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Abstract
Fluid  systems  in  inverted  rifted  margins  are  challenging  to  interpret  because 
fractures formed before compression were often reactivated acting as fluid path-
ways  as  new  ones  formed.  Deciphering  the  fracture  and  fluid  flow  history  in 
such complex settings has key implications for the prediction of the distribution 
of mineral resources. As an example, we reconstruct the fluid flow evolution of a 
portion of the inverted Pyrenean rift, the Upper Pedraforca thrust sheet, from the 
Mesozoic extension to the Alpine orogeny. We combine structural analysis and 
petrographic, geochemical and geochronological data obtained from 87 samples 
of fracture- filling carbonate cements. During the Late Jurassic- Early Cretaceous, 
low- temperature  seawater  produced  dolomitization  of  Jurassic  and  Lower 
Cretaceous  limestones  in  an  extensional  setting.  During  the  Early  Cretaceous 
salt- related extension, formation waters, probably evolved seawater or fluids that 
interacted with Triassic evaporites, at temperatures from 125 to 149°C migrated 
through fractures. The formation of breccias within post- salt rocks  in primary 
weld zones facilitated the upward migration of formation waters that interacted 
with  pre- salt  rocks  with  high  87Sr/86Sr  ratios.  Formation  waters  at  tempera-
tures of 80°C migrated during the emplacement of the Upper Pedraforca thrust 
sheet  in  the  Late  Cretaceous- Palaeocene.  These  fluids  interacted  with  Upper 
Cretaceous Carbonates and/or Triassic evaporites. In contrast, the influence of 
meteoric  fluids  increased  in shallower positions due to  the exhumation of  the 
SE Pyrenees during the Eocene- Oligocene. Coevally, hot dolomitizing fluids mi-
grated along diapir walls during the  formation of secondary welds. Supergene 
ores documented in diapiric areas worldwide related to meteoric fluids, and the 
similar meteoric percolation occurred in the Upper Pedraforca thrust sheet, sug-
gest that supergene mineralization could be found in the Pyrenees. Brecciation 
of rocks in primary weld zones and evaporite detachments, where mineraliza-
tion  accumulate  in  fractures  from  basement- derived  fluids,  also  suggests  that 
similar ores could be found in the Pyrenees.
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1 |  INTRODUCTION

Pre- compressive  thick  evaporite  units  forming  diapirs 
and/or detachment levels, can strongly control the palae-
ohydrology of fold and thrust belts and their related fore-
land  basins,  because  fluids  migrate  induced  by  tectonic 
and topographic gradients  in areas adjacent  to evaporite 
bodies  or  along  their  boundaries  (Crognier  et  al.,  2018; 
Fischer et al., 2009, 2013; Moragas et al., 2020; Reuning 
et  al.,  2009;  Smith  et  al.,  2012).  Under  certain  circum-
stances,  geological  resources  such  as  hydrocarbons,  ac-
cumulate below evaporite seals and structural traps (e.g. 
folds and faults), which form due to salt and gypsum flow 
during rifting and thrusting (Allen & Allen, 2005; Davison 
et al., 2000). Other resources, such as metalliferous ore de-
posits (i.e. Pb- Zn), can be associated with the interaction 
of  fluids with saline bodies (Perona et al., 2018; Rouvier 
et al., 1985; Sheppard et al., 1996).

Evaporite- bearing  basins  can  be  incorporated  into 
compressional  belts,  reactivating  the  pre- compressive 
fracture patterns, thus resulting in complex fracture cross-
cutting relationships  (e.g. Moragas et al., 2020; Salardon 
et al., 2017; Smith et al., 2012). As a result, previous traps, 
formed  during  pre- compressive  stages,  can  be  destroyed 
or modified, allowing changes  in  the palaeohydrological 
system and/or the re- mobilization of trapped fluids in the 
subsurface  (Cooper & Warren, 2010; Roure et al., 2005). 
Considering  the  importance of  salt- related structures on 
the development and storage of resources of economic in-
terest, the overarching aim of this study is to characterize 
the heterogeneity and evolution of fluid systems in sedi-
mentary basins affected by rift- related diapirism, as well 
as by subsequent inversion during orogenic compression.

There are many examples of fluid systems in rifted mar-
gins and fold and thrust belts with resources of economic 
interest, and where multiple processes of fracturing, frac-
ture  reactivation,  dolomitization  or  ore  deposit  remobi-
lization  occurred  due  to  basin  inversion  or  long- lasting 
tectonic deformation. Some case studies are the External 
Crystalline  Massifs  of  the Western  Alps  (Boutoux  et  al., 
2014;  Incerpi et al.,  2020),  the Variscan Belt of Morocco 
(N'Diaye  et  al.,  2016),  the  northern  Oman  Mountains 
(Fontana  et  al.,  2014;  Gomez- Rivas,  Bons,  et  al.,  2014), 
the Ionian and Zagros fold and thrust belts (Sharp et al., 
2010;  Van  Geet  et  al.,  2002)  and  the  Neuquén  basin  of 
Argentina  (Cobbold  et  al.,  1999;  Cruset  et  al.,  2021; 

Rodrigues et al., 2009; Weger et al., 2019) among others. 
Nevertheless, although the evolution of fracture networks 
and fluid chemistry of these areas are well- characterized, 
the absolute timing of these processes is not always accu-
rately constrained. Nowadays, relative and absolute time 
uncertainties can be solved by combining fracture analysis 
and modern geochemical and geochronological methods 
applied to porosity- filling minerals (e.g. clumped isotopes 
thermometry and U- Pb dating of carbonates). This  is at-
tested by the increasing number of publications that char-
acterize  fluid  systems  in  compressional  settings  affected 
by  long- lasting  deformation  and  burial  (e.g.  Al  Hajar 
Mountains of Oman, Hansman et al., 2018; Northwestern 
Alps,  Incerpi  et  al.,  2020;  Southern  Pyrenees,  Cruset, 
Cantarero,  et  al.,  2020;  Hoareau  et  al.,  2021;  Paris  and 
South  Eastern  Basins,  Godeau  et  al.,  2018;  Mangenot 
et al., 2018; Pagel et al., 2018).

Here, we focus on the Southern Pyrenees, which have 
been  considered  as  an  excellent  natural  laboratory  to 
tackle the proposed research question in this contribution, 
as demonstrated by the large number of publications on 
fluid flow and geochronology of fracture- filling minerals 
in  the  Palaeogene  lower  thrust  sheets  published  in  the 
last decades (e.g. Banks et al., 1991; Beaudoin et al., 2015; 
Caja et al., 2006; Crognier et al., 2018; Cruset et al., 2018; 
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evaporitic detachment, fluid flow history, fracture- filling cements, inversion tectonics, salt- 
related extension, South Pyrenean thrust sheets

Highlights

•  We  decipher  the  fluid  history  in  a  portion  of 
the Mesozoic Pyrenean rift, which was inverted 
during the Alpine orogeny.

•  Hot formation waters migrated along fractures 
during Early Cretaceous diapirism.

•  Formation of primary welds facilitated the mi-
gration  of  high  87Sr/86Sr  fluids  that  interacted 
with pre- salt rocks.

•  Formation waters migrated along major thrust 
faults zones during Cretaceous- Palaeocene and 
Eocene- Oligocene.

•  Meteoric  percolation  increased  during  the 
Paleogene  during  the  exhumation  of  the  SE 
Pyrenees.
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Cruset, Cantarero, et al., 2020; Hoareau et al., 2021; Lacroix 
et  al.,  2018;  Muñoz- López,  Cruset,  et  al.,  2020;  Nardini 
et  al.,  2019;  Rahl  et  al.,  2011; Travé  et  al.,  2007; Trincal 
et al., 2017). The results of these studies indicate that fluid 
flow  during  Pyrenean  compression  was  multiepisodic 
and  report  the  progressive  exhumation  of  the  Pyrenean 
thrust sheets as well as the influence of the basement li-
thology, detachment evaporite levels and connate marine 
fluids trapped within sediments on the fluid composition. 
However, there is a knowledge gap on the uppermost Late 
Cretaceous- Palaeocene  emplaced  thrust  sheets,  which 
have undergone post- emplacement deformation by being 
tectonically transported to the south on top of younger and 
lower thrust sheets (Burbank, Puigdefàbregas, et al., 1992; 
Burbank, Vergés, et al., 1992; Cruset, Vergés, et al., 2020; 
Vergés et al., 2002). As a result, these nappes experienced 
a more complex and heterogeneous fluid flow and defor-
mation  history  than  their  underlying  thrust  sheets.  An 
example of this is the Upper Pedraforca thrust sheet, the 
oldest and uppermost structural unit of the SE Pyrenees. 
This  thrust  sheet  is  part  of  the  northernmost  preserved 
portion of the Mesozoic Pyrenean rifted basin affected by 
diapirism during the Late Jurassic- Early Cretaceous exten-
sion, which was, later on, incorporated into the Pyrenean 
orogen  during  the  Late  Cretaceous  to  Oligocene  com-
pression  (Cruset, Vergés,  et  al.,  2020;  Saura  et  al.,  2016; 
Vergés, 1993). To decipher the fracture and fluid flow evo-
lution of the Upper Pedraforca thrust sheet, we combine 
fracture  orientation  data,  petrographic  observations  and 
geochemical  analyses  applied  to  fracture- filling  calcite 
and dolomite (e.g. REE+Y and Sr, C, O and clumped iso-
topes) with already published U- Pb ages of the study area 
(Cruset, Vergés, et al., 2020). The results of this study pro-
vide absolute  time constraints and knowledge about:  (1) 
how syn- tectonic fluid flow is recorded and distributed in 
sedimentary basins  involved  in  long- lasting deformation 
and (2) what the potential impact is of the changes in pa-
laeofluid systems on the development and/or alteration of 
ore mineralization in diapir structures.

2 |  GEOLOGICAL SETTING

The  Pyrenees  (Figure  1a)  formed  due  to  the  collision  be-
tween Iberia and Eurasia from the Late Cretaceous to the 
Miocene,  during  the  Alpine  orogeny  (Choukroune  et  al., 
1989; Muñoz, 1992, 2002; Roure et al., 1989; Vergés et al., 
2002). As a consequence, the Mesozoic northern Iberian rift 
margin  was  inverted  and  thrusted  southwards  above  the 
thrust stack of basement units that form the Pyrenees Axial 
Zone  limited  by  the  North  Pyrenean  Fault  in  the  north 
(Figure 1b)  (Muñoz, 1992). The South Pyrenean  fold and 
thrust belt consists of a piggy- back sequence of thrust sheets 

detached along Upper Triassic and upper Eocene evaporites 
(Figure 1c) (Sans, 2003; Séguret, 1972; Vergés et al., 1992).

Prior  to  the  Alpine  compression,  the  north  Iberian 
margin  was  affected  by  lithosphere  extension  during  the 
Late  Triassic- Early  Jurassic,  favouring  the  development 
of extensive carbonate platforms (Aurell et al., 2002; Mey 
et  al.,  1968;  Peybernès,  1976).  During  the  Late  Jurassic- 
Early Cretaceous,  the reactivation of  the Pyrenean rifting 
induced  diapirism  by  the  flow  of  Upper  Triassic  evapo-
rites  and  the  formation  of  salt- bearing  basins  (Canérot 
et al., 2005; Ferrer et al., 2012; Izquierdo- Llavall et al., 2020; 
Labaume  &  Teixell,  2020;  Saura  et  al.,  2016;  Serrano  & 
Martínez del Olmo, 1990; Vergés et al., 2019). In the North 
Pyrenean Zone, lithosphere hyperextension occurred, and 
upper mantle rocks were intruded below the sedimentary 
cover  during  the  Late  Aptian  and  beginning  of  the  Late 
Cretaceous  (Clerc  &  Lagabrielle,  2014;  Clerc  et  al.,  2016; 
Ford  &  Vergés,  2021;  Lagabrielle  et  al.,  2010).  A  recent 
study  in  the  eastern  North  Pyrenean  Zone  demonstrated 
the  significant  role  of  diapirism  during  the  Jurassic  and 
Lower  Cretaceous  for  the  development  of  tectonic  struc-
tures (Ford & Vergés, 2021). Late Jurassic- Early Cretaceous 
rifting was  followed by asymmetric post- rift  thermal con-
traction throughout the Pyrenees prior to the Alpine com-
pression (Lescoutre et al., 2019; Martín- Chivelet, 2002).

The Upper Pedraforca thrust sheet consists of 1.6 km 
of  Upper  Triassic,  Jurassic  and  Cretaceous  rocks  over-
thrusting  Upper  Cretaceous  to  Palaeocene  syn- orogenic 
sediments  (Vergés  et  al.,  2002).  These  rocks  are  simi-
lar  to  those  of  its  western  equivalent,  the  Bóixols  thrust 
sheet  (García- Senz,  2002;  Mencos  et  al.,  2015)  and  are 
divided  into  pre- rift,  syn- rift  and  post- rift  marine  sedi-
ments and marine to continental syn- orogenic sediments 
(Figure 2). The pre- rift sequence is composed of Triassic 
and Jurassic rocks. Triassic units consist of Keuper facies 
evaporites and clays, which acted as the main detachment 
level in the Pyrenees, and laminated dolostones from the 
Isàvena Formation (Arnal et al., 2002; Calvet et al., 1993; 
Séguret, 1972). The Bonansa Formation consists of Lower 
Jurassic dolomitic breccias, laminated limestones and dark 
marls  with  brachiopods  and  ammonoids,  and  Middle  to 
Upper Jurassic dolostones (Aurell et al., 2002; Peybernès, 
1976). The syn- rift sequence comprises Lower Cretaceous 
rocks and consists of Berriasian breccias and Valanginian 
to Albian limestones and marls (García- Senz, 2002). The 
post- rift sediments are the Cenomanian- Turonian Santa Fe 
Formation and lower Santonian limestones with Lacazina 
of the Sant Corneli Formation (Mey et al., 1968; Skelton 
et al., 2003; Ullastre & Masriera, 2004). The syn- orogenic 
sequence is made up by Upper Cretaceous to Palaeocene 
rocks. The Upper Cretaceous units consist of marine marls, 
limestones and carbonate breccias of the Upper Santonian 
to Maastrichtian Areny Formation, which is conformably 
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overlain  by  the  Maastrichtian  to  Danian  marine  dark 
marls,  coastal  siltstones  and  continental  sandstones  and 
conglomerates  of  Garumnian  Facies  (Puigdefàbregas  & 
Souquet, 1986; Vicente et al., 2015).

3 |  METHODOLOGY

Field  work  consisted  of  fracture  and  bedding  orienta-
tion data acquisition and sampling of 87 fracture- filling 

carbonate minerals and host rocks  for petrographic ob-
servations and geochemical analyses. For structural anal-
ysis, fracture orientation measurements were plotted and 
restored  with  respect  to  bedding,  when  necessary,  and 
their  associated  palaeostress  field  orientations  were  es-
timated using Win- Tensor software (v5.8.8.) (Delvaux & 
Sperner, 2003). Petrographic observations on 94 polished 
thin sections of fracture- filling carbonates and host rocks 
were carried out using optical and cathodoluminescence 
microscopy.  A  CL  Technosyn  cathodoluminescence 

F I G U R E  1  (a) Regional map of the Iberian Peninsula showing the location of the south Pyrenean fold and thrust belt (red box). (b) 
Simplified geological map showing the main structural units forming the south Pyrenean fold and thrust belt. Based on Mató et al. (1994), 
Muñoz et al. (1994), Vergés et al. (1994) and Pi et al. (2001). The thick red line indicates the location of the composite cross- section in 
Figure 1c. The black box indicates the location of Figure 3a. (c) Geological cross- section of the Lower Pedraforca thrust sheet from Vergés 
(1993). Evaporite units are indicated in grey 
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device  Model  8200  MkII  operating  at  15– 18  kV  and 
350 μA gun current was used to distinguish different ce-
ment phases.

To  decipher  the  geochemical  signature  of  fluids  that 
precipitated  carbonate  cements  and  that  of  their  host 
rocks,  carbon,  oxygen,  clumped  and  strontium  isotopes 
and rare earth elements were analysed. These methods are 
summarized  in  Table  1,  while  the  analytical  procedure, 

data treatment and standard errors are explained in detail 
in the supplementary material.

Four localities (Gósol, Pedraforca, Coll del Verdet and 
Saldes)  were  selected  for  this  study  due  to  the  presence 
of deformation patterns related to both the Mesozoic ex-
tension and  the Late Cretaceous- Oligocene compression 
events  (Figure  3).  Structural  data  acquisition  and  sam-
pling  were  carried  out  at  each  locality.  Field  images  of 

F I G U R E  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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each locality are shown in Figure S1 of the supplementary 
material.

The  Gósol  locality  lies  north  of  the  Gósol  village.  It 
consists of an ENE- WSW syncline formed by Jurassic car-
bonates within the Upper Pedraforca thrust sheet (Figure 
S1a).  These  Jurassic  rocks  are  unconformably  overlain 
by (1) Lower Cretaceous breccias and limestones and (2) 
Upper Cretaceous marls and limestones (Figures 3a and 
S1a,b). Upper Cretaceous  sediments are overthrusted by 
Jurassic carbonates at the south of the Gósol locality.

The Pedraforca  locality  lies 3 km to  the northwest of 
Saldes  village  and  corresponds  to  the  damage  zone  of 
the  Upper  Pedraforca  basal  thrust,  where  Campanian 
carbonate  breccias  are  affected  by  reverse  and  strike- 
slip  faults  (Figure  S1c).  At  the  Pedraforca  locality,  the 
Upper  Pedraforca  basal  thrust  is  dipping  to  the  south 
by  the  regional  folding of  the  thrust  sheet  system above 
the  basement- related  stack  of  the  Pyrenean  Axial  Zone 
(Figure 3b).

The Coll del Verdet locality corresponds to the internal 
part  of  the  Upper  Pedraforca  thrust  sheet  (Figure  3a,b). 
Its structure consists of subvertical beds of Lower Jurassic 
limestones  and  marls  and  Middle  to  Upper  Jurassic  su-
crose dolostones corresponding to a secondary weld zone 
(Saura et al., 2016). These rocks are unconformably over-
lain  by  carbonate  breccias,  partly  replaced  by  dolomite, 
and  a  thick  succession  of  Lower  Cretaceous  limestones 
(Figure S1d).

The  Saldes  locality,  located  between  the  villages  of 
Gósol and Saldes  (Figure 3),  corresponds  to  the Upper 
Pedraforca  thrust  front  and  is  in  a  structural  position 
equivalent  to  the  Pedraforca  locality.  It  consists  of  a 
thrust  fault  zone  acting  as  a  thrust  boundary  between 
Upper  Cretaceous  breccias,  limestones,  siltstones  and 
sandstones  in  its  hangingwall  and  Upper  Cretaceous 
dark marls in its footwall (Figure S1e).

4 |  RESULTS:  FRACTURE, 
PETROLOGICAL AND 
GEOCHEMICAL ANALYSIS

4.1 | Host rocks

The rocks hosting calcite and dolomite veins, range from 
Jurassic to Late Cretaceous in age. Their petrography and 
geochemistry  have  been  studied,  resulting  in  the  identi-
fication  of  three  types  of  replacive  dolomite  according 
to their age, based on previous stratigraphic studies (e.g. 
Peybernès, 1976) and their texture, based on petrographic 
observations. These dolostones are named in this study as 
Rd1 (Jurassic), Rd2 (Early Cretaceous) and Rd3 (Eocene), 
and are locally affected by calcitization (Ddol).

Jurassic  rocks  comprise  limestones  and  dolostones  of 
the Bonansa Formation, which was described by Peybernès 
(1976)  and  Aurell  et  al.  (2002).  This  formation  includes: 

T A B L E  1  Summary of the geochemical methods used in this study to infer fluid signatures

Analytical method Device Number of samples Type of results

Carbon and oxygen isotopes Automated Kiel Carbonate 
Device attached to a Thermal 
Ionization Mass Spectrometer 
Thermo Electron (Finnigan) 
MAT- 252

Replacive dolomite: 12 δ13C and δ18O composition of carbonate 
host rocks, calcite and dolomite 
cements

Limestones: 20

Dolomite cement: 10

Calcite cement: 90

Calcitized dolomite: 2

Clumped isotope 
thermometry

Automated Thermo Scientific 
MAT 253 mass spectrometer 
(Thermo Fisher GmbH)

Dolomite cement: 2 Temperature of cement precipitation 
and δ18OfluidCalcite cement: 7

Strontium isotopes TIMS- Phoenix mass spectrometer Replacive dolomite: 3 87Sr/86Sr ratios of carbonate host rocks, 
calcite and dolomite cementsLimestones: 8

Dolomite cement: 3

Calcite cement: 12

Elemental analysis High- resolution inductively 
coupled plasma- mass 
spectrometry (HR- ICP- MS) 
Thermo Scientific, model 
Element XR

Replacive dolomite: 3 Rare Earths and Yttrium content 
(REE+Y) of carbonate host rocks, 
calcite and dolomite cements

Limestones: 6

Dolomite cement: 2

Calcite cement: 9

Note: The device used, the number of analyses and the type of results are included.
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(1)  Hettangian  breccias  replaced  by  dolomite  Rd1,  with 
crystals ranging between 15 and 30 μm in size, and exhib-
iting  idiotopic  and  hypidiotopic  textures,  (2)  Sinemurian 
alternations  of  micritic  mudstones  and  detrital  carbon-
ates with accessory quartz with mm- thick planar  lamina-
tion and ripples  (Figure 4a),  (3) Toarcian dark marls and 

peloidal  grainstones  with  echinoid  fragments  partly  re-
placed  by  up  to  60  μm- width  euhedral  dolomite  crystals 
(Figure 4b), and (4) Middle and Upper Jurassic Rd1 dolos-
tones. Middle Jurassic dolostones Rd1 are composed of sub-
hedral crystals with sizes ranging from 200 to 400 μm and 
exhibiting idiotopic and hypidiotopic textures (Figure 4c). 

F I G U R E  3  (a) Structural sketch based on Martínez et al. (2001) of the studied area with the location of the studied localities (coloured 
boxes). Reference colours for each locality is the same than in Figures 5, 11– 14. Cross- sections A– A′ is shown in Figure 3b, whereas section 
B– B′ is shown in Figure S1a. (b) Detailed geological cross- section of the Upper Pedraforca thrust sheet from Vergés (1993) showing the 
structural position of the studied localities (grey arrows). The location of the different fracture sets described in this study is indicated in 
each outcrop for both images 
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Locally,  dolomite  Rd1  is  completely  calcitized  (Ddol) 
and  millimetre- size  vugs  filled  with  calcite  are  present. 
Upper Jurassic dolostones Rd1 are well- bedded and show 

idiotopic and hypidiotopic textures, bivalve moldic porosity 
cemented by dolomite and centimetre- size vugs filled with 
calcite.

F I G U R E  4  Images from polarizing optical (PPL) and cathodoluminescence (CL) microscopy of the main textural features of the studied 
host rocks. (a) Sinemurian alternations of micritic mudstones and detrital carbonates with ripples and planar lamination. (b) Toarcian 
grainstone partially replaced by euhedral dolomite crystals. (c) Rd1 Middle Jurassic sucrose dolostones with idiotopic and hypidiotopic 
textures (crossed nicols). (d) Lower Cretaceous breccias unconformably overlain upper Jurassic dolostones. (e) Detail of (d). (f) Rd2 Upper 
Cretaceous dolostones exhibiting idiotopic and hypidiotopic textures (crossed nicols). (g, h) PPL and CL images of saddle dolomite Rd3 
replacing carbonate breccias made of Sinemurian mudstones 
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The  Lower  Cretaceous  rocks  include  (1)  breccias  of 
the Pont de la Torre Formation, unconformably overlying 
the Upper Jurassic dolostones Rd1 (Figure 4d), which are 
constituted  by  centimetre-   to  metre- scale  fragments  of 
Jurassic limestones and dolostones, sandy matrix made of 
dolomite,  calcite and accessory quartz, as well as Lower 
Cretaceous wackestones with Trocholina  (fragment sizes 
ranging  from  a  few  millimetres  to  metres;  Figure  4e); 
and  (2)  well- bedded  Rd2  dolostones  with  crystals  rang-
ing between 15 and 30 μm in size and showing idiotopic 
and hypidiotopic  textures (Figure 4f). At Coll del Verdet 
(Figure  3),  the  Lower  Cretaceous  breccias  are  partly  re-
placed by Rd2.

Upper Cretaceous rocks are constituted by (1) carbon-
ate breccias from the Areny Formation with fragments of 
mudstones and wackestones with rudists locally cemented 
by red micrite, which in this study is called sediment S1, 

(2) dark marls with oysters and (3) yellow to reddish silt-
stones and sandstones with dinosaur egg fragments from 
the  Garumnian.  Finally,  the  Sinemurian  mudstones  are 
partially dolomitized by Rd3 at Coll del Verdet. This do-
lomitization is characterized by up to 2 mm- width saddle 
crystals (Figure 4g,h) affecting brecciated zones cemented 
by  a  calcite  cement  yielding  U- Pb  Priabonian  ages  be-
tween 37.1 ± 0.7 and 34.4 ± 0.9 Ma  (karstic breccias  in 
Cruset, Vergés, et al., 2020).

4.2 | Fracture analysis

U- Pb dating of fracture- filling calcite and dolomite cements 
was carried out by Cruset, Vergés, et al. (2020) on samples 
from the Upper Pedraforca thrust sheet. In this study, five 
types of fractures were dated; (1) conjugated vein systems, 

F I G U R E  5  Lower hemisphere Schmidt stereoplots of fracture- oriented data from the four localities with their associated diagenetic and 
tectonic stages. Zooms of the stereoplots and the estimated palaeostress field orientations for each fracture system are also displayed. The 
coloured lines represent each studied locality (dark grey is Gósol, green is Pedraforca, red is Coll del Verdet and blue is Saldes). Reference 
colours for each locality is the same than in Figures 3, 11– 14. Red and blue arrows in the stereoplots represent the compressional stresses for 
reverse and strike- slip faults and for normal faults, respectively 
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(2) veins parallel to bed strike, (3) normal faults, (4) reverse 
faults  and  (5)  strike- slip  faults.  They  yielded  U- Pb  dates 
between 70.6 ± 0.9 Ma (Maastrichtian) and 25.6 ± 1.9 Ma 
(Late Oligocene). The combination of these ages, together 

with  the  well- established  crosscutting  relationships  based 
on field and microstructural observations presented in this 
study (see below) allows the identification of 16 generations 
of  fractures  (F1  to  F16;  Figure  5).  These  16  generations 

F I G U R E  6  Field images of F1, F2, F3 and F4 fracture sets at Gósol locality within the Upper Pedraforca thrust sheet. (a) F1 Bed- 
perpendicular N- S and NNW- SSE en- échelon vein arrays affecting Upper Jurassic dolostones. (b) Block of dolostones within Lower 
Cretaceous breccias containing F1 veins. (c) Vug porosities postdating F1 veins. (d) Dolostones from the basal part of Lower Jurassic affected 
by randomly oriented F2 fractures filled with dolomite and calcite cements. (e) F3 set sub- parallel to bedding of Rd1 dolostones. (f) E- W F4 
normal faults affecting Lower Cretaceous breccias). Zoom images show F3 fractures included in Rd1 dolostones blocks and striae sets in 
normal faults 
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include the five types of fractures described above, as well 
as randomly oriented veins.

The fracture sets F1, F2 and F3 are present at the Gósol 
locality and do not show clear crosscutting relationships 
with  each  other.  Fracture  set  F1  consists  of  conjugate 
en- échelon  vein  arrays  that  display  N- S  and  NNE- SSW 
strike after restoration with respect to bedding (Figures 5 
and 6a), and are almost perpendicular to the axis of the 
syncline affecting Upper Jurassic dolostones (Figure 3a). 
They  are  bed- perpendicular  regardless  of  bedding  dip, 
show  extensional  openings  of  up  to  2  cm  and  are  ce-
mented  by  dolomite,  as  well  as  by  calcite  when  F1  are 
reactivated.  The  palaeostress  field  orientations  indicate 
N- S strike- slip movement. F1 only affects Lower to Upper 
Jurassic rocks. This set of veins is also present in blocks 
of Rd1 dolostones within Lower Cretaceous breccias and 
cut  by  vug  porosities  filled  with  calcite  (Figure  6b,c). 
Fracture  set F2 are  randomly oriented veins  filled with 
dolomite and younger calcite cement, showing openings 
of a few millimetres to 2 cm (Figure 6d). These veins af-
fect the lowermost part of the Jurassic dolomitic breccias. 
Fractures in the set F3 consist of bed- parallel veins and 
veins that crosscut bedding at a low angle (Figures 5 and 
6e). They  are  cm- thick  discrete  fractures,  which  locally 
develop  fault  breccias  cemented  by  dolomite.  F3  frac-
tures  affect  Jurassic  rocks  and  are  found  concentrated 
within the SE limb of the syncline near the Gósol locality 
(Figures 3 and S1a,b). As F1 fracture set, the F3 fractures 
are also present in metre- scale blocks of Upper Jurassic 
dolostones  within  Lower  Cretaceous  sedimentary  brec-
cias in this area (Figure 6f).

The fractures of set F4 are E- W normal faults, that dip up 
to 50°, predominantly to the south, and consist of discrete 
slipping  planes  showing  dip- slip  striae  sets  and  stepped 
slickensides (Figures 5 and 6f). Estimated palaeostress field 
orientations indicate N- S extension. However, the original 
orientation  and  dip  of  these  fractures  is  not  known.  The 
restoration of  the F4  fault set orientations with respect  to 
bedding  and  the  Pyrenean  thrust  sheets,  which  are  tilted 
around 60° to the south, results in a mean dip of 25° and a 
NE- SW strike. Despite this restoration, kinematic indicators 
of F4 faults also indicate a normal sense of shear, suggesting 
that they were extensional in origin. (Figure 5). In this lo-
cality, F4 faults cut Lower Cretaceous breccias that postdate 
fracture sets F1 and F3 (Figure 6b,f).

Fracture  set  F5  consists  of  reverse  faults  formed 
within the damage zone of large thrusts within the Upper 
Pedraforca thrust sheet. They are WNW- ESE- trending iso-
lated planes that dip to the north at a low angle and are 
filled  with  calcite  (Figure  5).  At  some  locations,  reverse 
faults F5 develop foliated fault zones that indicate the sense 
of  shear  (Figure  7a).  Palaeostress  orientation  estimation 
reveals N- S compression. F5 fractures are only present at 

the Pedraforca locality crosscutting Upper Cretaceous hy-
draulic breccias associated with  the damage zone of  the 
Upper Pedraforca basal thrust (Figure 7a). These breccias 
are composed of centimetre- size limestone clasts, without 
significant  rotation of  fragments, which generate  in  situ 
fragmentation textures.

Fractures of set F6 consist of NNW- SSE and ENE- WSW- 
oriented subvertical strike- slip faults cemented by calcite, 
which also cut the hydraulic breccias of the Pedraforca lo-
cality (Figure 7a). F6 fractures show sub- horizontal striae 
sets and their estimated palaeostress field orientations in-
dicate NW- SE compression (Figure 5).

E- W  calcite  veins,  present  in  the  internal  part  of  the 
Upper Pedraforca thrust sheet, constitute the F7 fracture set 
(Figures 5 and 7b). These veins are parallel to the bed strike, 
have openings of up to 1 cm, and crosscut the bedding of 
Lower Jurassic  to Lower Cretaceous rocks at a  low angle. 
F7 have only been found at the Coll del Verdet locality and 
crosscutting relationships between sets F5 and F6 have not 
been observed.

F8  fracture  set  consists  of  highly  dipping  NE- SW  and 
NW- SE- oriented conjugated calcite veins. They locally show 
strike- slip  displacement  in  the  internal  part  of  the  Upper 
Pedraforca thrust sheet and locally cut the F7 set (Figure 7b). 
F8 veins have lengths from a few centimetres to several me-
ters  and  are,  in  some  locations,  surrounded  by  cataclastic 
breccias (Figure 7c). These breccias expand tens of centime-
tres from fracture planes and are composed of millimetre- 
size  fragments  of  sucrose  dolostones  cemented  by  calcite, 
which  suffered  microcracking  and  rotation.  Palaeostress 
field  orientations  estimated  from  F8  structures  reveal  N- S 
strike- slip movement. F8 veins have only been observed at 
Coll del Verdet locality.

Fractures  of  set  F9  are  randomly  oriented  calcite 
veins that crosscut hydraulic breccias at the basal thrust 
of  the Upper Pedraforca  thrust  sheet. They have open-
ings of up to 2 mm and have been only observed at the 
Pedraforca locality.

Fractures of set F10 consist of E- W reverse faults that 
grew within the fault zone of a major reverse fault in the 
footwall  of  the  Upper  Pedraforca  thrust  sheet.  They  are 
discrete planes dipping between 30° and 70° to the south 
and,  at  some  locations,  to  the  north  (Figures  5  and  7d). 
Estimated  palaeostress  field  orientations  indicate  N- S 
compression.  F10  veins  have  been  observed  at  Saldes 
locality.

Fracture set F11 is formed by NE- SW and NW- SE strike- 
slip  faults  in  the  footwall  of  the  Upper  Pedraforca  thrust, 
within the damage zones of large reverse faults (Figure 5). 
These  faults  are  subvertical  discrete  slipping  planes  with 
stepped  slickensides  (Figure  7e)  and  formed  under  N- S- 
directed  compression  (Figure  5).  F11  faults  affect  Upper 
Cretaceous  breccias  and  marls  at  Saldes  locality.  These 
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F I G U R E  7  Outcrop images showing the main features of fracture systems F5, F6, F7, F8, F10, F11 F12, F13, F14, F15 and F16. (a) 
Interpreted image of the damage zone of the main basal thrust of the Upper Pedraforca thrust sheet at the Pedraforca locality, where reverse 
faults F5 and strike- slip faults F6 cutting cemented hydraulic breccias and foliated fault zones (zoom) are shown. (b) F8 set cutting F7 vein 
set at Coll del Verdet. (c) N- S F8 fractures and associated cataclastic breccias affecting Middle Jurassic dolostones (Coll del Verdet locality). 
(d) F10 reverse fault emplacing Upper Cretaceous breccias of the Areny Formation over Upper Cretaceous dark marls of the Garumnian 
(Saldes locality). (e) F11 dextral strike- slip fault affecting Upper Cretaceous breccias (Saldes locality). The small image shows how these 
fractures are enlarged by dissolution. (f) Reverse faults F12 and strike- slip faults F13 cutting Lower Cretaceous breccias at Gósol locality. (g) 
F14 reverse faults and F16 N- S open fractures affecting Lower Cretaceous breccias (Gósol locality). The zoom shows the kinematic indicators 
of F14. (h) F15 veins within Upper Cretaceous conglomerates at Saldes locality 
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fractures are locally enlarged by dissolution where they af-
fect carbonates (Figure 7e).

Fracture  set  F12  consists  of  NE- SW  reverse  faults 
formed in the hangingwall of the Upper Pedraforca thrust 
sheet,  present  at  the  Gósol  locality.  They  are  discrete 
planes dipping between 50° and 85°, with kinematic indi-
cators that reveal NW- SE- directed compression (Figures 5 
and  7f).  Extensional  veins  developed  perpendicular  to 
fracture walls associated with F12.

F13  fractures  are  N- S  and  E- W- trending  strike- 
slip  faults  formed  in  the  hangingwall  of  the  Upper 
Pedraforca  thrust  sheet  (Figure 5). These  fractures are 
subvertical discrete  shear planes with stepped slicken-
sides,  with  calcite  cement  and  formed  under  NW- SE- 
oriented compression (Figure 7f). F13 structures affect 
Upper Jurassic dolostones and Lower Cretaceous brec-
cias at the Gósol locality.

Fracture  system  F14  is  characterized  by  E- W  and 
NE- SW  reverse  faults  that  dip  between  16°  and  60°  to 
the  north  and  northwest,  although  locally  also  show 
a  N- S  orientation  (Figures  5  and  7g).  They  consist  of 
discrete planes  that exhibit dip- slip striae sets,  stepped 
slickensides  and  calcite- cemented  cataclastic  breccias 
(Figure 7g). The estimated palaeostress field orientation 
reveals  NW- SE- directed  compression  (Figure  5).  F14 
structures have only been observed at the Gósol locality 
cutting F12 and F13.

F15  set  is  formed  by  NNW- SSE  and  NE- SW  con-
jugated  calcite  veins  that  dip  between  50°  and  90°  to-
wards the ENE and ESE (Figure 7h). These veins locally 
form en- échelon arrays, are part of the damage zone of 
a  major  fault  postdating  the  Upper  Pedraforca  frontal 
thrust at  the Saldes  locality  (Figure 3a), and developed 
as  a  consequence  of  an  NNE- SSW- directed  horizontal 
compression (Figure 5).

F16  set  consists  of  NNE- SSW  fractures  that  dip  be-
tween  60°  and  90°,  with  a  constant  orientation  re-
gardless  of  bed  dips  (Figure  5). These  fractures  appear 
cemented  by  calcite.  F16  fractures  affect  Jurassic  and 
Lower  Cretaceous  rocks  and  postdate  F14  at  the  Gósol 
locality (Figure 7g).

4.3 | Cement petrology and vein 
microstructures

The  integration  of  the  U- Pb  dates  in  Cruset,  Vergés, 
et al. (2020), with the fracture analysis, petrographic ob-
servations  and  geochemical  data  obtained  in  this  study 
from carbonate cements, allows the identification of three 
generations of dolomite cement (Dc1 to Dc3) and 16 gen-
erations of  calcite cement  (Cc1  to Cc16)  (Figure 5). The 
type  of  fracture  where  the  studied  cements  precipitated 

and  their  host- rock,  mineralogy,  texture,  luminescence 
and crosscutting relationships, are listed in Table 2.

Shear,  syntaxial and stretching veins have been  iden-
tified in the Upper Pedraforca thrust sheet, following the 
classification of Bons et al. (2012). Shear veins are present 
in reverse and strike- slip faults F5, F6, F10, F11, F12 and 
F13 (Figures 9g,h and 10c,d). In these veins, elongate spar-
ite crystals grow parallel  to vein walls and  that, at  some 
places,  laterally evolve to blocky crystals. Syntaxial veins 
occur in all types of fractures within the Upper Pedraforca 
unit, where the growth and the precipitation of blocky and 
bladed crystals occur from vein edges to the centre or from 
one edge to the other (e.g. Cc11 in Figure 8a,b). The same 
growth is present in moldic and vuggy porosities contain-
ing Dc1 and Dc3, Cc8, Cc11, Cc12 and Cc13. Stretching 
veins are very scarce and are present in F9 sets containing 
Cc6 (Figure 9c,d), although the same microstructure oc-
curs locally in extensional veins associated with F12 that 
contain Cc13 and at  the  tip of F1 en- échelon veins con-
taining Dc1.

4.4 | Geochemistry

4.4.1  |  Carbon and oxygen isotopes

The maximum, minimum and mean δ13C and δ18O com-
positions of 117 samples including carbonate host rocks, 
calcite and dolomite cements, and calcite sediment filling 
fractures,  between  interparticle  porosity  in  breccias  and 
vuggy porosity are summarized in Table 3. The complete 
δ13C and δ18O dataset is listed in Table S1A and plotted in 
Figure 11a. Due to its small size, Cc10 could not be sam-
pled. The comparison between the δ18O values of carbon-
ate cements and their host rocks is shown in Figure S2 of 
the supplementary material.

The  results  reveal  a  depletion  of  δ13C  from  +1.93  to 
−1.19‰  VPDB  and  δ18O  from  −2.54  to  −12.2‰  VPDB 
from Dc1 to Cc2 (Figure 11a). The same decreasing trend 
occurs  from  Cc3  to  Cc6  (from  +1.9  to  −2.4‰ VPDB  for 
δ13C  and  from  −2.3  to  −14.4‰  VPDB  for  δ18O).  Cc8  to 
Cc9 only show a decrease in δ18O (from −5.2 to −11.7‰). 
S1, Cc3 and Cc4, Cc8, Cc12 and Cc16  show δ18O values 
similar to that of their host rocks, whereas Cc5 and Cc6, 
Cc7, Cc9, Cc11, Cc13 and Cc14 have more depleted values 
(Figure S2).

4.4.2  |  Clumped isotope thermometry

Dolomite cements Dc1 and Dc2 and calcite   cements 
Cc4, Cc5, Cc8, Cc9, Cc11, Cc13 and Cc15 were  analysed 
for  clumped  isotope  thermometry  (Tables  4,  S2  and 
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Figure 11b). The measured temperature and δ18Ofluid 
of cement Dc1 are 149.4 ± 12.5°C and +11.2 ± 1.1‰ 
VSMOW,  respectively.  For  Dc2,  a  lower  tempera-
ture  of  124.7  ±  6.2°C  and  δ18Ofluid  of  +7.1  ±  0.7‰ 
VSMOW  are  obtained.  For  Cc4,  the  measured 

temperature  is  81  ±  21.7°C,  whereas  its  δ18Ofluid  is 
+6.6 ± 3‰ VSMOW. For Cc5, a similar temperature 
of  79.7  ±  12°C  is  measured,  whereas  the  δ18Ofluid  of 
+3.1 ± 1.7‰ VSMOW is lower than that of Cc4. For 
calcite  cement  Cc8,  the  calculated  temperature  and 

F I G U R E  8  Images from polarizing optical (PPL) and cathodoluminescence microscopy (CL) of calcite and dolomite cements. (a, b) 
Cement Dc1 crosscut by Cc10 and Cc11 in F1 set. (c, d) Cement Dc2 cut by Cc11 in F2 vein sets. (e, f) Cement Dc3 locally calcitized and 
filling bivalve moldic porosity. (g, h) Cement Cc1 cementing Lower Cretaceous breccias. (i, j) Cement Cc2 precipitated in F4 normal faults 
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δ18Ofluid are 100.78 ± 4.2°C and +9.4 ± 0.6‰ VSMOW, 
respectively.  For  Cc9,  the  calculated  temperature  is 
similar than that of Cc8 (101.4 ± 5.0°C), whereas its 
δ18Ofluid  is  more  depleted  (+3.9  ±  0.7‰  VSMOW). 

For  Cc11,  the  calculated  temperatures  and  δ18Ofluid 
range  between  23.3  ±  2.3°C  and  30.3  ±  13.6°C  and 
between −3.6 ± 2.7‰ and −4.84 ± 0.6‰ VSMOW, re-
spectively. For Cc13, the measured temperature and 

F I G U R E  9  Images from polarizing optical (PPL) and cathodoluminescence microscopy (CL) of calcite cements. (a, b) Cement Cc3 
replacing S1 red micrite within the intergranular porosity of the Upper Cretaceous breccias. (c, d) Cement Cc4 cement in hydraulic breccias 
within the main thrust fault of the Upper Pedraforca thrust sheet cut by Cc6 precipitated in the F9 set. (e, f) Cc5 cement in F7 veins cut by 
Cc7 precipitated in F8 veins. (g, h) Elongated sparite parallel to fracture walls of F11 strike- slip faults. (i, j) Reactivated F8 vein showing the 
crosscutting relationships between Cc5 and Cc9 
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δ18Ofluid are 52.2 ± 7.1°C and −3.6 ± 1.2‰ VSMOW, 
respectively.  Cc15  has  a  measured  temperature  and 
δ18Ofluid of 67.27 ± 4.8°C and −0.33 ± 0.8‰ VSMOW, 
respectively.

4.4.3  |  Strontium isotopes

The 87Sr/86Sr ratios of Jurassic and Cretaceous limestones, 
replacive dolostones Rd1 and Rd2, sediment S1, dolomite 

F I G U R E  1 0  Images from polarizing optical (PPL) and cathodoluminescence microscopy (CL) of calcite cements. (a, b) Vug porosity 
filled with Cc12 postdating Cc11. These cements are cut by cement Cc13 in a vein associated with F12 reverse faults. (c, d) Cement Cc13 
in F12 reverse fault cutting Cc11 in vug porosity. (e, f) Cement Cc11 cut by Cc14 precipitated in F14 reverse faults. (g, h) Cement Cc15 
precipitated in F15 veins. (i, j) Cement Cc16 in set F16 cutting cement Cc11 
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cements Dc1 and Dc2 and calcite cements Cc2, Cc3, Cc4, 
Cc5, Cc8, Cc9, Cc11, Cc13, Cc14 and Cc15 are presented 
in Tables 5 and S2 and in Figure 12.

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 sediment S1, this ratio ranges 
between  0.707526  and  0.708084  and  between  0.707747 
and 0.707951, respectively.

The  87Sr/86Sr  ratio  for  Dc1  is  0.707425,  whereas 
Dc2  has  higher  ratios  ranging  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, whereas a similar ratio 
of 0.707707 is obtained for Cc5. Slightly higher 87Sr/86Sr 
ratios have been measured in Cc8 (0.707829), Cc11 (be-
tween 0.707829 and 0.707919), Cc14 (0.707933) and Cc15 
(0.707751). The highest ratios have been obtained for Cc9 
(0.709747) and Cc13 (0.708855).

4.4.4  |  REE and Y composition

The REE and Y contents for Jurassic dolostones, Upper 
Cretaceous  limestones,  sediment  S1,  dolomite  cements 

T A B L E  3  Minimum, maximum and mean δ13C and δ18O values of the carbonate host rocks, dolomite and calcite cements and calcite 
sediment in the Upper Pedraforca thrust sheet

Description n
δ13C ‰ 
VPDBmin

δ13C ‰ 
VPDBmax

δ13C ‰ 
VPDBmean

δ18O ‰ 
VPDBmin

δ18O ‰ 
VPDBmax

δ18O ‰ 
VPDBmean

Lower Jurassic limestones 4 −0.2 0.8 0.22 −6.2 −4.4 −5.2

Rd1 9 −1.7 3 1.64 −3.3 0.6 −1.33

Rd2 2 0.1 1.7 0.91 −1.8 −1.7 −1.73

Upper Jurassic limestones 2 1.1 1.8 1.45 −3.6 −2.4 −2.97

Lower Cretaceous limestones 2 −1.7 1.4 −0.13 −3.6 −3.1 −3.37

Undifferentiated Cretaceous 
limestones

4 2.2 2.8 2.42 −6.1 −4.3 −5.04

Upper Cretaceous limestones 5 −2.2 1 −0.56 −8.6 −5.2 −6.62

Garumnian grey marls 1 −0.2 –  –  −5.6 –  – 

S1 2 1.5 1.6 1.57 −4.9 −4.2 −4.51

Rd3 1 −0.3 –  –  −6.9 –  – 

Ddol 2 −2.3 −0.9 −1.65 −7.4 −4.3 −5.83

Dc1 4 1.1 1.9 1.66 −4.8 −2.5 −3.96

Dc2 4 0.1 1.2 0.59 −6.9 −6.3 −6.65

Dc3 2 1.5 1.8 1.63 −8.9 −8.6 −8.77

Cc1 3 −1.2 −0.2 −0.78 −10.6 −8.1 −9.26

Cc2 3 −1 −0.6 −0.78 −12.2 −9.1 −11.25

Cc3 1 1.9 –  –  −2.3 –  – 

Cc4 2 −2.4 1.3 −1.85 −5.95 −5.85 −5.9

Cc5 9 −0.9 0.4 −0.43 −14.4 −8.5 −11.19

Cc6 1 −1.4 –  −1.48 −6.1 –  −8.84

Cc7 9 −5.9 −1.1 −2.84 −9.1 −5.5 −7.44

Cc8 6 −0.8 1.7 0.51 −7.5 −5.2 −6.49

Cc9 7 −1.1 1.9 0.51 −11.7 −8.2 −9.1

Cc11 14 −3.5 −0.1 −1.5 −7.7 −3.8 −6.6

Cc12 1 −1.3 –  –  −0.8 –  – 

Cc13 4 −0.7 0.9 0.1 −14.3 −9.6 −11.1

Cc14 3 −0.6 0.7 0 −6.6 −5.5 −5.97

Cc15 3 −6.2 −0.9 −4.29 −11.5 −9.2 −10.26

Cc16 7 −9.3 −2.2 −5.55 −8.2 −5.4 −6.81

Note: n represents the number of samples for each type of host rock, cement or sediment.
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Dc1  and  Dc2  and  calcite  cements  Cc3,  Cc5,  Cc8,  Cc9, 
Cc11, Cc13, Cc14 and Cc15 have been analysed. The re-
sults are listed in Table S3 and normalized values to the 
Post- Archean Australian Shale (PAAS) from McLennan 

(1989)  are  displayed  in  Figure  13a,b  and  in  Table  S4. 
Overall, the patterns for Dc1, Dc2, Rd1 and Rd2 are bell- 
shaped to almost  flat,  similar  to  the near- shore margin 
seawater reported by Deng et al. (2017) (Figure 13c). For 

F I G U R E  1 1  (a) 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 areas represent each locality. Symbols for each cement are the same than in Figures 12– 
14. Reference colours for each locality are the same than in Figures 3, 5, 12– 14. (b) Clumped isotope temperatures (°C) versus calculated 
δ18Ofluid (‰ VSMOW) for the Upper Pedraforca thrust sheet. Clumped isotope data from Nardini et al. (2019) from the Bóixols thrust sheet is 
also shown for comparison. δ18O in present- day seawater in ‰ VSMOW is from Veizer et al. (1999) 

T A B L E  4  δ13C, δ18O, Δ47 and δ18Ofluid values of the dolomite cements Dc1 and Dc2, and calcite cements Cc4, Cc5, Cc8, Cc9, Cc11, Cc13 
and Cc15 within the Upper Pedraforca thrust sheet

Sample Outcrop
Type of 
cement n

δ13C ‰ 
VPDB

δ18O ‰ 
VPDB Δ47 T °C

δ18Ofluid ‰ 
VSMOW

P24 GS Dc1 4 +1.8 −5.1 0.458 ± 0.014 149.4 ± 12.5 +11.2 ± 1.1

P32 GS Dc2 4 +1.2 −6.9 0.488 ± 0.008 124.7 ± 6.2 +7.1 ± 0.7

P4 P Cc4 1 −1.5 −5.6 0.556 81 ± 21.7 +6.6 ± 3.0

P2 P Cc5 3 −0.9 −8.6 0.558 ± 0.022 79.7 ± 12.0 +3.1 ± 1.7

P15 S Cc8 3 +0.7 −5.5 0.522 ± 0.007 100.78 ± 4.2 +9.4 ± 0.6

P6 CV Cc9 4 −1.2 −10.9 0.521 ± 0.008 101.4 ± 5.0 +3.9 ± 0.7

P7 CV Cc11 1 −0.8 −7.3 0.675 30.3 ± 13.6 −3.6 ± 2.7

P26 GS Cc11 4 −1.4 −6.8 0.702 ± 0.01 21.6 ± 3.0 −4.84 ± 0.6

P22 GS Cc13 3 −0.2 −11.6 0.617 ± 0.017 52.2 ± 7.1 −3.6 ± 1.2

P44 S Cc15 4 −6.3 −10.3 0.58 ± 0.009 67.27 ± 4.8 −0.33 ± 0.8

Note: n represents the number of analyses per sample.
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Rd1 the pattern shows positive Gd and Y anomalies. In 
contrast,  patterns  for  Rd2  are  almost  flat  (Figure  13a). 
For  Dc1,  this  pattern  shows  a  positive  Gd  anomaly, 
whereas  for  Dc2  there  is  a  slight  increase  in  Eu  and  Y 
anomalies.  For  S1,  Cc3  and  Cc15  the  REE+Y  patterns 
show  well- defined  negative  Ce  anomalies,  whereas  for 
Cc8,  Cc9,  Cc11  and  Cc14  do  not  occur.  Patterns  also 
reveal well- defined positive Eu anomalies  for Cc8, Cc9 
and one S1  sample. Finally, whereas  there are positive 
Y anomalies  for Upper Cretaceous  limestones, S1, Cc3, 
Cc8, Cc9, Cc11 and Cc15, this anomaly is absent for one 
sample of Cc11 and for Cc14 (Figure 13b).

The Pr/Pr* and Ce/Ce* ratios were calculated  follow-
ing the formulas of Bau and Dulski (1996) and Lawrence 
et al. (2006), respectively (Figure 10d,e; Table S5):

Calculations  show  positive  La  anomalies  and  an  ab-
sence of Ce anomalies for Rd1, Rd2 and Dc2, although one 

sample of Rd2 shows a positive Ce anomaly (Figure 13d). 
In contrast, for Dc1, a negative Ce anomaly is identified 
(Figure 13d). For Upper Cretaceous limestones, S1, Cc9, 
Cc14  and  Cc15,  positive  La  anomalies  are  identified, 
whereas Cc3, Cc8, Cc11 and Cc13 have negative Ce anom-
alies  (Figure 13e). Calculated Y/Ho ratios  (Table S5) do 
not show a clear trend from Rd1 to Rd2, with intermedi-
ate values between the composition of modern seawater 
and  terrigenous  sediments  (Figure  13f).  However,  from 
Cc3 to Cc15, there is a progressive decrease of this ratio, 
from  values  similar  to  modern  seawater  composition  to 
values similar to terrigenous sediments (Figure 13g).

5 |  DISCUSSION

5.1 | Timing of fracturing from 
extension to compression

Crosscutting relationships between fracture sets coupled 
with  U- Pb  ages  of  calcite  cements  from  Cruset,  Vergés, 
et al. (2020) allow the definition of the complete sequence 
of deformation within the Upper Pedraforca thrust sheet 
(Figure  14).  At  the  Gósol  syncline  (Figure  3),  the  en- 
échelon  veins  F1,  filled  with  Dc1,  are  perpendicular  to 
bedding and restricted to the top of the Upper Jurassic Rd1 
dolostones, indicating that they formed prior to the early 
folding of the Jurassic rocks. Fracture system F1 is sub- 
orthogonal to the axis of the Gósol syncline (Figure 14), 
whereas  the strike of F3  fractures  is parallel  to  the axis 
of this fold. Jurassic rocks hosting these fractures are un-
conformably overlain by Lower Cretaceous sedimentary 
breccias,  which  are  composed  of  fragments  of  Jurassic 
limestones and dolostones including reworked fragments 
of F1 veins filled with Dc1 and F3 veins filled with Dc2 
(Figure  6b).  This  indicates  that  F1  and  F3  veins,  and 
consequently F2 veins, formed before Lower Cretaceous 
sedimentary  breccia  deposition.  Furthermore,  after  re-
storing  the  Gósol  syncline  to  an  orientation  prior  to 
the  Pyrenean  compression,  F1  and  F3  exclusively  con-
centrate  in  the  vicinity  of  the  overturned  SE  limb.  The 
array of these fractures fits well with those documented 
in  diapiric  provinces  worldwide  (Coleman  et  al.,  2018; 
Fischer et al., 2013; Smith et al., 2012), where  fractures 
perpendicular  and  subparallel  to  salt  walls  are  concen-
trated in the vicinity of salt welds. Therefore, F1 and F3 
veins  are  interpreted  to  have  formed  along  the  walls  of 
diapirs.  Within  this  diapiric  setting,  at  the  Gósol  local-
ity, Lower Cretaceous breccias with metre- scale blocks of 
Jurassic limestones and dolostones could reflect the col-
lapse of carbonate platforms during rise of active diapirs. 
This agrees with Saura et al. (2016), who interpreted that 
the north Pyrenean margin of Iberia, including the Upper 

Pr∕Pr ∗ =
[Pr]SN

(

0.5∗ [Ce]SN
)2

+ 0.5 ∗ [Nd]SN

Ce∕Ce ∗ =
[Ce]SN

(

[Pr]SN
)2

∕[Nd]SN

T A B L E  5  Minimum and maximum 87Sr/86Sr ratios of the 
carbonate host rocks and dolomite and calcite cements precipitated 
in the Upper Pedraforca thrust sheet

Description n 87Sr/86Srmin
87Sr/86Srmax

Rd1 1 0.707816 – 

Rd2 2 0.707366 0.707604

Lower Jurassic 
limestones

1 0.708301 – 

Upper Jurassic 
limestones

1 0.707343 – 

Upper Cretaceous 
limestones

3 0.707526 0.708084

S1 3 0.707747 0.707951

Dc1 1 0.707425 – 

Dc2 2 0.708262 0.708354

Cc2 1 0.707857 – 

Cc3 1 0.707720 – 

Cc4 2 0.707563 0.707778

Cc5 1 0.707707 – 

Cc8 1 0.707829 – 

Cc9 1 0.709747 – 

Cc11 2 0.707829 0.707919

Cc13 1 0.708855 – 

Cc14 1 0.707933 – 

Cc15 1 0.707751 – 

Note: n represents the number of analyses per sample.
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Pedraforca  thrust  sheet,  acted  as  a  salt- related  margin, 
initiated during the Jurassic, which continued during the 
Early  Cretaceous  (also  see  Vergés  &  Garcia- Senz,  2001; 
García- Senz,  2002).  Normal  faults  F4,  containing  Cc2, 
crosscut the aforementioned Lower Cretaceous breccias. 
These faults seem to only be associated with these brec-
cias and therefore, we interpret that they formed during 
the Early Cretaceous.

Cc4 precipitated in hydraulic breccias within the dam-
age zone of the Upper Pedraforca basal thrust and Cc5 in 
F5, F6, F7 and F8 yielded four U- Pb ages from 70.6 ± 0.9 
(early Maastrichtian) to 55.3 ± 0.5 Ma (earliest Ypresian; 
Figure  14).  These  latest  Cretaceous- earliest  Paleocene 
ages indicate that F4 to F8 fractures formed during the em-
placement of  the Upper Pedraforca thrust sheet (Cruset, 
Vergés,  et  al.,  2020;  Puigdefàbregas  &  Souquet,  1986; 
Vergés  et  al.,  2002).  After  their  formation,  the  hydraulic 
breccias were cut by F9 veins, filled with Cc6.

Cements Cc7 to Cc11, Cc13 and Cc15 have measured 
U- Pb dates ranging  from 47 ± 10.5  (earliest Lutetian)  to 
34.9 ± 16.5 Ma (Priabonian)  (Figure 14). The U- Pb ages 
of  these  cements,  and  their  crosscutting  relationships, 

indicate that fractures F9 to F15 grew, and F1 and F8 were 
reactivated coevally, with the emplacement of the Lower 
Pedraforca and Cadí thrust sheets from the early Eocene to 
the latest Oligocene (Burbank, Puigdefàbregas, et al., 1992; 
Burbank, Vergés, et al., 1992; Cruset, Vergés, et al., 2020; 
Grool et al., 2018; Vergés et al., 2002; Figure 14). During 
this period, the Upper Pedraforca thrust sheet was folded 
and carried out above the younger Lower Pedraforca and 
Cadí thrust sheets. Finally, F16 cutting F14 has a constant 
orientation  regardless  of  bedding  dips,  probably  indicat-
ing their growth during post- emplacement deformation.

5.2 | Fluid flow evolution linked to salt- 
related extension and inversion tectonics

The  integration  of  fracture,  petrographic,  geochemical 
and  geochronological  data  from  the  Upper  Pedraforca 
thrust  sheet allows  the  identification of  four major  fluid 
flow events, correlated with four stages of its tectonic his-
tory: (1) Late Jurassic pre- extension; (2) Early Cretaceous 
salt- related  extension;  (3)  Late  Cretaceous- Palaeocene 

F I G U R E  1 2  87Sr/86Sr composition of dolomite and calcite cements, and carbonate host rocks from the Upper Pedraforca thrust sheet. 
The ages for each type of cement are based on relative crosscutting relationships between fracture sets, host rocks and cements dated in 
Cruset, Vergés, et al. (2020). The LOWESS curve from McArthur et al. (2001) is also plotted. Symbols for each cement are the same than in 
Figures 11, 13 and 14. Reference colours for each locality are the same than in Figures 3, 5, 11, 13 and 14 
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F I G U R E  1 3  (a, b) PAAS- normalized REE+Y distribution patterns of carbonate host rocks and calcite and dolomite cements. (c) PAAS- 
normalized REE patterns of Pacific Ocean seawater from Deng et al. (2017). (d, e) PAAS- normalized Ce/Ce* versus 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) modified 
by Webb and Kamber (2000) is used. (f, g) Y/Ho ratios of carbonate host rocks and calcite and dolomite cements. Y/Ho limits for modern 
seawater and terrigenous sediments are based on Bau and Dulski (1994) and Zhao et al. (2013). Symbols for each cement are the same than 
in Figures 11, 12, and 14 
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thrust  sheet  emplacement;  and  (4)  Eocene- Oligocene 
post- emplacement deformation (Figure 15).

5.2.1  |  Late Jurassic pre- extension

Replacive  dolostones  Rd1  are  older  than  sedimen-
tary  breccias  that  were  deposited  during  the  Early 
Cretaceous. This reveals a Late Jurassic dolomitization 
event (Figure 15a) that is in agreement with the study of 
Arnal et al. (2002), who proposed that large volumes of 
limestones were dolomitized in the Southern Pyrenees 
at  the  end  of  the  Jurassic.  The  δ13C  and  δ18O  of  Rd1 
fall  within  the  range  of  Jurassic- Cretaceous  marine 
carbonates (Veizer et al., 1999) (Figure 11a). Likewise, 
its positive Gd and Y anomalies also  reflect  the  influ-
ence  of  seawater  (Figure  10a;  Tostevin  et  al.,  2016). 
However, the 87Sr/86Sr ratio of Rd1, much higher than 

that of Late Jurassic seawater (Figure 9), could indicate 
a significant influence of siliciclastic sediment (e.g. de-
trital  phyllosilicates  and  feldspars),  also  reflected  by 
the  absence  of  negative  cerium  anomalies  and  by  the 
Y/Ho ratios (Tostevin et al., 2016) (Figure 13c,e). The 
REE+Y  pattern  of  Rd1,  similar  to  that  of  near- shore 
margin  seawaters  (Deng  et  al.,  2017),  suggests  dolo-
mitization in a coastal setting with terrigenous inputs. 
Furthermore,  the  absence  of  marked  Eu  anomalies 
for  Rd1  (Figure  10a)  suggests  that  this  replacive  do-
lomite  grew  from  fluids  at  low  temperatures  (Bau  & 
Dulski, 1996; Tostevin et al.,  2016). Therefore, we  in-
terpret  that  replacive  dolomite  Rd1  could  result  from 
the migration of Mg- enriched seawater that interacted 
with siliciclastic sediments in a shallow burial environ-
ment. The source of magnesium could be the underly-
ing  Toarcian  marine  marls  and/or  the  Upper  Triassic 
evaporites (Figure 2).

F I G U R E  1 4  Summary of the tectonic, fracture and diagenetic events during the evolution of the Upper Pedraforca thrust sheet. The 
sequence of cement precipitation is constrained with U- Pb ages from Cruset, Vergés, et al. (2020). Symbols for each U- Pb age are the same 
than cements in Figures 11– 13. Reference colours for each locality are the same than in Figures 3, 5, 11– 13. The correlation between fracture 
and diagenetic events with the timing of SE Pyrenean thrust sheets emplacement is based on the results of Cruset, Vergés, et al. (2020). The 
timing in the Early Cretaceous diapirism is based on Saura et al. (2015) 
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5.2.2  |  Early Cretaceous salt- 
related extension

During Early Cretaceous diapirism, high- temperature for-
mation waters migrated  through fractures F1, F2 and F3 
(Figure 15b,c), as attested by the clumped isotope temper-
atures  in  dolomite  cements  (149.4  ±  12.5°C  for  Dc1  and 
124.7 ± 6.2°C for Dc2) and δ18Ofluid (+11.2 ± 1.1‰ VSMOW 
for Dc1 and +7.1 ± 0.7‰ VSMOW for Dc2; Figure 11b). 
For Dc1, the high δ18Ofluid, temperature and 87Sr/86Sr ratio 
of 0.707816 could indicate that this dolomite precipitated 
from evolved Early Cretaceous seawater heated at depth, 
as  also  evidenced  by  its  Gd  positive  anomaly  and  nega-
tive Ce anomaly (Bau & Dulski, 1996; Lécuyer et al., 2004; 
Tostevin  et  al.,  2016;  Figures  9  and  10a,c).  Alternatively, 
the high δ18Ofluid of Dc1 is also compatible with saline flu-
ids  derived  from  Upper  Triassic  evaporites,  which  could 
have mixed with Early Cretaceous seawater. This potential 
mixing between evaporitic brines and seawater has been 
identified  in  fracture- filling  cements  from  the  Northern 
Pyrenees,  where  Upper  Triassic  evaporites  were  in-
volved in salt- related extension (Cathelineau et al., 2021). 
This  tectonic  and  fluid- flow  scenario  could  fit  with  that 
of  the  Upper  Pedraforca  thrust  sheet  during  the  Early 
Cretaceous. For Dc2, the absence of negative Ce anomalies 
indicates  the  presence  of  reducing  fluids  (Lécuyer  et  al., 
2004; Tostevin et al., 2016), whereas the high 87Sr/86Sr ra-
tios, from 0.708262 to 0.708354, measured in this cement 
are interpreted as the input of formation waters that previ-
ously interacted with highly radiogenic rocks. A potential 
source for these fluids could be underlying pre- salt rocks 
(e.g.  crystalline  basement  rocks  or  its  sedimentary  cover 
constituted by the Early Triassic Buntsandstein siliciclas-
tics), which were probably in contact with Pyrenean post- 
salt carbonate successions during development of primary 
welds (Figure 15c). Similar patterns of fluid migration have 
also been documented in other extensional settings of the 
Alpine domain. As an example, in the Chaînons Béarnais 
of  the  northwestern  Pyrenees,  primary  welding  favoured 
the ascent of basement- derived fluids to post- salt carbon-
ate rocks (Motte et al., 2021). Similarly,  the development 
of extensional detachments in the Err Nappe of the Swiss 
Alps  favoured  brecciation  of  carbonate  units  directly  in 
contact with crystalline basement rocks, which facilitated 
the upward migration of high- temperature fluids with high 
87Sr/86Sr ratios (Incerpi et al., 2017).

At the Gósol locality, the Lower Cretaceous sedimen-
tary  breccias,  cemented  by  Cc1,  are  characterized  by 
depleted δ18O values between −10.6 and −7.9‰ VPDB, 
which can be attributed to precipitation from both high- 
temperature  formation  waters  or  low- temperature  me-
teoric  fluids  (e.g.  Cerling  &  Quade,  1993;  Emery,  1987; 
Lacroix et al., 2018; Veizer & Hoefs, 1976). Subsequently, 

calcite Cc2 precipitated  in F4 normal  faults  cutting  the 
breccias.  This  cement  presents  depleted  δ18O  values 
between  −12.26  and  −9.20‰  VPDB,  which  can  be  at-
tributed  to:  (1)  fluids  with  temperatures  higher  than 
those  of  Cc1;  or  (2)  the  mixing  between  the  fluid  from 
which  Cc1  precipitated  and  a  more  δ18O- depleted  one 
(Cruset et al., 2018; Emery, 1987; Hausegger et al., 2010; 
Immenhauser  et  al.,  2007). The  high  87Sr/86Sr  ratios  of 
Cc2  indicate  that  fluids  probably  interacted  with  silici-
clastic sediments within the Lower Cretaceous breccias, 
which  were  unconformably  overlain  by  thick  Lower 
Cretaceous carbonate platforms during the same period 
(Figures 2 and 3a).

At the bottom of the Lower Cretaceous carbonate plat-
forms, 30 cm- thick tabular limestones were replaced by do-
lomite Rd2  (Figure 15d), with δ13C and δ18O values  close 
to the composition of Jurassic- Cretaceous marine carbon-
ates (Veizer et al., 1999) (Figure 11a). The 87Sr/86Sr ratio of 
Rd2 is also within the range of Early Cretaceous seawater 
(Figure 12), although the absence of negative cerium anom-
alies and the Y/Ho ratios also accounts for the influence of 
siliciclastic  sediments  (Tostevin  et  al.,  2016). The  absence 
of positive Eu anomalies in Rd2 suggests that this dolomite 
precipitated  from  fluids  with  a  low  temperature  (Bau  & 
Dulski, 1996; Tostevin et al., 2016). Therefore, like Rd1, the 
origin of Rd2 might also be related to low- temperature Mg- 
rich  seawater  that  interacted  with  siliciclastic  sediments. 
The origin of Rd2 dolomite is thus different from that of the 
rift- related replacive dolostones from the Chaînons Béarnais 
in the North Pyrenean Zone, which could be the product of 
the migration of deep and hot Mg- rich fluids through frac-
tures during Early Cretaceous rifting, according to Salardon 
et al. (2017) and Motte et al. (2021).

5.2.3  |  Late Cretaceous- Palaeocene thrust 
sheet emplacement

Syn- tectonic sedimentary breccias, coevally with the inter-
particle  micrite  sediment  S1,  were  deposited  at  the  front 
of  the  Upper  Pedraforca  thrust  sheet  (Figure  15e).  The 
depleted  δ18O  values  of  sediment  S1  with  respect  to  Late 
Cretaceous marine carbonates could  indicate  that S1 was 
probably  sourced  from  limestones  affected  by  burial  di-
agenesis (Emery, 1987) (Figure 11a). The absence of nega-
tive Ce anomalies for S1, its low Y/Ho ratios and its high 
87Sr/86Sr ratios can be interpreted as the influence of silici-
clastic sediments (Figures 12 and 13d), whereas the positive 
Y anomaly possibly reflects the influence of seawater. The 
δ13C and δ18O, 87Sr/86Sr, Y positive anomaly and Y/Ho ratio 
of Cc3 indicate that the replacement of S1 by this cement 
was due to circulation of seawater or fluids interacting with 
marine carbonates (Figures 11a, 12 and 13).
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Cements Cc4 to Cc6 precipitated within hydraulic brec-
cias and in fractures F5 to F9 within the basal thrust fault 
zone and the internal part of the Upper Pedraforca thrust 
sheet (Pedraforca and Coll del Verdet localities). Clumped 
isotope thermometry applied to Cc4 and Cc5 yielded δ18O-
fluid  values of +6.6 ± 3‰ and +3.1 ± 1.7‰ VSMOW, re-
spectively, and temperatures of around 80°C (Figure 11b), 
indicating that these cements precipitated from formation 
waters (Taylor, 1987). The 87Sr/86Sr ratios of Cc4 and Cc5 
reveal both Upper Triassic and Late Cretaceous seawater 
signatures  (between  0.707563  and  0.707778)  (Figure  12), 
possibly  indicating  that  these  cements  precipitated  from: 
(1) evolved seawater, (2) remobilized fluids from the Upper 
Triassic evaporites interacting with Late Cretaceous carbon-
ates or (3) a combination of both possibilities. A seawater 
influence has been demonstrated in the western equivalent 
unit, the Bóixols thrust sheet (Nardini et al., 2019), where 
lower δ18Ofluid values of +0.6 to +1.6‰ VSMOW have been 
calculated in cements precipitated within strike- slip faults 
cutting the Bóixols anticline (Figure 11b). However, the ce-
ments studied by the previous authors are not equivalent 
with those of this study. Additionally, the strike- slip faults 
in the Bóixols anticline crosscut its forelimb and footwall, 
whereas  Cc4  and  Cc5  cements  in  the  Upper  Pedraforca 
thrust sheet precipitated in fractures along its basal thrust, 
which  is detached  in Upper Triassic evaporites. Different 
studies along the Pyrenees have suggested that  fluids de-
rived  from  Upper  Triassic  evaporites  that  acted  as  main 
thrust sheet detachments during the Alpine compression 
were  probably  remobilized  (e.g.  Cathelineau  et  al.,  2021; 
Crognier et al., 2018; Cruset, Cantarero, et al., 2020). This 
scenario  is  compatible  with  the  high  δ18Ofluid  values  of 
Cc4  and  Cc5  precipitated  in  the  Upper  Pedraforca  basal 
thrust. The decrease of these values from Cc4 to Cc5 could 
be attributed  to  the  input of meteoric  fluids  into  the sys-
tem, as has been already reported in other areas in the SE 
Pyrenees.  These  areas  include  the  Vallfogona  thrust  car-
rying the Cadí  thrust sheet  (Cruset et al., 2018),  the Jaca 
thrust in the southwestern Pyrenees (Lacroix et al., 2014), 
the Puig- reig anticline in the foreland Ebro basin (Cruset 
et al., 2016) and possibly in the Cotiella thrust in the Aínsa 
basin (Travé et al., 1997). This scenario is supported by the 
fossilization of the Upper Pedraforca thrust sheet by Late 
Cretaceous  to  Palaeocene  non- marine  syn- orogenic  red 
beds  (Figure 3),  indicating  its  frontal emersion and  facil-
itating  the  percolation  of  meteoric  waters  (Figure  15e). 
After  Cc4  calcite  precipitation,  during  development  of 
F9, Cc6 precipitated with a δ18O of −6.1‰ VPDB, a value 
slightly depleted with respect to the Mesozoic marine car-
bonates  (Veizer  et  al.,  1999;  Figure  11a).  These  depleted 
values suggest precipitation from hotter fluids or from low- 
temperature meteoric waters. In both cases,  the δ13C val-
ues of Cc6 between −1.42 and −1.10‰ VPDB, suggest the 

influence of seawater or the interaction of the fluid from 
which  this  cement  precipitated  with  marine  carbonates 
(Figure 11a).

Burial depths can be estimated from the temperatures 
of 81 ± 21.7 and 79.7 ± 12.0°C measured for Cc4 and Cc5 
in  the  Upper  Pedraforca  thrust  sheet,  considering  the 
likely geothermal gradients during the Late Cretaceous to 
Palaeocene compression.  In  the  southern Pyrenees, geo-
thermal  gradients  between  25  and  35°C/km  have  been 
estimated  for  the Alpine compression period using  ther-
mochronology  modelling  of  granodiorite  samples  from 
the Axial Zone as well as vitrinite reflectance and Raman 
spectroscopy applied to carbonaceous materials in Eocene 
turbidites (Labaume et al., 2016; Metcalf et al., 2009). These 
values  are  similar  to  slightly  higher  than  the  25°C/km 
typical of foreland basins and the present- day 22.6°C/km 
in the detached southern Pyrenees (Allen & Allen, 2013; 
Fernàndez  et  al.,  1998).  Considering  these  gradients  as 
constant during the whole Pyrenean compression, and the 
temperatures of around 80°C measured  in Cc4 and Cc5, 
burial depths between 3.2 and 2.3 km are thus estimated. 
These depths are within the range of ca. 2.5 km estimated 
for  the  thickness  of  the  Upper  Pedraforca  thrust  sheet, 
according to the cross- sections of García- Senz (2002) and 
could indicate that fluid temperatures in this thrust sheet 
were likely reached by burial.

5.2.4  |  Eocene- Oligocene post- emplacement 
deformation

Post- emplacement  deformation  within  the  Upper 
Pedraforca thrust sheet was characterized by a highly het-
erogeneous fluid system, with different types of fluids mi-
grating  through  fractures  at  different  structural  positions 
(Figure 15f). The δ18Ofluid of Cc8 and Cc9 in the basal thrust 
fault zone (Saldes locality) follows the same decreasing trend 
than Cc4 and Cc5 during the Late Cretaceous- Palaeocene 
emplacement (103.3 ± 5.5°C and +9.8 ± 0.8‰ VSMOW for 
Cc8 and 101.4 ± 5°C and +3.9 ± 0.7‰ VSMOW for Cc9) 
(Figure 11a,b). These δ18O values and temperatures record 
again  the migration of  formation waters, which probably 
interacted with Upper Triassic evaporites, and that progres-
sively mixed with meteoric fluids. This similarity suggests 
that during both periods,  the same type of  fluid migrated 
through the same area with a difference of tens of millions 
of years (70.6 ± 0.9 to 55.3 ± 0.5 Ma for Cc4 and Cc5 and 
38.2 ± 1.4 Ma, to 25.7 ± 1.9 Ma for Cc8 and Cc9). The posi-
tive Y anomalies for Cc8 and Cc9 also suggest the influence 
of marine fluids or the interaction of formation waters with 
marine host- rocks.

Different  types  of  fluids  (from  which  Cc7  and  Cc10  to 
Cc16 precipitated) migrated in the internal part, at shallower 
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positions and at the footwall of the Upper Pedraforca thrust 
sheet, in contrast with the homogeneous fluid system that 
characterizes the basal thrust fault zone (Cc8 and Cc9). Cc11 

cementing  Sinemurian- derived  breccias  and  centimetre- 
size vugs within Rd1 dolostones in Coll del Verdet and Gósol 
localities, as well as calcite cement Cc13 precipitated in F12 

F I G U R E  1 5  Fluid flow evolution in the Upper Pedraforca thrust sheet from the Late Jurassic to the Oligocene
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and F13 fractures, have clumped isotopes temperatures be-
tween 23.3 ± 2.3°C and 52.2 ± 7.1°C and δ18Ofluid values be-
tween −4.5 ± 0.5‰ and −3.6 ± 2.7‰ VSMOW, respectively, 
indicating precipitation from low- temperature meteoric wa-
ters. Likewise, calcitized dolomite present at the Gósol and 
Coll del Verdet localities (Ddol) also indicates alteration of 
dolomite by these fluids. The δ13C and δ18O compositions of 
Cc7, Cc12 and Cc16 from −9.39 to −1.08‰ VPDB for δ13C 
and from −9.17 to −5.47‰ VPDB for δ18O (Figure 11), are 
similar to carbonates with meteoric signature, according to 
the measurements of Veizer and Hoefs (1976). Furthermore, 
the low δ13C values of these cements also could indicate the 
input of soil- derived CO2 (Cerling & Quade, 1993; Jolivet & 
Boulvais, 2021). The increasing meteoric influence in calcite 
cements Cc7, Cc11, Cc12, Cc13, Cc16 and Ddol, with respect 
to those precipitated during the Late Cretaceous- Palaeocene 
thrust  emplacement,  could  be  related  to  the  progressive 
exhumation  of  the  Pyrenees  from  the  Late  Eocene  to  the 
Oligocene due to the emplacement of the Cadí thrust sheet 
and the end of marine conditions in the southern Pyrenees 
at 36 Ma (Costa et al., 2010; Serra- Kiel, Mató, et al., 2003; 
Serra- Kiel, Travé, et al., 2003). This exhumation  is also at-
tested by the progressive decrease of the Y/Ho ratios from 
Cc8 to Cc15 (from 52.87 to 38.31; Figure 13), accounting for 
an  increasing  influence of siliciclastic sediments  (Tostevin 
et al., 2016). Erosion of the Pyrenean Axial Zone during the 
Late  Eocene- Oligocene  could  be  the  potential  source  for 
these sediments, which buried the adjacent south Pyrenean 
thrust sheets (Beamud et al., 2003; Fillon et al., 2013). This 
additional burial could be responsible for the slight increase 
of fluid temperatures measured in Cc8 and Cc9 during the 
Eocene- Oligocene  (ca.  100°C)  with  respect  to  that  in  Cc4 
and Cc5 during the Late Cretaceous- Palaeocene (ca. 80°C). 
The high 87Sr/86Sr ratios between 0.708855 and 0.709747 of 
Cc9 and Cc13 support the increasing influence of siliciclas-
tic sediments derived from igneous and metamorphic rocks 
of  the  Pyrenean  Axial  Zone,  which  have  ratios  between 
0.708653 and 0.754132 (Banks et al., 1991; Bickle et al., 1988; 
McCaig et al., 1995; Muñoz- López, Alías, et al., 2020). On 
the  other  hand,  the  87Sr/86Sr  ratios  of  cements  Cc8,  Cc11 
and  Cc14  (0.707829  to  0.707933)  fall  within  the  range  of 
Early  Jurassic  and  Late  Cretaceous  seawater  (0.707077  to 
0.707833), indicating high interaction of the meteoric waters 
with host marine carbonates (Figure 12).

Below the Upper Pedraforca basal thrust, the measured 
clumped isotope temperature of Cc15 precipitated in F15 
at  the Saldes  locality  is 68.8 ± 4.4°C and  the δ18Ofluid of 
−0.1 ± 0.7‰ VSMOW. These values suggest precipitation 
from  marine  fluids  or  evolved  meteoric  waters,  as  attest 
the low δ13C values between −6.2 and −4.29‰ VPDB of 
Cc15. The 87Sr/86Sr ratio (0.707751) and positive Y anom-
aly of this cement could also indicate the influence of Late 
Cretaceous marine seawater trapped within host sediment 

pores or interaction of fluids with Late Cretaceous marine 
host rocks (Figures 12 and 13).

Finally, Rd3 dolomite exhibits saddle textures, indicating 
temperatures of precipitation between 60 and >250°C (Gregg 
& Sibley, 1984; Motte et al., 2021; Sibley & Gregg, 1987; Sijing 
et al., 2014). This dolomite replaces carbonate breccias made 
of  fragments  of  Sinemurian  limestones  and  cement  Cc11 
with U- Pb ages from 37.1 ± 0.7 Ma to 34.4 ± 0.9 Ma at the 
vicinity of  the Coll del Verdet, which has been interpreted 
as a secondary weld zone by Saura et al. (2016). The relative 
age and the saddle texture of Rd3 indicate that this dolomite 
could have formed from hot Mg- rich fluids migrating along 
diapir  walls  during  the  Eocene  compression  (Figure  15f). 
Considering  that  marine  conditions  in  the  Pyrenean  fore-
land basin ended around 36 Ma (Costa et al., 2010; Serra- 
Kiel, Mató, et al., 2003; Serra- Kiel, Travé, et al., 2003),  the 
influence  of  marine  fluids  during  precipitation  of  Rd3  is 
ruled out. An alternative hypothesis is the upward migration 
of dolomitizing fluids along the diapir walls (e.g. Masoumi 
et al., 2014; Moragas et al., 2020; Smith et al., 2012), which 
could  result  from  their  expulsion  due  to  compaction  of 
deep  Toarcian  and/or  Keuper  marls  during  shortening 
(Figure 15f). The  limited volume of host  rock  replaced by 
Rd3 agrees with a sediment compaction mechanism for do-
lomitizing fluid expulsion (Bitzer et al., 2001; Gomez- Rivas, 
Corbella,  et  al.,  2014;  Machel,  2004;  Warren,  2000).  The 
influence of meteoric waters and the absence of Rd3 away 
from the diapir walls indicate that the Coll el Verdet second-
ary weld acted as the preferential conduit for dolomitizing 
fluids. This behaviour has also been documented in other di-
apiric areas worldwide, such as the La Popa basin in Mexico 
(Smith et al., 2012) and the High Atlas in Morocco (Moragas 
et al., 2020).

5.3 | Fluids and mineralization in 
diapiric domains

The studies of Saura et al.  (2016), López- Mir et al.  (2015), 
Hudec et al. (2021) and Burrel and Teixell (2021) described 
the  influence  of  salt- related  diapirism  on  the  southern 
Pyrenees  structure.  The  diapiric  structure  of  the  Pyrenees 
presents some similarities with that of other areas such as the 
Basque- Cantabrian Zone  (Perona et al., 2018),  the Central 
High Atlas in Morocco (Mouttaqi et al., 2011), the Tunisia 
Salt  Diapir  Province  (Bouhlel  et  al.,  2016;  Sheppard  et  al., 
1996) and the Hormuzgan Province of Iran (Hassanlouei & 
Rajabzadeh, 2019), among others. In these diapiric domains, 
replacive dolomite, cap rocks and veins all host Zn- Pb min-
eralization related to the migration of hot brines that inter-
acted with organic matter.

The  palaeofluid  evolution  of  the  Upper  Pedraforca 
thrust sheet, which is well- constrained by geochronological 
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and  geochemical  analytical  methods,  provides  insights 
into  the  spatial  and  temporal  distribution  of  mineral-
ization  and  supergene  processes  along  similar  inverted 
salt- related structures that could be targets for mining ex-
ploration. As an example, meteoric percolation occurred 
in the Upper Pedraforca thrust sheet in vug porosity, be-
tween  breccia  clasts,  in  calcitized  dolostones  as  well  as 
along  fracture sets  that newly  formed during  the Alpine 
compression (Figure 15e,f). This spatial and temporal dis-
tribution  of  fluids  suggests  that  the  increasing  meteoric 
influence  during  the  rise  of  diapiric  structures  in  areas 
with similar settings as those of the Upper Pedraforca may 
enhance  ore  weathering  and  the  development  of  super-
gene deposits (e.g. Hassanlouei & Rajabzadeh, 2019). This 
scenario is documented in Zn- Pb mineralization hosted in 
diapirs in northern Tunisia and the Hormuzgan province 
in  the  Zagros,  where  supergene  deposits  formed  due  to 
weathering of salt bodies during the Alpine compression 
(Garnit et al., 2018; Hassanlouei & Rajabzadeh, 2019). In 
contrast, in the Murguía diapir in the Basque- Cantabrian 
Basin (Ábalos et al., 2003; Stackelberg, 1960), supergene 
mineralization  was  not  identified  (Perona  et  al.,  2018). 
According  to  these authors, Zn- Pb mineralization  in  the 
Murguía diapir formed before the Campanian stage, prob-
ably  before  the  Pyrenean  compression  in  this  particular 
diapiric structure.

The development of fracture set F2 cutting the basal part 
of Jurassic successions of the Upper Pedraforca thrust sheet 
facilitated the upward migration of hot fluids that interacted 
with pre- salt rocks with high 87Sr/86Sr ratios (Buntsandstein 
siliciclastics and/or the Palaeozoic basement). The transfer-
ence of fluids from crystalline pre- salt rocks to shallower po-
sitions in similar settings could create the ideal conditions for 
ore accumulations in post- salt carbonates, as is the case of the 
brecciated detachment zones  in  the Carboniferous carbon-
ates of the Windsor Group in the Maritimes basin of Canada 
(Lynch et al., 1998). The relationship between fluid flow and 
brecciation  of  carbonate  rocks  in  contact  with  crystalline 
basement  rocks may open new strategies of exploration  in 
outcropping areas such as the extensional detachments of the 
Swiss Alps, where fluids derived from the Palaeozoic base-
ment also migrated to brecciated Upper Triassic and Lower 
Jurassic carbonates (Incerpi et al., 2017). The Schwarzwald 
mining district in southwest Germany also contains key ex-
amples  of  Jurassic  unconformity- related  hydrothermal  ore 
deposits,  involving  hot  basement- derived  brine  circulation, 
fracturing and brecciation (e.g. Bons et al., 2014).

6 |  CONCLUSIONS

The  complex  paleohydrological  history  of  the  Upper 
Pedraforca thrust sheet in the SE Pyrenees has here been 

unravelled  from the combined study of  fracture orienta-
tions, and petrographic, geochemical and geochronologi-
cal analyses, leading to the following conclusions:

1.  Mg- rich  low- temperature  seawater  caused  the  dolo-
mitization  of  thick  Jurassic  and  Lower  Cretaceous 
carbonate  units  at  shallow  burial  conditions  during 
Late Jurassic and Early Cretaceous extensional events.

2.  During the Early Cretaceous salt- related extension, for-
mation  waters,  which  were  probably  seawater  mixed 
with  brines  that  were  derived  from  Upper  Triassic 
evaporites,  migrated  through  fractures  related  to  dia-
piric growth. These fluids had temperatures of around 
150°C and a 87Sr/86Sr ratio of 0.707425.

3.  Fractures formed in the Jurassic rocks, due to primary 
salt welding, facilitated the migration of formation flu-
ids at temperatures of 125°C that interacted with pre- 
salt rocks with high 87Sr/86Sr ratios between 0.708262 
and 0.708354 (Buntsandstein siliciclastics or crystalline 
basement rocks).

4.  Normal  faults,  cutting  sedimentary  breccias  related 
to  the  collapse  of  carbonate  platforms  during  diapir 
growth, acted as conduits for hot fluids.

5.  Formation  waters  at  ca.  80°C  migrated  through  the 
whole  Upper  Pedraforca  thrust  sheet  during  the  Late 
Cretaceous  to  Palaeocene  thrust  sheet  emplacement, 
although local inputs of meteoric fluids also occurred. 
The  geochemical  composition  of  fracture- filling  ce-
ments could indicate that fluids interacted with Upper 
Triassic evaporites or evolved Late Cretaceous seawater 
with 87Sr/86Sr ratios between 0.707563 and 0.707778.

6.  Along  the  basal  thrust  fault  zone,  the  fluid  regime 
during  the  Eocene  to  Oligocene  post- emplacement 
deformation  was  similar  to  that  during  the  Late 
Cretaceous- Palaeocene  emplacement,  with  formation 
waters at temperatures of ca. 100°C and δ18Ofluid values 
between +3.9 and +9.8‰ VSMOW.

7.  In  the  Upper  Pedraforca  unit,  the  influence  of  both 
low- temperature meteoric  fluids and siliciclastic sedi-
ments derived from the Axial Zone covering the thrust 
sheet  increased  with  respect  to  the  Late  Cretaceous- 
Palaeocene,  recording  the  exhumation  of  the  SE 
Pyrenees. This is reflected by the light δ18Ofluid values 
between −4.5 and −3.6‰ VSMOW, the high 87Sr/86Sr 
ratios between 0.708855 and 0.709747 and decreasing 
Y/Ho  ratios  from  52.87  to  38.31  measured  in  calcite 
vein fillings.

8.  Secondary weld zones acted as preferential conduits for 
ascending  hot  Mg- rich  fluids  that  partly  dolomitized 
carbonates, whereas below the Upper Pedraforca basal 
thrust, Late Cretaceous seawater  trapped within sedi-
ment pores, or evolved meteoric waters at ca. 70°C, mi-
grated through fractures.
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9.  The  comparison  between  the  fluid  evolution  in  the 
salt- related  Upper  Pedraforca  thrust  sheet  and  other 
diapiric areas hosting ore deposits suggests that mete-
oric  percolation  typically  facilitates  the  development 
of supergene deposits during compressional tectonics. 
Additionally, fracturing of post- salt carbonate rocks in 
primary weld zones and evaporite detachments facili-
tates the transfer of basement- derived fluids from which 
ore mineralization could accumulate in fractures.
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