 -6.93 

P10 CV Cc15 F11 -1.08 -8.11 

P10 CV Cc15 F11 -5.94 -7.10 

304



Chapter 12 

P11B CV Cc15 F11 -1.41 -9.14 

P11B CV Cc15 F11 -1.18 -7.51 

P61B CV Cc15 F11 -2.91 -9.17 

P61B CV Cc15 F11 -3.03 -6.80 

P62 CV Cc15 Calcite within vug porosity -3.10 -6.66 

P63 CV Cc15 Calcite within vug porosity -5.49 -5.55 

P8 CV Cc16 F11 -3.30 -5.47 

P33B GS Cc16 Calcite within vug porosity -8.80 -7.79 

P33B GS Cc16 Calcite within vug porosity -5.32 -7.33 

P39 GS Cc16 Calcite within vug porosity -2.21 -5.96 

P40 GS Cc16 Calcite within vug porosity -9.39 -8.28 

P42 GS Cc16 Calcite within vug porosity -3.92 -6.11 

P46 GS Cc16 Calcite within vug porosity -5.89 -6.73 
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Clumped isotopes thermometry 

Table S2. Calcite cement δ13C, δ18O, Δ47 and δ18Ofluid of the dolomite cements Dc1 and Dc2, and 

calcite cements Cc4, Cc5, Cc7, Cc8, Cc10, Cc12 and Cc14 within the Upper Pedraforca thrust 

sheet. n represents the number of analyses per sample. 

Sample Outcrop Type of cement n δ13C VPDB δ18O VPDB Δ47 T ºC δ18Ofluid VSMOW 

         

P24 GS Dc1 4 +1.82 -5.08 0.458 ± 0.014  149.4 ± 12.5  +11.2 ± 1.1  

P32 GS Dc2 4 +1.16 -6.86 0.488 ± 0.008 124.7 ± 6.2  +7.1 ± 0.7 

P4 P Cc4 1 -1.5 -5.61 0.556 81 ± 21.7  +6.6 ± 3 

P2 P Cc5 3 -0.97 -8.85 0.558 ± 0.022 79.7 ± 12  +3.1 ± 1.7 

P15 S Cc7 3 +0.65 -5.46 0.522 ± 0.007 100.78 ± 4.2 +9.4 ± 0.6 

P6 CV Cc8 4 -1.23 -10.94 0.521 ± 0.008 101.4 ± 5 +3.9 ± 0.7 

P7 CV Cc10 1 -0.77 -7.28 0.675 30.3 ± 13.6 -3.6 ± 2.7 

P26 GS Cc10 4 -1.43 -6.75 0.702 ± 0.01 21.6 ± 3 -4.84 ± 0.6 

P22 GS Cc12 3 -0.19 -11.6 0.617 ± 0.017 52.2 ± 7.1 -3.6 ± 1.2 

P44 S Cc14 4 -6.27 -10.27 0.58 ± 0.009 67.27 ± 4.8 -0.33 ± 0.8 
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Strontium isotopes 

Table S3. 87Sr/86Sr values of carbonate host rocks, dolomite cements Dc1 and Dc2 and calcite 

cements Cc2, Cc3, Cc4, Cc5, Cc7, Cc8, Cc10, Cc12, Cc13, Cc14 within in the Upper Pedraforca 

thrust sheet. For the third column, the blank spaces represent host rocks which are not affected 

by fractures and do not contain calcite cement respectively. 

Sample Outcrop Type of cement Description 87Sr/86Sr 

     

P24 GS  Rd1 0.707816 

P64 CV  Rd2 0.707604 

P73 GS  Rd2 0.707366 

P6 CV  Lower. Jurassic lim. 0.708301 

P71 GS  Upper Jurassic lim. 0.707343 

P17 S  U. Cretaceous lim. 0.708084 

P18 S  U. Cretaceous lim. 0.707940 

P19 S  U. Cretaceous lim. 0.707526 

P17 S  S1 0.707837 

P18 S  S1 0.707951 

P19 S  S1 0.707747 

P24 GS Dc1 F1 0.707425 

P32 GS Dc2 F2 0.708262 

P75 GS Dc2 F3 0.708354 

P82 GS Cc2 F4 0.707857 

P19 S Cc3  0.707720 

P4 P Cc4 F5 0.707778  

P4 P Cc4 F5 0.707563  

P2 P Cc5 F6 0.707707 

P15 S Cc7 F10 0.707829  

P6 CV Cc8 F11 0.709747 

P7 CV Cc10 Cement between 
breccia clasts 0.707829 

P26 GS Cc10 Vug porosity 0.707919 

P22 GS Cc12 F13 0.708855 

P69 GS Cc13 F14 0.707933 

P44 S Cc14 F15 0.707751 
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Rare earths and yttrium composition 

Table S4. Rare earths and yttrium contents of carbonate host rocks, dolomite cements Dc1 and 
Dc2 and calcite cements Cc3, Cc5, Cc7, Cc8, Cc10, Cc12, Cc3 and Cc14 within the Upper 
Pedraforca thrust sheet. 
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Table S5. Calculated cerium (Ce/Ce*) and praseodymium (Pr/Pr*) anomalies and Y/Ho ratios for 
carbonate host rocks, dolomite cements Dc1 and Dc2 and calcite cements Cc3, Cc5, Cc7, Cc8, 
Cc10, Cc12, Cc3 and Cc14 within the Upper Pedraforca thrust sheet. 

Sample Outcrop Type of cement Description Ce/Ce* Pr/Pr* Y/Ho 
       

P24 GS  Rd1 0.85 1.08 44.91 

P64 CV  Rd2 1.07 0.96 44.38 

P73 GS  Rd2 0.9 1.05 42.75 

P17 S  Upper Cretaceous limestones 0.73 1.15 49.98 

P18 S  Upper Cretaceous limestones 0.7 1.17 78.75 

P19 S  Upper Cretaceous limestones 0.75 1.15 50.24 

P17 S  S1 0.82 1.10 43.49 

P18 S  S1 0.87 1.07 44.16 

P19 S  S1 0.94 1.03 45.80 

P24 GS Dc1 F1 0.75 1.14 42.07 

P32 GS Dc2 F2 0.88 1.04 42.83 

P19 S Cc3 Calcite replacing S1 0.73 1.15 56.34 

P2 P Cc5 F6 d.l. d.l. d.l.- 

P15 S Cc7 F10 0.75 1.13 52.87 

P6 CV Cc8 F11 0.69 1.08 44.34 

P7 CV Cc10 Calcite between breccia clasts 0.69 1.12 45.89 

P26 GS Cc10 Calcite within vug porosity d.l. d.l. 57.78 

P22 GS Cc12 F13 0.72 1.16 39.88 

P69 GS Cc13 F14 0.86 1.07 36.35 

P44 S Cc14 F15 0.84 1.09 38.31 
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Annex 6: Other publications.
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ABSTRACT

The Puig-reig anticline was generated since the Lower-middle
Priabonian, due to the growth of a double thrust sheet buried by alluvial
sediments affected by inverse and strike-slip faults that finally acted as
normal faults. In these fractures two generations of calcite cement have been
observed: The first one, with values of δ18O between -9 and -6‰ VPDB and
Mg, Mn, Fe and Sr consistent with meteoric waters, precipitated in surficial
conditions.The second generation, with δ18O values between -14 and -9,5‰
VPDB and Mg, Mn, Fe and Sr values consistent with meteoric to formation
waters.

Key-words: Anticline, faults, calcite cement, isotopic data, elemental
composition.

RESUMEN

El anticlinal de Puig-reig se generó a partir del Priaboniense Inferior-
medio debido al crecimiento de un doble cabalgamiento enterrado por
sedimentos aluviales, afectados por fallas inversas y direccionales que pos-
teriormente actuaron como fallas normales. En estas fracturas se ha
determinado la presencia de dos generaciones de cemento de calcita: La pri-
mera, con unos valores de δ18O entre -9 y -6‰ VPDB y valores de Mg, Mn,
Fe y Sr consistentes con su formación a partir de aguas meteóricas, en con-
diciones superficiales. La segunda generación, con valores de δ18O entre -14
y -9,5‰ VPDB y valores Mg, Mn, Fe y Sr consistentes con su formación a
partir de un fluido meteórico-de formación.

Palabras clave: Anticlinal, fallas, cemento de calcita, datos isotópicos,
composición elemental.
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Introducción

Los cementos carbonáticos en las frac-
turas de los cinturones de pliegues y cabal-
gamientos nos informan sobre el tipo de
fluidos en los diferentes estadios de su evo-
lución. Su estudio, aplicado al sistema de
pliegues surpirenaicos, ha sido ya tratado
anteriormente, tanto en sedimentos mari-
nos del Eoceno Inferior (Travé et al., 1997),
como en sedimentos continentales del Eo-
ceno Superior (Travé et al., 2000). Durante
esta última etapa, a partir del Priaboniense
Inferior-medio, se desarrollaron abanicos
aluviales en el sector más meridional del
cinturón de deformación surpirenaico, en
condiciones de sedimentación endorreicas
(Costa et al., 2009).

Estos sedimentos sintectónicos, eviden-
ciados por la presencia de discordancias

progresivas (Riba, 1973; Anadón et al.,
1986), recubrieron en parte los mantos de
corrimiento a la vez que se deformaban ge-
nerando los anticlinales de Oliana y Puig-
reig en el sector comprendido entre los ríos
Cardener y Segre (Vergés, 1993).

El objetivo de este trabajo es caracteri-
zar petrológica y geoquímicamente los ce-
mentos precipitados en las fallas inversas,
direccionales y normales, generadas durante
el crecimiento del anticlinal de Puig-reig,
con el fin de discernir el origen de los flui-
dos mineralizantes y establecer su evolu-
ción.

Metodología

Para realizar este estudio se han mues-
treado los cementos precipitados en los di-
ferentes planos de falla que afectan al an-

ticlinal, así como los de las rocas sedimen-
tarias encajantes.

Para la caracterización petrológica de
las muestras se han estudiado 32 láminas
delgadas mediante microscopía óptica, y
microscopía de catodoluminiscencia. La
caracterización geoquímica de las muestras
se ha realizado mediante el análisis de los
isótopos estables de carbono y oxígeno de
los diferentes cementos muestreados y de
rocas encajantes carbonatadas. La caracte-
rización geoquímica de estos cementos se
ha completado con el análisis de su com-
posición elemental mediante microsonda
electrónica.

Contexto geológico

El anticlinal de Puig-reig, con una direc-
ción WNW-ESE es ligeramente oblicuo a las

Evolución diagenética durante el crecimiento del anticlinal de
Puig-reig (cinturón de pliegues y cabalgamientos surpirenaico)

Diagenetic evolution during the growth of the Puig-reig anticline (South Pyrenean fold-and-thrust belt)

David Cruset1, 2, Anna Travé2, Irene Cantarero2 y Jaume Vergés1

1 Institut de Ciències de la Terra “Jaume Almera”, CSIC, 08028 Barcelona, España.
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estructuras principales pirenaicas y repre-
senta el primer anticlinal al sur del frente de
cabalgamientos del Pirineo (Fig. 1A). El seg-
mento estudiado se encuentra cerca de la
localidad de Sant Llorenç de Morunys (Fig.
1B) y está constituido por los sedimentos
continentales que comprenden los conglo-
merados de la Fm. Berga (Riba, 1973;
Puigdefàbregas et al., 1986, 1992) y las
areniscas y arcillas fluviales de la Fm. Sol-
sona (Sáez, 1987). Estos sedimentos fueron
depositados a partir del Priaboniense infe-
rior-medio, en el momento en que la
Cuenca del Ebro perdió toda conexión con
el Océano Atlántico debido al levanta-
miento de los Pirineos occidentales. El
levantamiento de esta región comportó una

regresión marina a escala de cuenca y el
paso a condiciones endorreicas (Sáez et al.,
2007). El carácter sintectónico de estos
depósitos aluviales con el cabalgamiento
de Vallfogona (Vergés, 1993) está demos-
trado por las geometrías de crecimiento y
las numerosas discordancias progresivas
(Riba, 1973).

Desde el punto de vista estructural, el
anticlinal de Puig-reig es un pliegue suave,
de gran amplitud y ligera vergencia hacia el
sur, resultado de un doble cabalgamiento
en profundidad (Fig. 1C), producido por una
rampa que conecta el nivel de despegue
basal situado en la Fm. evaporítica de
Beuda con el nivel de sales de la Fm. Car-
dona (Vergés et al., 1992). La actividad de

esta doble estructura fue simultánea a la del
cabalgamiento de Vallfogona, tal y como se
demuestra por la geometría de doble cuña
del sinclinal de Busa (Vergés, 1993). Nume-
rosas fallas normales que actualmente
muestran salto normal y desplazamiento
métrico a decamétrico, inversas y direccio-
nales se desarrollaron en la charnela y flan-
cos del anticlinal de Puig-reig durante su
formación. Estas fallas son el objeto de
nuestro estudio.

Resultados

El estudio estructural de los afloramien-
tos ha permitido determinar la presencia de
fallas inversas, normales y direccionales. Las

D. Cruset, A. Travé, I. Cantarero y Jaume Vergés
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Fig. 1.- A) Mapa tectónico del NE de la Península Ibérica (Vergés, 1993). B) Esquema geológico simplificado de las principales unidades estructurales del
cinturón de pliegues y cabalgamientos surpirenaico (CPCSP) a la altura del río Cardener (recuadro negro en A). La línea negra muestra la localización del
corte geológico mostrado en C. C) Corte geológico de las principales estructuras de este sector del CPCSP. El recuadro negro indica la situación del anticlinal
de Puig-reig. Simplificado de Vergés (1993).

Fig. 1.- A) Tectonic map of the north-eastern sector of the Iberian Peninsula (Vergés, 1993). B) Simplified geological scheme showing the main structural
units of the South Pyrenean fold-and-thrust belt (SPFTB) along the Cardener river (black square in A). The black line indicates the location of the geolog-
ical cross section. C) Geological cross section of the main structures of this sector of the SPFTB. The black square shows the Puig-reig anticline. Simplified
from Vergés (1993).
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fallas inversas muestran una orientación
NE-SW y un buzamiento hacia el SE. Las
fallas direccionales en general se orientan
perpendicularmente a las fallas compresi-
vas e indican un movimiento diestro en la
mayoría de los casos. Finalmente, las fallas
normales son paralelas y oblicuas al eje del
pliegue y muestran indicios de haber
actuado previamente como fallas direccio-
nales.

El estudio petrológico de las muestras
ha permitido diferenciar 2 generaciones de
cemento de calcita (Fig 2). La primera de
ellas (Cc1) se ha identificado en la porosi-
dad de las rocas encajantes y en los planos
de cizalla de fallas inversas, normales y
direccionales. Está formado por cristales de
esparita elongada y equidimensional de
luminiscencia naranja brillante (Figs. 2B y
2D). Los cristales elongados, que pueden
pasar lateralmente a equidimensionales con
textura blocky, se encuentran únicamente
en las fallas, donde se disponen paralelos a
los planos de cizalla. El tamaño de los cris-
tales elongados varía entre 1 y 1,5 mm de
largo y 100 y 200 µm de ancho. Los crista-
les equidimensionales en las fallas a veces
muestran zonación de crecimiento y miden
entre 100 y 500 µm (excepcionalmente lle-
gan hasta los 5 mm). Puntualmente, en los
márgenes de algunas fallas, se observa un
primer crecimiento de cristales bladed de
hasta 100 µm de ancho. En las rocas enca-
jantes, el cemento Cc1 está representado
por cristales de esparita entre 5 y 10 µm en
la porosidad intergranular de las rocas
detríticas. En los mudstones lacustres forma
estructuras geopetales en la porosidad
vacuolar. El cemento Cc1 tiene valores entre
-9 y -6 ‰ VPDB para el δ18O y entre -2,5 y
+1 ‰ VPDB para el δ13C (Fig. 3). Los ele-
mentos traza (Mg, Mn, Fe y Sr) muestran
valores medios y una desviación estándar
de 2171 y 1085; 1406 y 464; 544 y 284;
537 y 74 ppm respectivamente.

La segunda generación de cemento de
calcita (Cc2) solamente se encuentra en
algunas fallas direccionales y en las fallas
normales, que previamente actuaron como
fallas direccionales. Este cemento consiste
en cristales de esparita entre 100 y 500 µm
y catodoluminiscencia rojo-naranja apa-
gado (Figs. 2B y 2D) con textura tipo blocky.
Cc2 tiene valores entre -14 y -9,5 ‰ VPDB
para el δ18O y entre -2 y +0,5 ‰ VPDB
para el δ13C, estos últimos muy similares a
los de Cc1 (Fig. 3). Los valores medios y la
desviación estándar para el Mg, Mn, Fe y Sr

son 1038 y 588; 1268 y 372; 1080 y 628;
886 y 674 ppm respectivamente. El con-
tacto entre Cc1 y Cc2 puede ser gradual
(Figs. 2A y 2B) o abrupto (Figs. 2C y 2D).

Refiriéndose a los carbonatos encajan-
tes, los valores isotópicos de oxígeno se
encuentran entre -7,28 y -6,91‰ VPDB y
los del carbono entre -3,3 y -2,44 ‰ VPDB
(Fig. 3).

Discusión y conclusiones

Las relaciones molares de los elemen-
tos traza del cemento Cc1 son consistentes
con su formación a partir de aguas meteó-
ricas, mientras que para el cemento Cc2 son
consistentes tanto con aguas meteóricas
como con aguas de formación.

Los valores de δ18O del cemento Cc1 se
encuentran dentro del rango de los carbo-
natos lacustres y ligeramente empobrecidos
respecto al de las aguas meteóricas actua-

les en esta área (entre -6,4 y -4,6‰ SMOW,
Travé y Calvet, 2001). Esto podría indicar
que el cemento precipitó en condiciones
superficiales y/o durante las primeras eta-
pas de enterramiento. Los valores de δ18O
de Cc2, más empobrecidos (Fig. 3), podrían
responder a un incremento de la tempera-
tura y/o a un cambio de la composición
isotópica del fluido. Tanto la dispersión iso-
tópica (Fig. 3) como el estudio de
catodoluminiscencia (Figs. 2A y 2B)
demuestran un cambio gradual entre los
dos cementos. Además, en el caso de Cc2
se observa un empobrecimiento relativo en
δ18O del cemento según bajamos la serie
estratigráfica. Esta distribución podría ser
debida a 1) un incremento de la tempera-
tura por enterramiento y 2) por la entrada
gradual de aguas de formación a los nive-
les más profundos.

De este modo, se puede establecer una
relación δ18O/tiempo, en la que los valores

GEOGACETA, 58, 2015Evolución diagenética durante el crecimiento del anticlinal de Puig-reig (cinturón de pliegues y cabalgamientos
surpirenaico)
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Fig. 2.- Imágenes de microscopio óptico de polarización (MOP) y catodoluminiscencia (CL) de algu-
nos de los principales rasgos de los cementos estudiados. A-B) Imágenes de MOP y CL donde se ve
el paso gradual entre Cc1 (más luminiscente) y Cc2 (rojo-naranja apagado). C-D) Imágenes de MOP y
CL donde se ve el paso abrupto entre Cc1 y Cc2. (Ver figura en color en la Web).

Fig. 2.- Images from polarizing optical microscope and cathodolumiscence (CL) where are shown the
main features of the studied cements. C-D) Plane light and CL images showing the gradual change
between Cc1 (more luminiscent) and Cc2 (dull-red orange) cements. D) Plane light and CL images
showing the sharp change from Cc1 and Cc2. (Sea colour figure on the Web).

317



más pesados son los más antiguos y los
valores más ligeros los más modernos. Esta
interpretación de posterioridad de Cc2 se
demuestra por criterios petrográficos (Fig.
2A–D). También por el hecho de que este
cemento solamente se encuentra en las
fallas que han cambiado su campo de
esfuerzos en las últimas fases de creci-
miento de la estructura. En cambio, Cc1 se
encuentra en todos los tipos de falla y en
las rocas encajantes, habiendo precipitado
durante los estadios iniciales de plega-
miento.

Así, mediante la integración de datos
petrológicos y geoquímicos, se puede expli-
car la evolución de los cementos que
precipitaron en las fallas que afectan al
anticlinal de Puig-reig en dos etapas. Una
primera etapa, en la que precipitó un

cemento Cc1 a partir de un fluido de origen
meteórico y en condiciones superficiales.
Gradualmente, en la segunda etapa preci-
pitó un cemento Cc2 a partir de un fluido
meteórico-de formación de mayor tempera-
tura. Este incremento de la temperatura
puede explicarse mediante el enterramiento
progresivo del sistema de fallas durante el
depósito de las formaciones Berga y Sol-
sona o bien a la entrada de un fluido
externo de mayor temperatura a los niveles
que se encuentran a mayor profundidad.
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Fig. 3.- Valores de δδ18O y δδ13C de los cementos y carbonatos encajantes del anticlinal de Puig-reig.

Fig. 3.- δδ18O and δδ13C cross-plot of cements and carbonate host rocks from the Puig-reig anticline.
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From rock-buffered to open fluid system during 

emplacement of the Lower Pedraforca thrust sheet 

(South Pyrenees) 
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Abstract. The evolution of fluid flow during the emplacement of the Lower 
Pedraforca thrust sheet is inferred from fracture data, petrography and geochem-
istry of calcite cements.  

The results show that during the earlier stages of compression, fluids migrating 
along fractures were in equilibrium with their adjacent host rocks. In contrast, 
external fluids in disequilibrium with their adjacent host rock migrated along 
fractures during the later stages of emplacement of the thrust sheet. 
Similar evolution has been observed in other areas of the Pyrenees and other oro-
gens worldwide. 
 
Keywords: South Pyrenean fold and thrust belt, Fluids, Fractures. 

1 Introduction  

The cements precipitated in fractures record the composition and evolution of fluids 
during the tectonic history of fold and thrust belts [1].  

In this work we define the evolution of fluids during the development of the Lower 
Pedraforca thrust sheet (South Pyrenees) integrating structural, petrographic and geo-
chemical data. The results are compared with previous works done in the Southern Pyr-
enees (Jaca, Vallfogona and L’Escala thrusts, Ainsa Basin and Puig-reig anticline) and 
other orogens worldwide (Bighorn Basin and North Oman and Canadian Rocky Moun-
tains) [2]. 

2 Geological setting  

The south Pyrenean fold and thrust belt (SPFTB) consists of a south-directed thrust 
system emplaced from Late Cretaceous to Oligocene detached predominantly above 
Triassic and Eocene evaporites [3]. 

The studied structure is the Lower Pedraforca thrust sheet (LPTS), an imbricated 
thrust system emplaced during the Lutetian (Middle Eocene) [4]. It consists of an al-
lochthonous klippe detached above Eocene sediments and constituted of Lower Triassic 
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evaporites, Lower Jurassic limestones and dolostones, Upper Cretaceous limestones 
(Areny Fm.), Paleocene continental deposits (Garumnian) and Eocene syn-orogenic 
sediments deposited in the thrust front [3]. 

3 Methodology 

Field work consisted of fracture data acquisition (dip directions and dips) and sampling 
of calcite cements precipitated in fractures and host rocks for petrographic and geo-
chemical studies. Fracture data were plotted in stereograms and restored with respect 
to host rock bedding to define different fracture sets. Petrographic observations of 26 
polished thin sections were made using optical and cathodoluminescence microscopy 
to define different calcite cements and their crosscutting relationships. The Geochemi-
cal characterization of fluids consists of carbon- and oxygen-isotope analysis of frac-
ture-filling cements and their adjacent carbonate host rocks. 

4 Fractures and cements  

Up to seven fracture sets have been identified in the studied area. F1 and F2 fractures 
comprise N-S and E-W bed-perpendicular veins, respectively. F2 is abutting F1, indi-
cating a later time of formation. F3 fractures consist of bed-parallel slip surfaces. F4 
consists of conjugated NW-SE and NE-SW bed-perpendicular veins abutting F1and F2. 
F5 consists of conjugated NNE-SSW and NW-SE veins associated to major thrusts 
cross-cutting bedding at high angle. F6 and F7 include small and major south-verging 
thrusts and strike-slip faults cross-cutting bedding at high angle, respectively. 

 

 
Fig. 1. A) δ18O vs δ13C cross-plot of calcite cements and host rocks and B) δ18Ocalcite cement vs 

δ18Ohost rock cross-plot from calcite cements of the LPTS. 
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The petrographic study of fracture fillings in the LPTS have allowed to identify six 
types of calcite cements. Cc1 consists of non-luminescent microsparite precipitated in 
the intergranular and moldic porosity of the Areny Fm. Cc2 consists of non-luminescent 
sparite precipitated in vug porosity affecting the Garumnian. Cc3 consists of orange 
luminescent sparite crystals, blocky or elongated parallel to fracture walls precipitated 
in F1, F2 and F3 fractures and vug porosity postdating Cc1 and Cc2. Cc4 consists of 
dull to orange luminescent sparite precipitated in F1, F2 and F4 affecting Eocene syn-
orogenic sediments. Cc5 consists of zoned non-luminescent to dull orange cement pre-
cipitated in F1, F2 and F4 fractures postdating the previous cements. Cc6 consists of 
dull-brown sparite precipitated in F4, F5, F6 and F7 postdating Cc5. 

Marine carbonates from the Areny Fm. have δ13C between +1.5 and +1.7 ‰ VPDB 
and δ18O between -4.5 and -3.2 ‰VPDB. Garumnian palustrine limestones have δ13C 
between -17.5 and -3.7 ‰ VPDB and δ18O between -8.2 and -4.8 ‰ VPDB (Fig. 1A). 
Cc1 has a δ13C of +1.5 ‰ VPDB and δ18O of -5.2 ‰ VPDB. Cc2 has a δ13C of -10.1 
‰ VPDB and δ18O of -6 ‰ VPDB. For Cc3, the δ13C ranges between -10.8 and -0.4 
‰ VPDB and the δ18O between -5.5 and -3.9 ‰ VPDB. Cc4 has δ13C values between 
-5.9 and -3.7 ‰ VPDB and δ18O between -5.9 and -2.6 ‰ VPDB. Cc5 has δ13C values 
between +0.8 and +1.6 ‰ VPDB and δ18O ranging between -5.7 and -4.4 ‰ VPDB. 
For Cc6, the δ13C ranges between -15.2 and +1.8 ‰ VPDB and the δ18O between -9.2 
and -6.1 ‰ VPDB. 

5 Discussion 

Crosscutting relationships between fractures and bedding in the LPTS indicates that F1 
to F4 formed during the first stages of compression, whereas F5 to F7 formed during 
the last stages of deformation once strata were already folded [5]. 

The δ13C of all the calcite cements are similar to their host rocks, indicating a rock-
buffered system. Likewise, the δ18O values of Cc2 and Cc3 are also in equilibrium with 
their host rocks (Fig.1B), indicating a rock-buffered fluid system during calcite precip-
itation in the early vug porosity and also during formation of F1 to F3. In contrast, in 
calcite cements Cc5 and Cc6, the δ18O  is gradually more depleted with respect to their 
adjacent carbonate host rocks, indicating the opening of the system to exotic fluids as 
F4 to F7 formed (Fig.1B). This trend has already been reported in other areas of the 
SPFTB like the Jaca, Vallfogona and L’Escala thrusts, Ainsa Basin and Puig-reig anti-
cline [2, 6, 7] as well as in other orogens worldwide such as the Bighorn Basin and 
North Oman and Canadian Rocky Mountains [2, 8, 9], were it has been interpreted as 
the input of upward migrating hot and saline fluids mixed at depth with progressively 
more abundant meteoric waters, probably linked to the emersion of the structure.  

6 Conclusions 

During the early compression of the LPTS, fluids in equilibrium with their adjacent 
host rock migrated along N-S and E-W bed-perpendicular veins and bed-parallel slip 
surfaces. The progressive precipitation of δ18O-depleted calcite cements in the faults 
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formed during the late stages of compression, indicate the input of external fluids into 
the system. This evolution of fluid behavior, also observed in other areas of the SPFTB 
and worldwide, is interpreted as the input of hot and saline fluids mixed at depth with 
progressively more abundant meteoric waters during the emersion of the structure. 
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The South Pyrenean fold and thrust belt (NE Spain) is an excellent example to study the evolution of fluids during the 
progressive exhumation of a foreland basin.  

This study is focused on the Cadí thrust sheet, emplaced from the middle Eocene to the lower Oligocene. The southern limit 
of the Cadí thrust sheet is the Vallfogona thrust, which places middle Eocene turbidites over upper Oligocene alluvial sediments. 
The main thrust fault, together with other minor fractures (inverse and strike-slip faults, bed-parallel and bed-perpendicular 
veins) acted as paths for fluids. Diverse generations of calcite cement precipitated in these fractures, recording two fluid flow 
stages during the emplacement of the Cadí thrust sheet. 

 During the first stage, calcite cement precipitated in small veins and vug porosity within the hanging wall of the main thrust 
fault from a fluid with a δ18O of +12.12‰ SMOW at temperatures around 150 ºC. During the second stage, calcite cement 
precipitated in the main thrust fault and in minor thrusts and strike-slip faults affecting the hangingwall and footwall. This second 
calcite cement precipitated from a fluid with a δ18O between +4.22 and +6.37‰ SMOW at temperatures around 100 ºC. 

 
Keywords: Fluids, thrust faults, South Pyrenean fold and thrust belt 
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Abstract

The South Pyrenean fold and thrust belt (NE Spain) is an excellent example in which
the relationships between fluids and sedimentary basins during the Mesozoic extension and
Pyrenean orogeny can be studied.
This study is focused in the Upper Pedraforca thrust sheet, emplaced from Late Cretaceous
to Paleocene. This structure consists of an extensional basin related to the diapirism af-
fecting the Iberian Margin during Mesozoic times which was inverted during the Pyrenean
compression. The main thrust places syn-rift Lower Jurassic to Upper Cretaceous limestones
and dolostones over syn-orogenic Upper Cretaceous to Paleocene carbonates and clastic sed-
iments.

Intergranular and vug porosity, joints, reverse and strike-slip faults acted as preferential
paths for fluids during the Mesozoic extension and the Upper Cretaceous to Paleocene com-
pression. The diverse generations of calcite cement precipitated recorded the geodynamic
evolution of the Upper Pedraforca thrust sheet.

During the Mesozoic extension, calcite with a δ18O of -9.6 VPDB and δ13C of -3.1 VPDB
precipitated in extensional fractures affecting laminated Lower Jurassic limestones. These
veins are cut by bed-perpendicular joints filled with calcite (δ18O between -11.7 and -8.9
VPDB and δ13C between -1.1 and -0.9 VPDB), which precipitated from hot fluids. Within
these veins, rhomb shaped dark crystals of calcite (δ18O of -7.4 VPDB and δ13C of -2.3) are
observed. During the same period, carbonate breccias interbedded with Jurassic limestones
and cemented with meteoric calcite (δ18O between -7.7 and -6.7 VPDB and δ13C between
-1.2 and -0.5 VPDB) indicate that these sediments were periodically exposed during relative
sea level falls.

During the Upper Cretaceous to Paleocene compression, hot fluids with increasingly me-
teoric influence migrated along vug porosity, joints and reverse and strike-slip faults from
the Upper Pedraforca thrust sheet to its associated foreland basin, recording the progressive
emersion of this structure. This evolution of fluids is evidenced by the progressive depletion

∗Speaker
†Corresponding author: d.cruset@ub.edu

sciencesconf.org:ims2017:159738
333
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in δ18O and δ13C of calcite cements precipitated in reverse and strike-slip faults, from -5.5
to -13.6 VPDB and from +1.9 to -10.04 VPDB respectively.
Keywords: Fluids, extension, compression, South Pyrenean fold and thrust belt.
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