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ARTICLE INFO ABSTRACT

Keywords: This study integrates field structural data, petrographic and geochemical (5'80, §'3C, A4y, 87Sr/%Sr, and
Fluid flow elemental composition) analyses and U-Pb dating of calcite veins cutting the Bdixols-Sant Corneli anticline
Fr*;CFureS ) (Southern Pyrenees) in order to date and to investigate the spatio-temporal relationships between fluid flow and
Sa;];tz;’;?; fold evolution. This E-W trending anticline grew from Late Cretaceous to Paleocene at the front of the Béixols

Béixols-sant corneli anticline thrust sheet deforming pre-growth and growth sedimentary sequences. U-Pb dating reveals Late Cretaceous to

Béixols thrust sheet late Miocene deformation ages, which agree with the age of growth strata deposition and the sequence of

Southern pyrenees deformation interpreted from field and microstructural data. Dates coeval (71.2 + 6.4 to 56.9 & 1.4 Ma) and
postdating (55.5 + 1.2 to 27.4 + 0.9 Ma) Upper Cretaceous to Paleocene growth strata are interpreted to record:
(i) the growth of the Béixols-Sant Corneli anticline during the Bdixols thrust emplacement, and (ii) the tightening
of the anticline during the southern tectonic transport of the South-Central Pyrenean Unit. Other ages (20.8 +
1.2 t0 9.0 + 4.6 Ma) postdate the folding event and have been associated with the collapse of the Béixols-Sant
Corneli anticline. The geochemistry of calcite veins indicates that the fluid flow behavior varied across the
Boixols-Sant Corneli anticline through its growth, showing a compartmentalized fluid system. In the hinge of the
anticline and in the upper Santonian to middle Campanian syn-orogenic sequence along the footwall of the
Boixols thrust, the similar petrographic and geochemical features between all calcite cements and host rocks
point towards a locally-derived or well-equilibrated fluid system. Contrarily, along large faults such as the
Bdixols thrust, and in the anticline limbs, the geochemistry of vein cements indicates a different scenario. Ce-
ments in large faults yielded the lightest 5'80 values, from —8 to —14 %0VPDB, and variable enrichment in 5'3C,
87Sr/863r, elemental composition and 6180ﬂujd. This is interpreted as the migration of fluids, through fault zones,
that evolved from distinct fluid origins. Cements in the fold limbs exhibit 5'80 and 8'°C between —8 and —6 %o
VPDB and between —10 and + 2 %oVPDB, respectively, the lowest Sr contents and the lowest precipitation
temperatures, suggesting that the anticline limbs recorded the infiltration and evolution of meteoric waters. The
paleohydrological system in the Bdixols-Sant Corneli anticline was restricted to the Boixols thrust sheet. The
Upper Triassic evaporitic basal detachment likely acted as a lower fluid barrier, preventing the input of fluids
from deeper parts of the Pyrenean crustal thrust system. This study provides a well-constrained absolute timing
of fracturing and fluid flow during basin inversion and folding evolution and highlights the suitability of U-Pb
geochronology to refine the age of fractures and veins and their sequential evolution in orogenic belts.
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1. Introduction

Folds are important deformation features that occur in compres-
sional belts worldwide (Brandes and Tanner, 2014; Mitra, 1990; Vergés,
1993). Such structures have largely been a target for oil and gas
exploration (Mitra, 1990), and in depleted oil fields, they depict
important analogues for the assessment of CO5 storage potential (Mitiku
and Bauer, 2013). Geological storage of CO, (GSC) requires an appro-
priate reservoir placed at a suitable depth to guarantee efficiency
(Alcalde et al., 2014; Bachu, 2000; Sun et al., 2020). However, the
presence of fold-related fractures, which have a critical impact on the
distribution of the reservoir quality, is not always easy to characterize at
depth because they are usually below the resolution of standard
geophysical techniques (Brandes and Tanner, 2014; Casini et al., 2011;
Gutmanis et al., 2018). Therefore, the orientation, extent and the
implication of such fracture systems for reservoir potential in the sub-
surface can only be predicted by using geological models and outcrop
analogues (Brandes and Tanner, 2014; Sun et al., 2021; Tavani et al.,
2015). Additionally, the formation of fold-related fractures strongly
controls the origin, evolution and distribution of fluids that migrate
during folding (Cosgrove, 2015; Evans and Fischer, 2012; Lefticariu
et al., 2005). The appraisal of the fold-fracture relationships in natural
field analogues is crucial: (i) to predict the orientation of fracture net-
works (fluid pathways) in areas where outcrops are absent (Bergbauer
and Pollard, 2004); and, (ii) to identify the main factors controlling
fluid-rock interactions in orogenic systems (Beaudoin et al., 2020; Callot
et al., 2013; Ferket et al., 2006; Labeur et al., 2021; Roure et al., 2005;
Swennen et al., 2000; Trave et al., 2007; Vilasi et al., 2009). Beyond this,
understanding the fluid flow and deformation relationships has become
of renewed interest in applied fields mainly related to climate change
mitigation (Carbon Capture and Storage, CCS) and in the transition to a
net zero emissions energy (exploration of natural hydrogen or
geothermal anomalies, among many others) (Benedicto et al., 2021;
Cooper, 2007; Macgregor, 1996; Sun et al., 2020).

Due to the economic importance of understanding the folding,
fracturing and fluid flow relationships, several studies have reported the
fluid system associated with the evolution of anticlines in the Pyrenees
(Beaudoin et al., 2015; Cruset et al., 2016; Martinez Casas et al., 2019;
Nardini et al., 2019; Sun et al., 2022; Travé et al., 2007) and in other
worldwide compressional settings (Barbier et al., 2012; Beaudoin et al.,
2011, 2020; Evans et al., 2012; Fischer et al., 2009; Lefticariu et al.,
2005). However, these studies have mainly focused on the
fracture-controlled paleohydrological evolution through time or in fluid
flow associated with specific domains of the fold (Cruset et al., 2016).
Thereby, the spatial variation in the fluid flow behavior and the extent of
fluid-rock interaction at the different structural position of a fold have
been much less documented (FEvans and Fischer, 2012).

In this contribution, we report the absolute timing of deformation
together with the spatio-temporal variation of the fold-fluid system and
the main factors controlling the fluid origin and distribution in different
structural positions of a large-scale fold, using the Boixols-Sant Corneli
anticline in the Southern Pyrenees as an example. This anticline displays
excellent exposures of pre- and syn-orogenic strata involving carbonate
and clastic sedimentary units (Mencos, 2010; Munoz, 2017; Simo,
1986). This fact, together with the presence of well data and seismic
reflection profiling has allowed previous studies to characterize the fold
geometry and the fold-related fracture systems (Mencos, 2010; Mencos
et al., 2011; Munoz, 2017; Nardini et al., 2019; Shackleton et al., 2011;
Tavani et al., 2011; Verges, 1993). However, in this anticline, the
fold-related fractures are controlled by the orientation of inherited
extensional faults, resulting in asymmetric fracture networks that are
neither parallel nor perpendicular to the fold axial trend (Tavani et al.,
2011). Consequently, due to the asymmetrical orientation of the frac-
tures and the absence of crosscutting relationships between most of
these sets, the timing of deformation has not been entirely constrained.
Hence, the main objectives of this contribution are: 1) to appraise the
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absolute timing of fracturing and the age and duration of fold evolution
in an anticline that exhibits well-preserved growth strata that allows us
to corroborate the coherence of the geochronological data; 2) to quali-
tatively evaluate the extent of fluid-rock interaction in fractures; 3) to
decipher the origin, distribution and variation of fluids across the
Boixols-Sant Corneli anticline; and 4) to compare our results with those
reported in similar compressional settings. In order to address these
objectives, we provide field structural data, together with petrographic,
geochemical (6180, 613C, 87Sr/%Sr, A47 and elemental composition) and
geochronological (U-Pb ages) analyses of vein cements developed
within pre- and syn-folding strata. This robust dataset has been
completed with already published data from specific structures of the
Boixols-Sant Corneli anticline (Labrana de Miguel, 2004; Munoz-Lopez
etal., 2020b; Nardini et al., 2019). Beyond the regional conclusions, our
study provides a well-constrained absolute timing of deformation in an
anticline that preserves pre-, syn- and post-folding fractures that do not
exhibit a symmetrical orientation with respect to the fold axis, which
have important implications for the interpretation of fold-fracture sys-
tems. Within this well-constrained structural setting, our study provides
new constraints on the duration of fold evolution and further documents
the variations and implications of the fluid flow behavior across the
anticline during the entire folding event.

2. Geological setting

The Pyrenees consist of an asymmetrical and doubly verging
orogenic wedge that resulted from the Alpine collision between the
Iberian and European plates from Late Cretaceous to Miocene, causing
the inversion of previous Mesozoic rift basins and subsequent growth of
the orogenic belt (Choukroune, 1989; Grool et al., 2018; Mouthereau
et al., 2014; Munoz, 1992; Tugend et al., 2014; Vergés et al., 2002). The
Pyrenean structure comprises an antiformal stack of basement-involved
thrust sheets from the Axial Zone flanked by two oppositely verging
fold-and-thrust belts and their related foreland basins (Fig. 1a and b)
(Munoz, 1992; Séguret and Daignieres, 1986). The southern
fold-and-thrust belt includes a piggy-back imbrication of
Mesozoic-Cenozoic cover thrust sheets that have been detached from the
Paleozoic basement along Upper Triassic evaporites (Roure et al., 1989;
Séguret and Daignieres, 1986). In the South-Central Pyrenees, these
cover thrust sheets are, from north and older to south and younger, the
Béixols thrust sheet, active from the Late Cretaceous to Paleocene, the
Montsec thrust sheet emplaced during the Paleocene to late Ypresian,
and the Serres Marginals thrust sheet emplaced from Lutetian to
Oligocene times (Roure et al., 1989; Vergés and Munoz, 1990). The
Boixols thrust sheet results from the tectonic inversion of the Organya
Basin and its tectonic transport to the south. Its front corresponds to an
intricate thrust fault zone of more than 40 km in length that from east to
west forms the Nargd, Bdixols and Sant Corneli thrust segments, inter-
preted as a fault-propagation by Bond and McClay (1995), while growth
anticlines formed in its hangingwall: Roca Narieda, Nargd, Béixols and
Sant Corneli (Berastegui et al., 1990). This study focuses on the west-
ernmost section of these growth folds that corresponds to the
Boixols-Sant Corneli anticline (Fig. 2a and b).

The complete stratigraphic record involved in the Béixols-Sant Cor-
neli anticline includes Upper Triassic to Upper Cretaceous pre-orogenic
rocks and Upper Cretaceous to Paleocene syn-orogenic units (Berastegui
etal., 1990; Mencos et al., 2015; Simo, 1986) (Fig. 2¢). The pre-orogenic
sequence includes up to 5 km of pre-rift, syn-rift and post-rift (pre--
orogenic) rocks located in the hanging wall of the Boéixols thrust. The
pre-rift sequence, which is up to a few thousand meters thick (Lanaja,
1987; Mencos et al., 2011), crops out discontinuously in the study area
and includes Upper Triassic shales and evaporites, which constitutes the
main detachment level in the Pyrenees, and Jurassic dolomitic lime-
stones and dolostones. The Lower Cretaceous syn-rift sequence exten-
sively crops out in the hinge of the anticline. This sequence ranges from a
few meters to more than 4000 m thick, and includes an intercalation of
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basinal marls, marly limestones and limestones (i.e., the Llu¢a Forma-
tion), which lower part abruptly evolves to platform limestones (the
Setcomelles Member) (Berastegui et al., 1990; Garcia-Senz, 2002).

The upper Cenomanian to lower Santonian post-rift (pre-orogenic)
sequence is around 800 m thick and mainly consists of carbonate rocks

3:!0
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divided in five sedimentary formations, which in the study area are
known as the Santa Fe, the Reguard, the Congost, the Collada Gass6 and
the Sant Corneli Formations (Gallemi Paulet et al., 1982; Mencos, 2010;
Simo, 1986).

The syn-orogenic sequence is well-exposed in the footwall of the
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Boixols thrust and includes more than 1000 m of upper Santonian to
Paleocene sedimentary rocks exhibiting growth geometries. These syn-
orogenic rocks, which have been dated using biostratigraphy
(Gomez-Garrido, 1987; Mencos, 2010; Mercedez, 2005; Simd, 1986),
comprise three shallowing upward sequences grading from turbidites
and marls into shallow marine, fluvial and continental deposits (Mencos,
2010; Mey et al., 1968). These three sequences belong to the Vallcarga
Formation and to the Areny and the Tremp Groups. The Vallcarga For-
mation (upper Santonian to middle Campanian) mainly consists of
hemipelagic marls. The middle part of this formation consists of a
slope-toe chaotic unit (i.e., the Puimanyons Member) developed due to
the destabilization of the carbonate platform and characterized by
growth faulting and olistostrome resulting from basin margin collapse
during the growth of the Béixols-Sant Corneli (Bond and McClay, 1995;
Simo6, 1986). The Areny Group (late Campanian to Maastrichtian)
deposited during the Béixols thrust activity and related Béixols-Sant
Corneli anticline growth (Bond and McClay, 1995; Mencos et al., 2011;
Robert et al., 2018). This sequence mainly consists of shallow marine to
coastal deposits. Finally, the Maastrichtian to Paleocene Tremp Group (i.
e., Garumnian facies) includes alluvial, fluvial, lacustrine and carbonate
deposits.

The structure of the Béixols thrust sheet is composite, formed by the
large Santa Fe syncline and the two linked and south-verging anticlines
of Béixols and Sant Corneli (the Béixols-Sant Corneli anticline) (Fig. 2a

O
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and b). The surficial expression of the Béixols-Sant Corneli anticline
crops out along more than 40 km showing a well-defined geometry in its
central-western segment that is characterized by a gently dipping
(around 40°) northern backlimb and a subvertical to overturned
southern forelimb.

During the inversion of the Béixols thrust and growth of the Béixols-
Sant Corneli anticline along its front, shortening direction has been
determined as NNW-SSE (Tavani et al., 2011). This orientation, which is
not perpendicular but slightly oblique to E-W trending inverted normal
fault, strongly conditioned the orientation of fractures developed during
the evolution of this frontal anticline (Shackleton et al., 2011; Tavani
et al., 2011).

The Béixols thrust along the forelimb of the Béixols-Sant Corneli
anticline is well preserved, near the villages of Béixols and Abella de la
Conca (Fig. 2). Contrarily, around the Coll de Nargo locality, the B6ixols
thrust is blind and sealed by syn-orogenic deposits and the southern limb
of the Boéixols anticline is cut by decametric to kilometric subvertical
strike-slip faults (e.g., Nardini et al., 2019) (Fig. 2). The northern limb of
the Béixols-Sant Corneli anticline is cut by well-preserved large normal
faults displacing Upper Cretaceous carbonate sequences in Montagut
and Sant Joan localities. All these fractures record a significant part of
the structural and fluid flow histories of the Boéixols thrust sheet, which
preserves both pre- and syn-orogenic deformation.
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Fig. 2. (a) Simplified geological map (Mencos, 2010; Tavani et al., 2011) and (b) cross-section (Vergés, 1993) of the Bdixols-Sant Corneli anticline showing the
studied localities. (c) Chronostratigraphic diagram displaying the main stratigraphic sequences found around the Bodixols-Sant Corneli anticline and their associated
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3. Methodology

This study integrates field, petrographic, geochemical, and
geochronological analyses of vein cements and related host rocks from
10 representative localities (Figs. 3 and 4). The field data comprise
bedding and fracture dips and dip directions and their crosscutting re-
lationships and kinematics. Such data are plotted in equal-area lower-
hemisphere stereoplots to define different fracture systems. Restoration
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of these fracture systems with respect to the adjacent bedding and
estimation of the associated stress orientations have been carried out
using Win-Tensor software (Delvaux and Sperner, 2003). For analysis of
fault kinematics, this software considers the improved Right Dihedron
method (Angelier, 1984), which is an inversion technique that under
basic assumptions and limitations (Lacombe, 2012), allowed us to
calculate paleostress orientations and stress ratios for the different
striated faults present in the study area.

Fig. 3. Field images showing the main features of Montagut and Sant Joan localities. (a) and (b) Montagut locality showing NNW-SSE tilted extensional faults
affecting the Upper Cretaceous sequence in the backlimb of the Béixols-Sant Corneli anticline. (c) In the same Montagut locality, some fault surfaces exhibit
crosscutting relationships between striae sets that indicate either oblique-slip or strike-slip kinematics. (d) Sant Joan locality showing the main NNE-SSW extensional
faults also affecting the Upper Cretaceous sequence in the backlimb. Red circles indicate sample location. (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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Abella de la Conca locality (ABC)
Upper

mcw

ella de la Conca

Bonxols thrust at Abeﬂa
dela Conca

Bénxols thrust at
Setcomelles

Fig. 4. Field images showing the main features of Abella de la Conca, Forat de Bédixols, Setcomelles and Sant Antoni localities. (a) and (b) the Béixols thrust in the
Abella de la Conca and Forat de Béixols localities, respectively, offsetting the steeply dipping Upper Cretaceous sequence located in the forelimb of the Bo6ixols-Sant
Corneli anticline. (c¢) The main Béixols thrust in the Setcomelles locality juxtaposing Jurassic dolomitized limestones in its hanging wall with Upper Cretaceous
limestones in its footwall. (d) Fault surface showing crosscutting relationships of superimposed striae sets, where a normal displacement is postdated by a later strike-
slip movement. This fault affects the base of the syn-orogenic sequence located in the footwall of the Béixols thrust sheet. Red circles indicate sample location. (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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Up to 185 samples of the involved host rocks and all vein cement
generations filling the recognized fractures systems have been selected
for petrographic, geochemical and geochronological analyses. Around
135 polished thin sections of these samples have been analyzed for
petrographic descriptions with a Zeiss Axiophot microscope and a cold
cathodoluminescence (CL) microscope operating at 15-18 kV and 350
HA current.

Geochemical analyses have been applied to vein cements and host
rocks in order to determine the origin, distribution and temperature of
the vein-forming fluids as well as the extent of fluid-rock interaction.
These geochemical data consist of (i) stable isotope analysis of 150
representative samples, (ii) the elemental composition of 69 samples,
(iii) the 8Sr/%Sr ratios of 43 samples, (iii) clumped isotope thermom-
etry of 21 samples, the results of which were converted to temperatures
by applying the calibration method of (Kluge et al., 2015). Calculated
Slsoﬂuid values are expressed in per mill (%o) with respect to the Vienna
Standard Mean Ocean Water (VSMOW). This study also includes U-Pb
dates obtained with a laser ablation-inductively coupled plasma mass
spectrometer (LA-ICPMS) at FIERCE (Frankfurt Isotope and Element
Research Center, Goethe University). Details on the different methods
and procedures can be found in the supplementary material.

4. Results
4.1. Studied localities

The studied localities record the deformation history and fluid flow
events that occurred in the Béixols-Sant Corneli anticline (Figs. 3 and 4).
Therefore, ten sampling localities were selected as representative of the
different fracture networks as well as the involved host rocks already
described in the geological setting. The main characteristics of these
localities are described below.

The Béixols locality (B) is located in the Boixols village, next to the
axial surface of the anticline. In this locality, the contact between the
Lower Cretaceous limestones and marls from the syn-rift sequence and
the Jurassic dolomitic limestones from the pre-rift succession has been
interpreted as the preserved upper part of the main E-W Early Creta-
ceous extensional fault (e.g., Berastegui et al., 1990; Tavani et al., 2011).

The Cal Mestre locality (CM) is located 0.5 km to the northeast of the
Béixols village, in the hinge of the Béixols anticline. In this area, the
Lower Cretaceous limestones and marls from the syn-rift sequence are
broadly exposed exhibiting a minimum thickness of 2500 m according to
well data (Lanaja, 1987).

The Montagut (MGT) and the Sant Joan (SJ) localities are in the
northern limb of the anticline, affecting Upper Cretaceous limestones
from the post-rift (pre-orogenic) sequence. The structure of the Mon-
tagut locality consists of relatively well exposed systems of normal,
oblique-slip and strike-slip faults with a lateral continuity of several
kilometers (Fig. 3a—c) (i.e., the Montagut fault system). The structure of
the Sant Joan locality includes two conjugate sets of strike-slip faults and
a different set of normal faults. The latest set is referred in this study as
the Sant Joan fault system (Fig. 3c).

The remaining localities are located along the frontal region of the
Béixols thrust sheet and include fractures that cut pre-orogenic deposi-
tional units from the southern limb of the Béixols-Sant Corneli anticline
and syn-orogenic units deposited in the footwall of the Bé6ixols thrust
sheet. The Bdixols thrust has been studied in Abella de la Conca (ABC),
Forat de Boixols (FB) and Setcomelles (SET) localities (Fig. 4a—c). In
Abella de la Conca and Forat de Béixols localities, the E-W trending and
north-dipping Béixols thrust offsets subvertical post-rift Upper Creta-
ceous limestones along the southern limb of the Béixols-Sant Corneli
anticline. The Abella de la Conca locality also includes a reduced Upper
Cretaceous syn-orogenic sequence. The Forat de Béixols locality, located
2 km southwest of the Bdixols village, preserves a good exposure that
allowed to study the evolution of fractures across the Béixols thrust zone
in a previous paper (Munoz-Lopez et al., 2020b) (Fig. 4b). In the
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Setcomelles locality, between Boixols and Sallent villages, the B6ixols
thrust is interpreted as a footwall shortcut of the previous Lower
Cretaceous Organya fault. In this area, Jurassic dolomitized limestones
juxtapose against Upper Cretaceous limestones (Garcia-Senz, 2002)
(Fig. 4c). The Sant Antoni (SA), Orcau (OC) and Coll de Nargé (CN)
localities are aligned along the footwall of the B6ixols thrust, involving
Upper Cretaceous to Paleocene syn-orogenic sequences showing growth
strata patterns (Bond and McClay, 1995; Garrido-Megias et al., 1972;
Mencos et al., 2011; Tavani et al., 2017; Vergés and Munoz, 1990). The
Sant Antoni locality, next to the Sant Antoni dam, comprises the lowest
part of the syn-orogenic sequence integrated in the Vallcarga Fm.
(Fig. 4d). The Orcau locality, next to the Orcau village, constitutes the
middle part of the syn-orogenic unit integrated in the Areny Group.
Finally, the Coll de Nargé locality, near the Coll the Nargé village, in-
volves the upper part of the syn-orogenic sequence integrated within the
Garumnian facies from the Tremp Group. In this area, the Béixols thrust
is buried and the syn-orogenic deposits are deposited in angular un-
conformity on the front of the anticline and are affected by conjugated
systems of veins and strike-slip faults (i.e., the Coll de Nargé faults)
(Nardini et al., 2019).

4.2. Petrographic description of host rocks

In this section, we summarize the main petrographic features of the
studied host rocks. The syn-rift Lower Cretaceous Lluca Formation,
made up of mudstones with isolated sponge spicules and agglutinated
foraminifera (Fig. 5a), features a dark brown to non-luminescence
(Fig. 5b). The lower part of the Llu¢a Fm (the Setcomelles Member) is
formed of wackestones, locally packstones, made up of corals, red algae
(Agardhiellopsis cretacea), echinoderms, bryozoans and foraminifera. The
moldic porosity is filled with micrite sediment with a geopetal distri-
bution, which indicates vadose environment, and the remanent intra-
particle porosity is filled by calcite cement (Fig. 5¢). The micrite matrix
exhibits a brown to dark orange luminescence, whereas the intraparticle
micrite sediment shows an orange luminescence and the cement has a
non-to bright yellow zonation (Fig. 5d).

The Upper Cretaceous post-rift (pre-orogenic) sequence includes five
sedimentary formations, which are known as the Santa Fe, the Reguard,
the Congost, the Collada Gass6 and the Sant Corneli Formations. The
Santa Fe Fm., including wackestones, locally packstones with calci-
spheres and planktonic foraminifera, exhibits a very dark orange lumi-
nescence. The Reguard Fm. consists of mudstones, locally wackestones,
made up of foraminifera (mainly miliolids) and showing a dark brown
luminescence. The Congost Fm. is made up of packstones, locally
grainstones formed of bivalves, foraminifera, echinoderms, corals,
bryozoans and partially to totally micritized components (i.e., peloids)
(Fig. 5e). The micritic matrix and the inter- and intraparticle blocky
calcite cement are dark brown to non-luminescent (Fig. 5f). The Collada
Gassé Fm. is formed of grainstones made up of gastropods, bivalves,
echinoids, corals, bryozoans, miliolids, peloids, and locally quartz
grains. The inter- and intraparticle porosity is cemented by blocky
calcite cement, which exhibits a bright yellow luminescence, whereas
the skeletal components display a dull to bright brown luminescence.
The Sant Corneli Fm. is divided in two members (the Montagut Mb and
the Aramunt Vell Mb). The Montagut Mb. consists of peloidal wacke-
stones to packstones with abundant presence of rudists, miliolids, corals,
equinoderms and local quartz detrital components. Under cath-
odoluminescence, these packstones exhibit a dark to bright brown color.
The Aramunt Vell Mb. consists of bioclatic grainstones with variable
quartz content and abundant presence of miliolids, bryozoans, equi-
noderms and bivalves. The interparticle calcite cement is blocky and
displays a dark orange luminescence.

The Upper Cretaceous to Paleocene syn-orogenic successions include
the Vallcarga Formation, the Areny Group and the Tremp Group (Gar-
umnian facies). The Vallcarga Formation consist of mudstones that are
brown to non-luminescent (Fig. 5g-h). The Areny Group, in the study
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localities, is composed of grainstones made up of peloids, local bryo-
zoans and miliolids, and upward increasing detrital quartz content. The
interparticle blocky calcite cement is bright yellow luminescent. The
Tremp Group (i.e., Garumnian facies) is constituted of fluvial-alluvial
and lacustrine detrital and carbonate rocks. Detrital units include ver-
sicolored clays with abundant Microcodium, fine-grained sandstones
and polymictic conglomerates. Carbonate units include red nodular
mudstones, grey wackestones with charophytes and oncolytic
packstones.
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Fig. 5. Paired optical and CL microphotographs
showing the main petrographic characteristics of the
studied host rocks. (a) and (b) Mudstones from the
Lower Cretaceous Lluca Fm. with an isolated agglu-
tinated foraminifera [f] and featuring a dark brown
luminescence. (c) and (d) Wackestones to packstones
from the Lower Cretaceous Setcomelles Mb made up
of corals [c], red algae [a], presence of micritic
sediment filling moldic porosity with a geopetal dis-
tribution and calcite cement [Cc] filling the rest of the
intraparticle porosity. The micritic matrix has a
brown to dark orange luminescence, the intraparticle
micrite sediment has an orange luminescent and the
intraparticle cement is zonated, varying from a non-
luminescence to bright yellow. (e) and (f). Pack-
stones to grainstones from the Upper Cretaceous
Congost Fm. with abundant presence of foraminifera
[fl and peloids [p] and displaying a non-
luminescence. (g) and (h) Mudstones from the Vall-
carga Fm. featuring a brown luminescence. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

4.3. Fracture analysis

The folded sequence within the Béixols-Sant Corneli anticline is
affected by several fracture sets that include the main reverse, strike slip
and normal faults affecting the anticline (the Boéixols thrust, the Mon-
tagut fault system and the Sant Joan fault system) and the background
deformation (centimetric to metric fractures). We use the term “frac-
ture” or “joint” to include fractures that show no evidence of shear, and
we use the term “fault” to exclusively include shear fractures (Bons et al.,
2012). The main fracture and fault characteristics (type, orientation,
kinematics, and crosscutting relationships) and their distribution within
the anticline are described below.
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Thrust faults are important deformation features affecting the frontal
part of the Bdixols-Sant Corneli anticline (in the Setcomelles, Forat de
Boixols and Abella de la Conca localities). Thrusts are E-W trending and
south verging reverse faults dipping between 15° to 30° towards the
north. These faults include the main Béixols thrust that has been asso-
ciated with the growth of the Boixols-Sant Corneli anticline. Although
most of the Boixols fault trace has been buried by syn-orogenic deposits,
its frontal ramp crops out between Bdixols and Sallent villages (Setco-
melles locality) juxtaposing Jurassic rocks of the hanging wall with
Upper Cretaceous carbonates of the footwall. In this locality, the Boixols
thrust zone is around 15-m-thick and contains a 2-m-thick fault core
characterized by a dark grey to greenish fine-grained foliated gouge
featuring well-developed S-C structures that indicate top-to-the S and
SSE reverse kinematics.

In the Forat the Bodixols and in Abella de la Conca localities, the
Boixols thrust displaces, and postdate, the vertical to overturned
southern forelimb of the Béixols-Sant Corneli anticline generating well-
exposed fault zones. These fault zones consist of up to 7 m thick light
grey and fine-grained foliated gouges characterized by well-developed
S-C structures forming sigmoidal lenses or imbricated lithons, which
are bounded by pressure-solution seams or stylolites striking WSW-ENE.
The orientation of these stylolites suggests an NNW-SSE shortening di-
rection, and the presence of striation surfaces on the main slip planes
together with the S-C structures also indicate reverse kinematics to-
wards the S-SE. The damage zones, surrounding these fault cores, are
characterized by different sets of systematically and randomly-oriented
calcite veins exhibiting an increase in vein density from the protolith
towards the fault core, as described in Munoz-Lopez et al. (2020b).

Additionally, strike slip faults are also important deformation fea-
tures that have been observed in most of the studied localities affecting
the different structural and stratigraphic positions of the Béixols-Sant
Corneli anticline. In the Montagut and Cal Mestre localities, WNW-ESE
right-lateral strike slip faults cut pre-orogenic units. These faults
developed during the strike-slip reactivation of earlier extensional faults
due to their favorable orientation with respect to N-S to NNW-SSE
shortening direction as evidenced by the presence of slickenlines and
striae sets showing crosscutting relationships (Martinez Martinez Casas
et al., 2019; Nardini et al., 2019; Tavani et al., 2011). In other localities,
N-S to NW-SE and less abundant NE-SW strike slip faults are mainly
subvertical, regardless of the bedding dips, and show displacements
from a few centimeters up to several meters. Deformation associated
with these faults is either localized on discrete polished slip surfaces or
accommodated along an up to 1-m-thick fault cores formed of brittle
incohesive fault rocks. Sub-horizontal slickenlines present on the slip
planes indicate pure strike-slip, and locally oblique-slip, kinematics.
These faults affect pre-orogenic units in the backlimb (Montagut and
Sant Joan localities) and the hinge (Cal Mestre locality) of the
Béixols-Sant Corneli anticline and syn-orogenic units (Sant Antoni and
Coll de Nargo6 localities).

Normal faults widely occur in the Bdixols-Sant Corneli anticline. In
the pre- and syn-rift sequence (B6ixols and Cal Mestre localities), normal
faults strike WNW-ESE to NW-SE and dip 40° to 70° towards the NE and
SW. These faults include the Organya fault, preserved next to the axial
surface of the anticline juxtaposing Jurassic pre-rift and Lower Creta-
ceous syn-rift sequences, and meter-scale normal faults that only affect
the Lower Cretaceous (syn-rift) Lluca Formation. In the backlimb of the
Bodixols-Sant Corneli anticline, normal faults have been observed around
the Montagut and the Sant Joan fault systems (Montagut and Sant Joan
localities, respectively) cutting the Upper Cretaceous pre-orogenic
sequence. In the Montagut locality, metric to decametric NNW-SSE
extensional faults dip 50° to 80° either towards the SW or NE. Defor-
mation associated with these faults is mainly localized in discrete slip
planes exhibiting subvertical striae sets or in centimetric fault cores
constituted of grey to reddish calcite-cemented breccias. In the San Joan
locality, metric to decametric NNE-SSW to NE-SW extensional faults dip
around 60° towards the NW and SE. These faults present subvertical
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striae sets indicating dip-slip kinematics and have also been observed in
the Santa Fe syncline (i.e., in the north of the Bdixols-Sant Corneli
anticline). Finally, WNW-ESE extensional faults dipping between 40°
and 80° towards the NE and SW have been locally observed in the syn-
orogenic succession in the Sant Antoni locality and locally in the syn-
orogenic sequence from the Abella de la Conca locality.

Bed-parallel slip surfaces are commonly developed between well-
bedded layers of marls and marly limestones in the syn-rift sequence
(Cal Mestre locality) and the base of the syn-orogenic sequence (Sant
Antoni and Abella de la Conca localities) of the Bdixols-Sant Corneli
anticline. These surfaces correspond to centimeter-thick and striated
discrete planes cemented by calcite.

Other mesostructures occurring in most structural positions of the
Béixols-Sant Corneli anticline correspond to calcite-cemented fractures
(i.e., veins) oriented at high angle with respect to bedding. NNW-SSE
and NNE-SSW centimetric vein systems dipping between 50° and 80°
have been observed in the backlimb and forelimb of the anticline (Sant
Joan and Coll de Nargé localities, respectively) affecting pre-orogenic
units. These veins have regular shapes and show openings ranging
from 1 to 15 mm. E-W to WSW- ENE calcite veins are also present in the
pre-orogenic unit (Cal Mestre locality) and in the syn-orogenic sequence
(Orcau and Abella de la Conca localities). These veins are up to 1 m long
and less than 1 cm thick. In the Orcau locality, veins with similar NW-SE
orientation show crosscutting relationships suggesting development of
similar fractures during successive fracturing events.

4.4. Petrographic description of vein cements

The petrographic description of the different vein cements from
fractures using optical and cathodoluminescence (CL) microscopes is
summarized in this section and in Fig. 6.

Calcite cements precipitated within faults and related fractures
across the Boixols-San Corneli anticline are characterized by elongated
to fibrous crystals ranging in size from 0.1 to 7 mm, although most
common crystals are less than 2 mm (Fig. 6a). Luminescence features of
these cements are generally very homogeneous and vary from dark
brown to bright yellow, being dull orange to dark yellow the most
common colors observed under CL (Fig. 6b).

Cements from veins that precipitated in bed-parallel slip surfaces
share similar petrographic characteristics throughout the Béixols-Sant
Corneli anticline. These cements, which consist of up to 5 mm elongated
to fibrous calcite crystals arranged parallel to both the vein walls and the
bedding surfaces, are dark brown to non-luminescent (Fig. 6¢-d).

Calcite cements precipitated in centimetric to metric non shear
fractures are mainly characterized by blocky to elongated blocky crys-
tals ranging in size from 0.2 to 5 mm and locally displaying mechanical
twining (Fig. 6e-f). Elongated blocky calcites have been observed in
different veins exhibiting elongation direction perpendicular to fracture
walls and indicating the mode I opening of the vein (Bons et al., 2012)
(Fig. 6f). Under CL, cements within non-shear fractures display three
kind of luminescence colors: (i) dark brown to non-luminescence; (ii)
orange to bright yellow; and (iii) a non-luminescent to bright yellow
concentric zonation (Fig. 6g-h).

Besides, it is worth noting two correlations observed between the
luminescence features of the vein cements and the structural position of
the Boixols-Sant Corneli fold. First, all cements from fractures present in
two localities (Cal Mestre and Sant Antoni localities, which are found in
the fold hinge and in the base of the syn-orogenic deposits along the
footwall of the Bdixols thrust, respectively) exhibit a dark brown to non-
luminescence. This is the case, for instance, of the veins from bed-
parallel slip surfaces explained above (Fig. 6¢-d). Second, all cements
showing a non-luminescent to bright yellow concentric zonation are
found in fractures present in the limbs of the anticline, this is, in Sant
Joan and Forat de Béixols localities as shown in Fig. 6g-h.
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4.5. Geochemistry of calcite cements and host rocks

Stable (6180 and 613C) and clumped (A47) isotopes, 875y /85y ratios
and elemental composition of the successive calcite veins and related
host rocks are summarized in Figs. 7-9 and in the supplementary data. In
order to discuss all the complexity of the geochemical values, the studied
calcite cements have been assembled in three groups (Figs. 7-9), ac-
cording to similarities of the main geochemical features:

Group 1 includes dark to non-luminescent calcite cements, similar to
their adjacent marine host rocks, either the Lower Cretaceous marls of
the Lluca Formation or the Upper Cretaceous marls of the Vallcarga
Formation. These cements also show 8'3C values and 8 Sr/%%sr ratios
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Fig. 6. Optical and CL microphotographs showing
the main textural features of the studied calcite ce-
ments. (a) and (b) cement from a strike slip fault with
an elongated blocky texture and a dull yellow lumi-
nescence. (¢) and (d) cement from a bed-parallel slip
surface with an elongated to fibrous texture and a
dark to non-luminescence. (e) Crosscutting relation-
ships between vein cements where a blocky calcite
crosscut an elongated blocky cement. (f) Elongated
cement where calcite crystals grow perpendicularly
to the fracture walls indicating the opening mode of
the vein. (g) Cement with a non-luminescent to bright
yellow zonation postdating another cement that dis-
plays a dark yellow luminescence. (h) Cement from a
vein showing a blocky texture and exhibiting a
concentric zoned luminescence. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)

similar to their adjacent host rocks, which are typical of marine car-
bonates (Figs. 7 and 8) (Veizer et al., 1999). They are also characterized
by Sr contents higher than 1100 ppm, Mn contents lower than 200 ppm,
and Y/Ho ratios higher than 50 (Fig. 9). The 880 values of Group 1
cements are similar to or up to 5 %oVPDB lighter than those values of
their correspondent host rocks (Figs. 7 and 8b). Their geochemistry
generally reflects the composition of their host carbonates. Cements
from Group 1 are all cements from fractures and faults present in the
hinge of the anticline (Cal Mestre locality) and in the base of the
syn-orogenic deposits in the footwall of the Béixols thrust sheet (Sant
Antoni locality). In addition, 9 representative samples of this Group
were analyzed to reconstruct the temperature and composition of the
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Fig. 7. Stable isotopic composition (6'80 vs 5'3C) of the three groups of calcite cements and related host rocks. Solid symbols refer to calcite cements from fractures
and open symbols refer to their associated host rocks (the different symbols represent localities where samples were taken).

fluids precipitating these cements using clumped isotope measurements.
In the hinge of the anticline (5 samples), the obtained A4 values range
from 0.456 to 0.567 + 0.028, which translates into precipitation tem-
peratures ranging from 36 to 85 °C and §'®0qyiq varying from —4.7 to
+3.8 %:SMOW. In the base of the syn-orogenic deposits from the foot-
wall of the Boixols thrust sheet (4 samples) the A4y values vary from
0.404 + 0.022 to 0.509 + 0.015, which indicates precipitation tem-
peratures ranging from 59 to 116 °C and 518041414 from +5.3 to +6.5 %o
SMOW.

Group 2 includes cements that show the lightest 5'%0 values, from
—14 %oVPDB to —8 %0VPDB, which are up to 10 %cVPDB lighter than
their correspondent host rocks (Figs. 7 and 8b). These cements have
875r/%0Sr ratios between 0.7074 and 0.7080 (Fig. 8a-b), and 5'3C be-
tween —12 %VPDB and +2 %.VPDB, which may either be similar or
lighter than those values of their adjacent host rocks (Fig. 7). Addi-
tionally, comparing all cements, calcites from Group 2 exhibit low to
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intermediate Sr contents (between 390 and 2000 ppm), intermediate Mn
contents (less than 700 ppm), and intermediate Y/Ho ratios (between 40
and 80) (Fig. 9a—c). All these calcite cements precipitated in large-scale
faults and related fractures affecting different sectors of the Bdixols-Sant
Corneli anticline. Eleven representative clumped isotope measurements
of Group 2 cements were completed with 4 previously reported mea-
surements in the area (Munoz-Lopez et al., 2020b; Nardini et al., 2019)
to reconstruct the temperature and composition of the precipitating
fluids. Obtained A47 values range from 0.413 + 0.009 to 0.529 + 0.009,
which correspond to precipitation temperatures ranging from 50 to
110 °C and §'®0giq varying from —4.3 to +4.2 %SMOW.

Group 3 of calcites (Figs. 7-9) includes cements characterized by a
narrow range of the 5'80 values, between —8 and —6%o VPDB (Figs. 7
and 8b), and 613C-depleted values, between —10 and + 2% VPDB,
which are up to 10%0 VPDB lighter than their surrounding host rocks
(Fig. 7). The 875r/80Sr ratios of these calcites, between 0.7073 and
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this article.)

0.7077, are lower than values of their correspondent host rocks but
within the range of Cretaceous carbonates, which range between 0.7072
and 0.7079, approximately (McArthur et al., 2012) (Fig. 8a-b). Finally,
these cements display the lowest Sr contents (less than 500 ppm) and
Y/Ho ratios (less than 60) (Fig. 9). Cements from Group 3 precipitated in
centimetric to metric-scale fractures in the backlimb (Sant Joan locality)
and forelimb (Coll de Nargé and Forat de Boixols localities) of the
Boéixols-Sant Corneli anticline. The previous contributions of
(Munoz-Lopez et al., 2020b; Nardini et al., 2019) also reported the
temperature of precipitation and composition of the parent fluids for

four cements from Group 3 and these data has been complemented with
a new clumped isotope measurement. Obtained A4; values range from
0.494 £ 0.016 to 0.646 + 0.009, which correspond to precipitation
temperatures ranging from 40 to 85 °C and §'®0g;q varying from —1.3
to +4.8 %.SMOW.

5. U-Pb geochronology of fracture-filling calcite cements

Twenty-three ages were obtained for different fracture-filling calcite
cements (Fig. 10), varying from Late Cretaceous (79.8 & 1.2 Ma) to late
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Fig. 9. Elemental composition of the three groups of calcites and their associated host rocks. (a) Sr content vs 5!3C values. (b) Mn content vs Sr content. (c) Y/

Ho ratio.

Miocene (9.0 + 4.6 Ma). These U-Pb ages were acquired for calcite
cements from Group 2 (18 out of 23), which precipitated along the
Boixols thrust, the Montagut fault system and other large faults affecting
the entire anticline (Fig. 10), and for cements from Group 1 (3 out of 23)
and from Group 3 (2 out of 23). These results together with eight
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previously published dates (Cruset et al., 2020a,b; Haines, 2008) pro-
vide a well constrained absolute timing of deformation and fluid flow in
the frontal anticline of the Boixols thrust sheet (Fig. 10).

Calcite cements and clay minerals were dated in the Bdixols thrust in
Setcomelles, Forat de Béixols and Abella de la Conca localities. At
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analysis and U-Pb geochronology of vein cements. The lower-hemisphere equal-area projections are also arranged according to the structural position of the
anticline. Dated cements are grouped according to the three geochemical groups.

Setcomelles, previously Ar-Ar dating of clays sampled in a fault core,
yielded an age of 71.2 + 6.4 Ma (Haines, 2008), whereas an U-Pb age of
55.5 + 1.2 Ma was obtained at Forat de Boixols (Cruset et al., 2020b).
Both dates are older than the new U-Pb age reported in this study for the
Boixols thrust at Abella de la Conca (36.6 + 7.9 Ma).

In the several faults that constitute the Montagut fault system, which
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affect the Upper Cretaceous pre-orogenic sequence at the Montagut lo-
cality, we obtained 13 U-Pb dates. These dates present important age
variations from the oldest one during the Late Cretaceous at 79.8 + 1.2
Ma to the youngest one during the late Miocene at 9.0 + 4.6 Ma. Using
this dataset, which has been completed with two previously published
dates of the area, we report the formation and/or reactivation of normal
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faults and related fluid flow at 79.8 + 1.2 Ma, 48.8 &+ 8.6 Ma to 43.9 +
0.7 Ma, 20.8 + 1.2 Ma to 16.8 + 0.2 Ma and 9.0 + 4.6 Ma (Fig. 10).
Therefore, the Late Cretaceous date (79.8 4 1.2 Ma) is: (i) the oldest
obtained age in this contribution and, (ii) older than the first age
documented for the Béixols thrust (71.2 &+ 6.4 Ma, Haines, 2008). Ages
for the Organya fault and other pre-orogeny fractures were not obtained
in this study. In the same way, at the Montagut locality, we document
the formation and/or reactivation of strike-slip faults during precipita-
tion of calcite cements at 58.7 + 1.1 Ma, 45.5 + 0.8 Ma to 37.8 + 3.5 Ma
and 27.6 + 2.3 Ma. The precipitation of calcite cement in strike-slip
faults during the Lutetian, coincides with the formation of similar
strike-slip faults in other localities, according to the age of their related
cements at 43.4 + 3.0 Ma (Sant Joan locality) and 45.7 + 9.7 (Sant
Antoni locality).

At the Sant Joan locality, we did not obtain ages for the Sant Joan
fault system. However, we measured two dates for calcite veins at 67.1
+ 2.2 Ma and 65.4 + 1.3 Ma, which precipitated in metric fractures in
this locality. The former age has a mean squared weighted deviate
(MSWD) of 10.6. As this value is higher than 2, it could indicate a mixing
of ages, an open system, or an incomplete initial equilibration of the Pb
isotopes (Rasbury and Cole, 2009).

Other obtained ages in the Boixols-Sant Corneli anticline account for
the background deformation represented by fracture systems at different
scales and studied at distinct localities. In this line, we document the
formation of layer-parallel slip surfaces at 61.0 + 21.8 Ma in Cal Mestre
Locality. Similarly, we also report the formation and/or reactivation of
meter-scale fractures during the Late Cretaceous to Oligocene, according
to precipitation of calcite cements at 67.9 + 3.9 Ma, 56.9 + 1.4 Ma, 44.7
+ 4 Ma to 43.9 &+ 1.0 Ma and 27.4 + 0.9 Ma (Fig. 10).

6. Discussion
6.1. Sequence of deformation and age and duration of fold evolution

In this section we stablish the sequence of fracturing based on field
data and structural observations and provide absolute age constraints
from the U-Pb dating of calcite veins in the Bdixols-Sant Corneli
anticline.

Firstly, we use relative chronological relationships to determine
whether the studied fracture and fault systems developed prior, during
or after the main folding stage. It must be highlighted that fractures in
the Boixols-Sant Corneli anticline are controlled by the presence of
inherited extensional structures, resulting in fractures that do not pre-
serve a symmetrical orientation with respect to the local fold axis
(Nardini et al., 2019; Shackleton et al., 2011; Tavani et al., 2011).
Therefore, the approaches used to determine the relative age of fracture
development are: (i) the crosscutting relationships between different
fracture and striae sets; (ii) the relation between fracture orientation and
bedding attitude; and (iii) the restriction of fractures to specific pre-
and/or syn-orogenic units. Following these assumptions, we summarize
the fold evolution in four stages of deformation, which are in line with
previous studies describing the evolution of folds in fold-and-thrust belts
(Amrouch et al., 2010; Beaudoin et al., 2015, 2020; Casini et al., 2011;
Lacombe et al., 2021; Tavani et al., 2015):

Pre-orogenic extension: the WNW-ESE to NNW-SSE normal faults in
the Béixols and Cal Mestre localities only affect pre- and syn-rift (pre-
orogenic) units and are consistent with the NNE-SSW extensional regime
that predates the Pyrenean compression (Berastegui et al., 1990).
Accordingly, these faults have previously been associated with an Early
Cretaceous rifting in the area (Berastegui et al., 1990; Garcia-Senz,
2002).

Layer-parallel shortening and subsequent folding stage: during the
emplacement of the Béixols thrust sheet and growth of the Béixols-Sant
Corneli anticline, slip directions provided by fault orientations and
related slickenlines are consistent with a N-S to NNW-SSE shortening
direction (Fig. 10), which agrees with the regional tectonic transport
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direction in the Pyrenees (Choukroune, 1989; Macchiavelli et al., 2017;
Srivastava et al., 1990). The estimated stress field calculated for the
emplacement of the Béixols thrust evidences a SSE transport direction,
compatible with the estimated N-S to NNW-SSE shortening direction,
and a subhorizontal maximum principal stress. The orientation of the
conjugate NNW-SSE and NNE-SSW fracture sets, showing a sub-
horizontal 61, is compatible with the shortening direction reported for
the Béixols thrust (Fig. 10), and the similar petrographic and
geochemical features of the calcite cements found within these conju-
gate fractures and the Boixols thrust accounts for a synchronous devel-
opment. Besides, opening fractures with similar NNW-SSE orientations
developed during successive fracturing events, as evidenced by cross-
cutting relationships between their associated vein cements (e.g.,
Fig. 6e). These opening fractures likely developed with a horizontal least
compressive principal stress and thus, during compression (Anderson,
1951). Previous studies already reported the formation of NNW-SSE to
NNE-SSW fractures during the main folding stage in the western
termination of the Bodixols-Sant Corneli anticline (Shackleton et al.,
2011). These NNW-SSE to NNE-SSW fracture orientations have been
interpreted as controlled by the regional shortening direction and by
inherited extensional structures, respectively (Tavani et al., 2011).

Other deformation structures, interpreted as developed during the
layer parallel shortening and main folding stages include the formation
of bed-parallel slip surfaces across the fold, which is indicative of
flexural-slip commonly associated with the main folding stage (Tavani
et al.,, 2011, 2017) as well as the strike-slip reactivation of inherited
extensional faults that developed during the pre-orogenic deformation.
This reactivation, which is supported by the presence of overprinting
striae sets exhibiting oblique-slip and strike-slip kinematics and by the
coexistence of two calcite cements in the same fractures, was likely
caused due to their favorable orientation with respect to the shortening
direction during inversion. In the same way, fractures exhibiting an E-W
orientation that is parallel to the fold axis have been associated with
local extension due to strata bending, as interpreted other anticlines
elsewhere (Beaudoin et al., 2015).

Fold tightening stage: this late deformation stage is represented by
fractures that are still consistent with a NNW-SSE shortening direction
but are characterized by a constant orientation independently of the
bedding dips, and by large faults offsetting the already folded beds of the
anticline. These features are indicative of a fold tightening stage
(Amrouch et al., 2010; Beaudoin et al., 2020; Casini et al., 2011;
Lacombe et al., 2021; Tavani et al., 2015). At this stage, the ongoing
shortening is expected to be oriented at a high angle with respect to
bedding and the resulting deformation has been interpreted as accom-
modated by: (i) the formation of thrust faults (Bdixols thrust in the Forat
de Boixols and the Abella de la Conca localities), offsetting the steeply
dipping forelimb of the anticline; and (ii) strike-slip faults exhibiting
subhorizontal striae sets and recording a subhorizontal maximum
principal stress regardless of the bedding dips across the anticline
(Fig. 10).

Post-folding normal faulting: normal faults displace already folded
beds in the backlimb of the anticline (the Sant Joan fault system and
subsidiary faults around the Montagut fault system) in the Sant Joan and
Montagut localities, respectively. As this extensional faulting postdate
strata tilting, these faults have been attributed to a post-folding exten-
sional stage that could be associated with the collapse of the Béixols-
Sant Corneli structure (Mencos, 2010). As reported in other areas else-
where, positive uplift may induce gravity-driven extension that mainly
affects the limbs of anticlines (Morley, 2007; Tavani et al., 2014, 2015).

Beyond this, U-Pb chronology of the successive vein cements
allowed us to refine the absolute timing of vein development, which is in
line with the sequence of deformation interpreted from the structural
analysis, and to link the four deformation stages in the Bodixols-Sant
Corneli anticline with the regional deformation of the Bdixols thrust
sheet during the evolution of the South-Central Pyrenees. The collected
samples of the normal faults interpreted as pre-orogenic deformation
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have not given measurable ages. Thereby, we provide absolute U-Pb age
constraints for the layer parallel shortening and subsequent folding
stage, for the late stage of fold tightening and for the post-folding normal
faulting, as summarized below.

The succession of U-Pb ages measured in calcite veins that precipi-
tated in fractures attributed to the layer-parallel shortening and subse-
quent folding stages range from 71.2 + 6.4 to 56.9 + 1.4 Ma (Fig. 10).
These ages are coeval with the upper Santonian to Paleocene growth
strata deposition along the southern flank of the Béixols-Sant Corneli
anticline. Thus, corroborating the formation of: (i) conjugated NNW-SSE
and NNE-SSW fracture sets, (ii) bed-parallel slip surfaces across the fold,
(iii) E-W bed-perpendicular fractures trending parallel to the fold axis,
and (iv) strike-slip reactivation of inherited extensional faults, during
the emplacement of the Béixols thrust sheet and growth of the Béixols-
Sant Corneli anticline along its front during Late Cretaceous to Paleo-
cene times. This is also consistent with previous estimates placing the
emplacement of the Bdixols trust sheet and its eastern equivalent
structure, the Upper Pedraforca thrust sheet, from 70.6 &+ 0.9 to 55.3 +
0.5 Ma (Cruset et al., 2020b).

Additionally, a sample from the NNW-SSE Montagut fault system, in
the region of relay between the anticlines of Bdixols and Sant Corneli,
has given an age of 79.8 + 1.2 Ma (middle Campanian). This age is the
oldest associated with a normal fault in the study region and therefore
synchronous with the well-preserved Late Cretaceous growth strata
deposits at the SW end of the Sant Corneli anticline. Indeed, NW-SE
normal faults have also been observed deforming Upper Cretaceous
syn-orogenic sediments in the Sant Antoni locality, in the western end of
the Bdixols-Sant Corneli anticline. The formation of the former NNW-
SSE normal faults is consistent with the formation of extensional struc-
tures oriented parallel to the shortening direction (Tavani et al., 2011).
The development of the later NW-SE faults is consistent tectonic insta-
bility and basin margin collapse during the emplacement of the Bdixols
thrust and the initial stages of fold growth (Bond and McClay, 1995;
Guillaume et al., 2008; Shackleton et al., 2011).

The U-Pb ages ranging from 55.5 + 1.2 to 27.4 + 0.9 Ma postdate
the upper Santonian to Paleocene growth strata that fossilizes the
Boixols structure (Fig. 10). This corroborates the formation of thrust
faults offsetting the forelimb of the anticline (B6ixols thrust in the Forat
de Boixols and the Abella de la Conca localities) and strike-slip faults
across the fold during the tightening of the B6ixols thrust sheet including
its frontal Béixols-Sant Corneli anticline in Eocene and Oligocene times.
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This fold tightening is therefore coeval with the tectonic transport of the
Boixols thrust sheet to the south over the basal thrust of the South-
Central Pyrenean Unit during a period that is characterized by
maximum shortening rates (Cruset et al., 2020b; Grool et al., 2018;
Vergés et al., 2002). During this period, we also report the formation
and/reactivation of NNW-SSE normal faults, NW-SE strike slip faults and
E-W to WNW-ESE opening veins, suggesting that these structures suc-
cessively developed during the entire folding event (Fig. 10).

U-Pb dating of normal faults interpreted as post-folding structures
reveals their formation at 20.8 & 1.2 to 9.0 + 4.6 Ma (Fig. 10). Coeval
deformation has been documented in the SE Pyrenean thrust sheets
through the reactivation of thrust faults and the growth of collapse
normal faults dated by means of U-Pb geochronology (Cruset et al.,
2020b).

To sum up, we interpret the evolution of fractures in the study area as
a record of the pre-orogenic deformation, developed previously to 79.8
+ 1.2 Ma (Fig. 11). Our data also reveal the layer parallel shortening and
subsequent folding stages, which lasted at least from 71.2 + 6.4 to 56.9
+ 1.4 Ma, during the emplacement of the Béixols thrust sheet and
growth of the B6ixols-Sant Corneli anticline along its front (Fig. 11). The
late stage of fold tightening from 55.5 + 1.2 to 27.4 + 0.9 Ma, coeval
with the tectonic transport of the Boixols thrust sheet to the south over
the South-Central Pyrenean Unit basal thrust. Therefore, the absolute
dating of mesostructures presented in this study not only corroborates
the sequence of deformation interpreted from the field and structural
data but also allowed us to provide new constraints on the age and
duration of the entire folding event (Lacombe et al., 2021). Thus, we
suggest that the layer parallel shortening and folding substages lasted for
about 14 Myr, whereas the late fold tightening had a duration of about
28 Myr. This indicates that the entire folding event lasted at least 42 Myr
(Fig. 11). These interpretations are in line with recent studies estimating
the duration of fold growth in the Pyrenees and elsewhere using direct
dating of vein cements (Lacombe et al., 2021).

Besides, it is worth nothing that this study evidences the continuous
formation of similar fracture and fault systems throughout the folding
process. Likewise, we report the precipitation of calcite cements with
similar petrographic and geochemical features that developed during
different deformation stages. Therefore, we conclude that without the
absolute timing constraints provided by U-Pb geochronology, different
fractures and different fluid flow events that occurred in the several
stages of fold evolution would potentially be interpreted as occurred
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Fig. 11. Age and duration of fold evolution in the Béixols-Sant Corneli anticline and comparison with the regional deformation of the Boixols thrust sheet during the
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coevally during the same substage of folding. This, therefore, has
important implications for the prediction of fracture development and
associated fluid flow migrations.

6.2. Open vs closed fluid behavior and relative extent of fluid-rock
interactions

The presence of different calcite vein generations developed during
the structural evolution of the study area, as well as the wide range of
U-Pb ages and isotopic and elemental composition of the vein cements,
evidence a complex evolution of the fluid system throughout the entire
deformation history.

In the Cal Mestre and Sant Antoni localities, present in the hinge of
the Bdixols-Sant Corneli anticline and in the base of the syn-orogenic
deposits in the footwall of the Boixols thrust sheet, respectively, the
calcite cements associated with successive episodes of fracturing and
vein formation (i.e., Group 1 calcites) do not record significant changes
in the cement composition through time (Figs. 7-9). Accordingly, all
cements from this Group 1 have similar §'>C values to their associated
carbonate host rocks (Llu¢a and Vallcarga Formations, respectively),
which in turn yield typical marine values (Fig. 7) (Veizer et al., 1999).
The 8Sr/80Sr ratios of the vein cements are similar to those ratios of
local host rocks, which also reflect the composition of contemporaneous
seawater (LOWESS curve in Fig. 8a). Indeed, the low Mn content of
calcites Group 1 and related host rocks, responsible for their dark to
non-luminescence, together with their high Sr content (Fig. 9a-b) and
high Y/Ho ratios (Fig. 9c), reveal to be close to the elemental compo-
sition of marine carbonates derived from well-oxygenated seawater
(Popp et al., 1986). Therefore, the similar petrographic and geochemical
features of all calcite cements and host rocks from Cal Mestre and Sant
Antoni localities indicate very low water-rock ratios (i.e., diffusive flow)
and precipitation of successive calcite cements in a relatively
closed/rock-buffered system during different fracturing events (Boutoux
et al.,, 2014; Hurai et al., 2015; Vandeginste et al., 2012). In this sce-
nario, the slight 6180—depletion of calcites Group 1 (Fig. 7a), with
respect to host rocks and typical marine values, indicates variation in
fluid temperatures, from 36 and up to 116 °C, and locally in the fluid
composition, from —4.7 to +6.5 %SMOW, during different events of
calcite cement precipitation, as revealed by clumped isotope data.
Variations in temperature are expected during different stages of
deformation linked to the emplacement of the Béixols thrust and growth
of the Boixols-Sant Corneli anticline. In contrast, the positive
5'80pyig-values, measured in most calcites from Group 1 (Fig. 8c),
indicate the presence of formation waters, which is consistent with a
scenario mainly involving evolved marine fluids likely trapped in the
surrounding Lower Cretaceous and Upper Cretaceous marine carbonates
present in Cal Mestre and Sant Antoni localities, respectively. Locally,
the negative 6180ﬂuid—values, measured in two cements from Group 1
(Fig. 8c), likely indicate the infiltration of meteoric waters during the
main folding and late fold tightening stages (Fig. 10). However, the
similar isotopic and elemental signature between these two cements, the
other cements from Group 1 and the adjacent marine host rocks indicate
that the fluids precipitating in these veins migrated at relative low rates
to equilibrate with the adjacent sedimentary formations. Therefore, we
suggest that calcites Group 1 precipitated from formation, likely
marine-derived fluids, and locally from meteoric waters, the composi-
tion of which was buffered by the adjacent Cretaceous marine
carbonates.

The geochemical data of calcite cements from Group 2, precipitated
in decametric to kilometric faults (the Béixols thrust, the Montagut fault
system, the Sant Joan fault system) and related fractures, evidence a
different scenario than that of Group 1 cements. Calcites from Group 2
generally display the more depleted 5!80 values with respect to those of
Group 1 and exhibit up to 10 %.VPDB lighter values than their adjacent
host rocks (Fig. 7). This 8'80-depletion is related to the relative high
temperature of precipitation, up to 120 °C, suggesting that the fluids
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precipitating calcites Group 2 migrated rapid enough through fault
zones to avoid efficient isotopic equilibration with surrounding host
rocks (Beaudoin et al., 2011). On the other hand, the scattered 5'3C and
875r/80Sr ratios of Group 2 cements (Figs. 7-8), their variable enrich-
ment in Mn contents (Fig. 9b), and their differing luminescence char-
acteristics could indicate that the precipitating fluids had distinct fluid
origins (marine, connate and/or meteoric) and that they interacted with
different sedimentary units (Travé et al., 2007; Vandeginste et al.,
2012). The variable origin of the precipitating fluids is recorded in the
Slsoﬂuid, which yield values, between —4.4 and + 4.3 %.SMOW, that is
between the range of meteoric, marine and formation waters. Similarly,
the Y/Ho ratios of Group 2 of cements indicate a variable degree of
siliciclastic and marine influence (Fig. 9c). As large-scale faults affect all
stratigraphic sequences involved in the anticline, from Jurassic marine
to Paleocene continental host rocks, such variation may result from the
interaction between the vein-forming fluids and marine (high Y/Ho
ratio) or continental (low Y/Ho ratio) rocks (Bau, 1994; Nardini et al.,
2019). Accordingly, we interpret that calcites from Group 2 precipitated
from fluids that did not equilibrated geochemically with the host rocks.
As this group mainly concerns large faults and related fractures such as
the Boixols thrust, the Montagut fault system, the Sant Joan fault system,
among others, these large fractures acted as efficient conduits for fluid
migration during their formation at different stages of the deformation
history.

Cements from Group 3 precipitated in centimetric to metric scale
fractures in the limbs of the Boixols-Sant Corneli anticline, where Upper
Cretaceous post-rift (pre-orogenic) marine carbonates are widely
exposed. The isotopic signature of these cements, ranging between —8
and —6 %oVPDB for §'0 and between —10 and + 2 %oVPDB for 5'3C, fall
within the range of meteoric carbonates (Pujalte et al., 2009; Trave
et al., 2007; Veizer, 2005), although with varying influence of the ma-
rine host rocks as evidenced by the positive 5'C values of some cements
(Fig. 7). The meteoric origin of cements from Group 3 is supported by
their 87Sr/80Sr ratios, which are lower than those values of their adjacent
host rocks (Fig. 8a), and by the elemental composition of these cements,
yielding the lowest Sr contents with respect to other cements and host
rocks. The low Y/Ho ratios, which indicates the influence of terrigenous
sediments (Bau, 1994), and their common CL zonation (Fig. 6), which
points to oxidizing-reducing fluctuations, are again characteristic fea-
tures of the meteoric environment. At outcrop scale, clumped isotopes
reveal a progressive increase in precipitation temperatures, from 40 °C
to 80 °C (Forat de Bdixols locality) and from 25 °C to 85 °C approxi-
mately (Coll de Nargé locality), as well as an enrichment in 6180ﬂuid,
from —1.8 to +5.9 % VSMOW and from —4.2 to +2 % VSMOW,
respectively (Fig. 8c). This fact indicates a continuous shift in the fluid
composition, from meteoric to evolved meteoric fluids due to water-rock
interactions at increasing temperatures during deformation. Therefore,
these geochemical features indicate that the fluid system associated with
metric fractures that developed in the limbs of the anticline, was open to
the input of meteoric fluids, which geochemistry was influenced by the
surrounding Upper Cretaceous marine carbonates.

6.3. Spatio-temporal variation of fluids across the Bdixols-Sant Corneli
anticline

In this section, we discuss the distribution and variations of fluids in
the distinct structural positions of the Béixols-Sant Corneli anticline.

The host-rock buffered fluids from which calcites Group 1 precipi-
tated characterizes the paleohydrological system in the hinge of the
Bdixols-Sant Corneli anticline and in the base of the syn-orogenic de-
posits along the southern flank of the fold, where Cal Mestre and Sant
Antoni localities are located, respectively (Fig. 12). In the hinge of the
anticline (Cal Mestre locality), the Lower Cretaceous mudstones and
marls from the Lluca Formation have a minimum thickness of 2500 m
(Lanaja, 1987). Due to the expected non-permeable character of this unit
and its considerable thickness, the small-scale fractures (up to several
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Fig. 12. Schematic cross-section (not to scale) of the Béixols-Sant Corneli anticline along the front of the Béixols thrust sheet showing the spatial variation of fluids in
the several structural positions of this fold. Cross-section based on Vergés (1993).

meters long) occurring in this locality, likely represented poorly efficient
conduits to connect different hydro-stratigraphic reservoirs and to pre-
vent isotopic equilibration between fluids and host rocks. A similar
rock-buffered fluid behavior has been observed in the core of the el Guix
anticline in the Ebro foreland basin, where the 5'3C and §'%0 values of
fracture-filling calcites are in geochemical equilibrium with their adja-
cent host carbonates (Travé et al., 2000). Contrarily, in the crestal and
shallower domains of anticlines, the fluid system is often the opposite.
Examples of this are the Puig-reig anticline, also in the Ebro foreland
basin, and the Pico del Aguila anticline in the Sierras Exteriores
(Beaudoin et al., 2015; Cruset et al., 2016). These authors concluded
that large faults and well-connected fracture networks that developed in
response to outer arc extension at fold hinges during fold growth facil-
itated the opening of the fluid system and the percolation of meteoric
fluids in disequilibrium with their adjacent host rocks. These observa-
tions, together with that of this study, reveal the compartmentalization
of fold structures during deformation.

In the base of the syn-orogenic deposits (Sant Antoni locality), the
Upper Cretaceous marine mudstones from the Vallcarga Formation were
deposited during the early contraction and initial growth of the Béixols-
Sant Corneli anticline (Ardevol et al., 2000). Therefore, the local origin
of the fluids in this domain is consistent with the marine setting of
deformation that likely affected recently deposited and poorly lithified
sediments (Travé et al., 2007).

Fluids with limited geochemical interactions with adjacent host
rocks from which calcites Group 2 precipitated characterize the fluid
system associated with large-scale faults and related fractures, which

18

affect the different structural and stratigraphic positions of the Béixols-
Sant Corneli anticline and developed throughout its whole deformation
history (Fig. 12). The development of these large fracture systems
facilitated the transfer of fluids between different hydro-stratigraphic
units decreasing the extent of interaction between fluids and host
rocks, as has already been documented in the frontal domain of the
anticline. In this line, according to Nardini et al. (2019), large strike-slip
faults from Coll de Nargd locality acted as transfer zones for the
migration of deeper Late Cretaceous connate waters to shallower
non-marine sediments of the Paleocene Garumnian facies. Likewise, the
Boéixols thrust in Forat de Béixols locality acted as an efficient longitu-
dinal conduit for the migration of deep formation waters also derived
from Cretaceous carbonates (Munoz-Lopez et al., 2020b). In both ex-
amples, these large faults enhanced connectivity between different
sedimentary units, allowing heated formation fluids to migrate upward
through fault zones with limited equilibration with adjacent rocks
(Nardini et al., 2019; Munoz-Lopez et al., 2020b). These fluids were
likely expelled due to vertical compaction linked to thrust sheet
emplacement and/or tectonic horizontal shortening (squeegee-type
fluid flow) during continuous compression (; Machel and Cavell, 1999;
Oliver, 1986; Roure et al., 2010; Smeraglia et al., 2022; Sun et al., 2022;
Travé et al., 1997, 1998; Vandeginste et al., 2012).

Finally, meteoric and evolved meteoric waters from which calcites
Group 3 precipitated characterizes the fluid system in the limbs of the
Boixols-Sant Corneli anticline, where Forat the Bdixols, Coll de Nargd
and Sant Joan localities are located (Fig. 12). Meteoric waters generally
infiltrate at high structural reliefs such as the crestal domain of
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anticlines (Beaudoin et al., 2015; Cruset et al., 2016). However, in the
Béixols-Sant Corneli anticline meteoric fluid percolation was mainly
recorded in the fold limbs, and locally in the fold hinge, because most of
the crestal domain was eroded synchronously with folding (Tavani et al.,
2011). On the other hand, the geochemical and geochronological data of
some calcite cements from Group 3 set the initial infiltration of meteoric
fluids during the Maastrichtian, during formation of their related frac-
tures at ca. 67-65 Ma (Fig. 10). This fluid flow event coincides with the
transition from marine to continental conditions, during the progressive
uplift of the structure, coevally with sedimentation of the non-marine
continental Garumnian facies (Tremp Group) from Late Maastrichtian
to Paleocene (Garcés et al., 2020; Plaziat, 1981). Therefore, the emer-
sion of the Bobixols structure has been recorded by the fluids that
migrated through fractures during deformation. This scenario of mete-
oric fluid infiltration during the main folding stage and during the
change from marine to continental conditions have also been reported in
other studies focused on the evolution of fold-fluid systems (Beaudoin
et al., 2015; Evans and Fischer, 2012; Nardini et al., 2019; Travé et al.,
1998, 2007).

In conclusion, our data reveal that the fluid flow history and the
extent of fluid-rock interaction varied at the several structural positions
of the Bdixols-Sant Corneli anticline and according to the age and nature
of their stratigraphy and the involved fracture networks. This indicates a
compartmentalization of the fluid system (Fig. 12). Thus, in the hinge of
the fold, at least around Cal Mestre locality, and in the base of the syn-
orogenic deposits (Sant Joan locality), the fluid system was locally
derived and/or well equilibrated with the host rocks, revealing a high
extent of fluid-rock interaction. These local/rock-buffered fluids were
basically evolved marine and/or connate waters derived from the
adjacent Lower Cretaceous and Upper Cretaceous marine carbonates,
although influences of meteoric waters were also locally present.
Contrarily, along large faults, affecting different parts of the anticline,
and in the fold limbs, the paleohydrological system was different. Large
faults acted as conduits for the migration of fluids with limited chemical
interactions with adjacent host rocks, suggesting that these faults have
been efficient conduits for upward fluid flow during their development
in the Béixols-Sant Corneli anticline. The fold limbs registered the
infiltration and evolution of meteoric waters with varying degrees of
fluid-rock interactions at increasing temperatures during deformation
(Fig. 12). Therefore, our data suggest that in the studied anticline the
relative scale and distribution of fracture networks together with the
involved stratigraphy were the main controls on the source, the distri-
bution of fluids and the degree of fluid-rock interactions during
deformation.

6.4. Scale of fluid flow and comparison with other compressional settings

In this section, we evaluate the scale of fluid flow in rocks forming
the Béixols thrust sheet and compare our results with other Pyrenean
structures and other worldwide compressional belts. The Bdixols thrust
sheet corresponds to the uppermost and oldest emplaced structure of the
southern-central Pyrenean cover thrust units. Therefore, the structural
position of this thrust sheet, detached along the Upper Triassic evapo-
rites and above Lower Triassic detrital sediments of the Buntsandstein
and the Paleozoic basement, allows us to assess the possible input of
external fluids derived from these three potential reservoirs. In a pre-
vious section, we concluded that advective fluid flow was linked to the
presence of major fault zones (including the Bédixols thrust) and asso-
ciated fractures, which acted as preferential fluid flow pathways.
Therefore, the geochemical signature of calcite cements precipitated in
these fractures (Group 2 calcites) provide evidence on the relative scale
of fluid flow and the fluid circulation depth. Thus, during precipitation
of Group 2 calcites, a maximum temperature of around 120 °C was
obtained from clumped isotopes in calcites precipitated in fractures
associated with the Boéixols thrust in Forat de Béixols locality (Fig. 8c)
(Munoz-Lopez et al., 2020b). Assuming a normal geothermal gradient of
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30 °C/km (Travé et al., 2007), these temperatures would have been
reached at 3-4 km depth. Considering the thickness of the Béixols thrust
sheet (around 5 km thick), such temperatures imply circulation of fluids
along fault zones that were originated in the deeper parts of the sedi-
mentary cover. Indeed, the §'®0gqy;q of this group of cements, yielding
maximum values of +5.5 % VSMOW, indicate the presence of formation
waters, as has been explained before, and discard the input of
basement-related fluids such water derived from and/or equilibrated
with metamorphic rocks (Sheppard, 1981). In the same way, the
873y /86gr ratios of the vein cements documented in this study are (1)
within the range of marine carbonates (LOWESS curve in Fig. 8a), (2)
within the range of synkinematic veins precipitated in the sedimentary
cover (i.e., ¥7Sr/%%Sr < 0.710) (Munoz-Lépez et al., 2020a), and (3)
significantly lower than values of cements precipitated from fluids that
have interacted with Triassic evaporites or with Paleozoic basement
rocks (Munoz-Lopez et al., 2020a). All these observations indicate that
the fluid system in the study area was restricted to the scale of the
Boixols thrust sheet and rule out the input of external fluids derived from
the underlying Triassic detachment, from deeper cover units such as the
Buntsandstein or from the Paleozoic basement. An exception arises for
the cement precipitated in the Bdixols thrust-related deformation at the
Setcomelles locality, which exhibits the most radiogenic 8Sr/36sr ratio
in this study, similar to Upper Triassic values (Fig. 8a). Therefore, fluids
derived from Upper Triassic evaporites acting as a main detachment of
the Bdixols thrust sheet could have locally infiltrated the paleohydro-
logical system, as has also been reported in other salt-detached Pyrenean
structures (Crognier et al., 2018; Cruset et al., 2020a; Lacroix et al.,
2011; Travé et al., 2007).

The results presented in this study also reveal that the frontal anti-
cline (the Bdixols-Sant Corneli anticline) of the Bdixols thrust sheet
shares a common fluid flow behavior with other worldwide compres-
sional structures above evaporitic detachments. In these structures, the
paleohydrological system only involves fluids sourced above the
detachment levels, which may act as a lower boundary for the fluid
system, preventing the input of fluids from deeper parts of the
compressional belt. This fluid flow scenario in the Bdixols thrust sheet is
similar to that of: 1) worldwide detachment folds (Beaudoin et al.,
2014); 2) other south Pyrenean structures detached in Triassic and
Eocene evaporitic units such as the Pico del Aguila and El Guix anticlines
(Beaudoin et al., 2015; Travé et al., 2000), the Monte Perdido and
Abocador thrusts (Cruset et al., 2018; Lacroix et al., 2011), and the
Upper and Lower Pedraforca thrust sheets (Cruset et al., 2020a); 3) other
worldwide detached structures such as the Sierra Madre Oriental
(Fischer et al., 2009; Lefticariu et al., 2005) and the Central Appala-
chians (Evans et al., 2012). Contrarily, in the absence of evaporites, a
previous study highlighted that the fluid system is open to migration of
hydrothermal, likely basement-derived fluids into the overlaying sedi-
mentary cover (Beaudoin et al., 2011).

7. Conclusions

Our field and analytical data allowed to date and to analyze the re-
lationships between fluid flow and fold evolution across different
structural domains of the Béixols-Sant Corneli anticline as summarized
below.

1. The successive fracture-filling calcite cements identified in the
Boixols-Sant Corneli anticline were assembled in three calcite groups
according to petrological and geochemical data. Group 1 includes
calcites with similar petrographic and geochemical features with
respect to their host carbonates (i.e., non-luminescent calcite ce-
ments with 8'3C values and 87Sr/®5sr ratios typical of marine car-
bonates); Group 2 comprises calcites with the lightest 510 values,
down to —14 %0VPDB, and the highest temperature of precipitation
(up to 120 °C); and Group 3 includes calcites with 5'80 from —8 to
—6 %oVPDB, 513C down to —10 %0VPDB and the lowest Sr contents.
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2. The geochemistry of Group 1 cements indicates an essentially closed
and/or rock buffered fluid system in the Early Cretaceous sequence
from the hinge of the Bdixols-Sant Corneli anticline and in the upper
Santonian to middle Campanian syn-orogenic sequence along the
footwall of the Boixols thrust.

3. The geochemistry of Group 2 cements indicates an open fluid system
along the Béixols thrust, the Montagut and the Sant Joan fault sys-
tems evidencing that these large faults acted as conduits for the
upward migration of formation fluids, which evolved from different
fluid origins. Group 3 cements indicate the presence and evolution of
meteoric waters in the limbs of the Boixols-Sant Corneli anticline.
Meteoric fluids likely infiltrated at high structural reliefs during fold
growth.

4. Twenty-three new U-Pb dates were measured in different sets of
fracture-filling calcite cements in the Boixols-Sant Corneli anticline
presenting a wide range of ages from Late Cretaceous at 79.8 + 1.2
Ma to late Miocene at 9 + 4.6 Ma. These age variations are in line
with the sequence of deformation inferred from field and micro-
structural observations.

5. Ten U-Pb ages measured in calcites from fractures attributed to the
layer-parallel shortening and subsequent folding stages range from
71.2 + 6.4 to 56.9 + 1.4 Ma, coeval with the upper Santonian to
Paleocene growth strata deposition along the southern flank of the
Boixols-Sant Corneli anticline. This confirms the development of (i)
conjugated NNW-SSE and NNE-SSW fracture sets, (ii) bed-parallel
slip surfaces across the fold, (iii) E-W bed-perpendicular fractures
trending parallel to the fold axis, and (iv) strike-slip reactivation of
inherited extensional faults, during the emplacement of the Boixols
thrust sheet and growth of the Béixols-Sant Corneli anticline along its
front during Late Cretaceous to Paleocene times.

6. Fifteen ages that range from 55.5 £+ 1.2 to 27.4 + 0.9 Ma and
measured in calcites from fractures that cut already folded beds
indicate the late tightening of the Béixols-Sant Corneli anticline
during Eocene and Oligocene periods, coeval with the southern
tectonic transport of the Boixols thrust sheet in the hanging wall of
the South-Central Pyrenean Unit.

7. The Miocene ages from 20.8 + 1.2 to 9.0 + 4.6 Ma from normal
faults that displace already folded beds in the backlimb of the anti-
cline have been attributed to a post-folding extensional stage that
could be associated with the collapse of the Bédixols-Sant Corneli
structure.

8. The U-Pb geochronology allowed us to calculate the entire duration
of folding for ~42 Myr with layer parallel shortening and folding for
about ~14 Myr, whereas its tightening lasted around 28 Myr.

9. The major Béixols thrust, the Coll de Narg¢ strike-slip faults and the
Montagut fault system acted as preferential pathways for the up-
wards migration of fluids during compression, whereas background
fracturing registered the presence of formation fluids that highly
interacted with their adjacent host rocks. The paleohydrological
system in the Boixols-Sant Corneli anticline was restricted above the
thick Upper Triassic evaporitic detachment level and thus compa-
rable to other detached fold and thrust belts as the Central Appala-
chians and Sierra Madre Oriental as good examples.
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