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ABSTRACT

The geochemical characterization of syn-kinematic calcite associated with structures formed during the evolution of carbonate reservoirs can provide quantitative
constraints on their depth-temperature-deformation-time (depth-T-d-t) paths, provided that structural and temporal frameworks are well established. Here, we
propose a novel multi-proxy approach to reconstruct the depth-T-d-t evolution of Late Jurassic to Late Cretaceous carbonate ‘reservoir’ rocks exposed in several
compressional structures in the Provence fold-and-thrust belt. First, analyses of stable oxygen and carbon isotopes, clumped isotopes and radiogenic strontium
isotopes of syn-kinematic calcite from a wide spectrum of structures (large-scale thrusts, veins, mesoscale faults, and stylolite jogs) are used to reconstruct the origin
and temperature of mineralizing fluids. Our results point to a significant imprint of meteoric water during the ‘mid’-Cretaceous Durancian uplift and associated
extensional deformation, whereas the fluid system appears to have remained semi-closed during the Late Cretaceous-Eocene Pyrenean shortening, with mixing
between marine and meteoric fluids. Second, syn-kinematic calcite precipitated from fluids at (nearly) thermal equilibrium with the host rock are used to constrain
the geothermal temperature of the host rocks at specific stages of deformation, while organic-matter pyrolysis and inversion of bedding-parallel stylolite roughness
constrain maximum burial temperatures and minimum burial depths, respectively.

Integrating these new depth-T constraints with the sequence of structural development as constrained by published paleostress reconstructions and U-Pb calcite
geochronology reveals depth-T-d-t paths that differ substantially from previously published subsidence-uplift histories derived from cross-section restoration. In
particular, Tithonian strata in the Mirabeau anticline and Barremian strata in the Nerthe massif experienced significantly greater burial and erosional exhumation
during the Durancian uplift and/or the Pyrenean shortening than previously estimated. Our new approach directly constrains both the depth and timing of
deformation, providing new insights into the tectono-sedimentary evolution of Provence as well as a transferable framework for reconstructing the burial and
deformation histories of carbonate reservoir rocks worldwide.

1. Introduction multiple generations of mineralized mesostructures, e.g., stylolites,
veins, and faults, that impede or enhance fluid flow while archiving

Fractured carbonate reservoirs record complex histories of burial, evolving stress, temperature, and fluid regimes (e.g., Lacombe and
fluid-rock interaction, and deformation controlling present-day Rolland, 2016; Agosta et al., 2016; Lacombe et al., 2022). Quantita-
porosity, permeability, and connectivity. Reservoir rocks often host tive reconstruction of fracturing history, together with burial and
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fluid-flow evolution, is central to basin analysis, reservoir quality pre-
diction, and assessing subsurface storage, caprock integrity, and pro-
duction potential.

Fracturing conditions of carbonate reservoirs are typically recon-
structed via microstructural and petrographic-geochemical analyses of
host rocks and fractures (e.g., Di Cuia et al., 2005; Hooker et al., 2012;
Vitale et al., 2012; Lamarche et al., 2012; Lavenu et al., 2013, 2014,
Lavenu and Lamarche, 2018; La Bruna et al., 2020; Manniello et al.,
2022), or via mechanical loading-fracturing path modeling (e.g., Petit
et al., 2022). These approaches show most fractures form during syn-
or post-burial tectonic or fluid overpressure events (e.g., Ahmadhadi
et al., 2008; Beaudoin et al., 2014, 2018, 2020a; Gasparrini et al.,
2021; Jiang et al., 2025; Zhang et al., 2024). However, background
fractures can initiate during early burial and compaction with minimal
overpressure while the material is already compacted but still has low
cohesion (Berra and Carminati, 2012; Lamarche et al., 2012; Lavenu
et al., 2013; Petit et al., 2022), indicating that primary sedimentary
facies and diagenesis control brittleness and mechanical layering of, for
instance, platform carbonates (Barbier et al., 2012; Lavenu and
Lamarche, 2018). Some early fractures may persist and reactivate
later, inhibiting the formation of new fractures (Sassi et al., 2012;
Lavenu et al., 2013).

Deformation and diagenesis are intimately linked from the early
burial to the late exhumation stages of the evolution of sedimentary
basins. In the diagenetic domains, i.e., at depths of ~1-10km and
temperatures up to 300°C, brittle and pressure-solution structures in
carbonates are not simple passive responses to stress but are active sites
of mass transfer, porosity modification, and cementation. Faults, veins
and stylolites localize deformation, channel or impede flow, and
accommodate pressure-solution and mineral precipitation, feeding back
into rock strength (Laubach et al., 2010, 2019). Because they control
reservoir-scale fluid flow and mechanics, mineralized mesostructures
are prime targets for linking basin burial, deformation timing and con-
ditions, and the evolution of local or basin-scale fluid sources, compo-
sitions and temperatures (Beaudoin et al., 2022).

Indeed, calcite mineralization geochemistry constrains fluid sources,
compositions, and temperatures during deformation. Stable oxygen
(6180) and carbon (613C) isotopes may record successive fluid pulses
from formational fluids to externally derived basinal or hydrothermal
fluids linked to tectonic stages, and allow tracking of mixing between
the various fluid sources and quantifying degrees of fluid-rock interac-
tion (see review in Beaudoin et al., 2022). Clumped isotope (A47) ther-
mometry estimates absolute calcite formation temperatures and fluid
5180 values, overcoming traditional 580 measurement limits. This
technique reveals whether calcite precipitated from geothermal fluids, i.
e., in thermal equilibrium with the host rock, or from out-of-equilibrium
hydrothermal fluids, even at shallow depths (Brigaud et al., 2020;
Beaudoin et al., 2020a; MacDonald et al., 2019, 2024). Strontium iso-
topes further trace fluid sources against the global marine curve
(McArthur et al., 2012); near-marine 878r/80Sr values indicate local
seawater remobilization, while more radiogenic signatures reflect fluid
interactions with basement or siliciclastic rocks (Beaudoin et al., 2011;
Cruset et al., 2018; Munoz-Lopez et al., 2022; Smeraglia et al., 2020).
When integrated with structural observations, geochemical signatures
reveal the spatial-temporal evolution of fluid nature and pathways
within the evolving stress field. In situ LA-ICP-MS U-Pb geochronology
of syn-kinematic calcite provides the absolute timing to link minerali-
zation and fracturing to burial, fluid flow, and regional tectonics.
Recently, combining clumped isotope thermometry or fluid inclusion
thermo-barometry with U-Pb geochronology has successfully recon-
structed fracture development stages relative to thermal-burial and fluid
pressure history of sedimentary basins and/or the timing of hydrocarbon
migration and accumulation (Mangenot et al., 2017, 2018; Salih et al.,
2019; Hoareau et al., 2021; Zhang et al., 2024; Ni et al., 2025; Cong
et al., 2022; Su et al., 2022; Cruset et al., 2021; Chen et al., 2022;
Yuan et al., 2024; Fattah et al., 2025; Gasparrini et al., 2025).
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However, independent reconstructions of depth, temperature (T),
and deformation (d) through time (t) in fractured carbonate reservoirs
are complex and truly integrated quantitative reconstructions of
depth-T-d-t paths remain rare. In continuously subsiding basins the
burial-time evolution can be reliably reconstructed using the thickness
of the sedimentary column by assuming deformation timing and amount
of rock compaction. In fold-and-thrust belts (FTBs), solving simulta-
neously for temperature and depth is harder because rock uplift and
erosion of a given thickness of rocks affect estimates of the past
geothermal gradient (Roure et al., 2010; Naeser and McCulloh, 2012;
Tissot et al., 1987; Yalcin et al., 1997; Beaudoin and Lacombe, 2018).
Organic matter maturity (e.g., vitrinite reflectance, thermometry based
on organic matter pyrolysis, RSCM) and low-temperature thermochro-
nology can be used to assess burial depth and exhumation, but require
geothermal gradient assumptions and lack a direct link to either specific
(meso)structures or to time. Primary fluid inclusion thermometry can
provide constraints on depth and timing if reliable burial models exist
and/or the host mineral can be dated by geochronology. Only combined
aqueous and oil-inclusion thermometry can independently constrain
entrapment pressure and temperature of the fluid (Pironon and Bourdet,
2008).

Using stylolites as stress gauges offers an emerging approach to
quantify burial depth independently of past geothermal gradients
(Beaudoin and Lacombe, 2018). Stylolites are pervasive
pressure-solution surfaces in carbonates, which exemplify the coupling
between stress, dissolution, and roughening along bedding interfaces.
Their morphology, scaling and cross-cutting relationships reveal stress
orientations, relative timing and compaction intensity (Stockdale, 1922;
Arthaud and Mattauer, 1969; Rispoli, 1981; Petit and Mattauer, 1995;
Benedicto and Schultz, 2010; Tavani et al., 2015; Toussaint et al., 2018;
Koehn et al, 2007, 2012, 2016, 2022). Beyond the use of
bedding-parallel sedimentary stylolites (BPS) as compaction markers,
their roughness properties can be related to the magnitude of the vertical
stress and, by extension, to the depth of active pressure solution
(Schmittbuhl et al., 2004; Ebner et al., 2009; Toussaint et al., 2018).
While individual BPS cease developing at varying depths (Zeboudj et al.,
2025a), a BPS population develops continuously during burial, so BPS
can be used as quantitative indicators for active compaction depth
ranges. This approach has been successfully applied to various sedi-
mentary basins (Rolland et al., 2014; Bertotti et al., 2017; Beaudoin
et al., 2019, 2020b; Zeboudj et al., 2023; Bah et al., 2023a,b; Bah
et al., 2024) and fold-and-thrust belts (Beaudoin et al., 2016, 2025;
Labeur et al., 2021, 2024). Nevertheless, stylolite-based depth inversion
has not yet been integrated into comprehensive reconstructions tracking
both temperature (Beaudoin et al., 2025) and deformation timing.
Although pressure solution was previously undatable, recent U-Pb
dating of calcite jogs associated with stylolites overcomes this limita-
tion. Jogs are localized zones of calcite precipitation between the tips of
two stylolites, that accommodate local displacement perpendicular to
the stylolite planes (Aharonov and Karcz, 2019; Beaudoin et al., 2025).
Dating calcite in these jogs therefore constrains the active
pressure-solution period along the stylolites (Zeboudj et al., 2025a,
2025b).

This brief review highlights the need for a new approach integrating
structural, geochemical, and geochronological datasets to determine
when and under what physical conditions (depth, T) mineralized frac-
tures formed and to constrain depth-T-d-t paths of their host rocks. This
contribution introduces an original workflow combining: (1) sedimen-
tary stylolite roughness inversion for active pressure-solution depth; (2)
stable O and C, clumped and radiogenic Sr isotopes in calcite for fluid
temperature and origin; (3) host rock organic matter maturity for
maximum burial temperature checkpoints; and (4) U-Pb geochronology
paired with paleostress analyses for absolute deformation timing and
stress regimes. This workflow is tested in the Provence fold-and-thrust
belt (SE France) which features a 1500-8000m thick Meso-
zoic-Cenozoic carbonate and marl succession with thrust and
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mesostructure timing constrained by recent U-Pb dating (Zeboudj et al.,
2025a, 2025b). We reconstruct, for the first time, the evolution of past
fluid systems during the main stages of the geological history of Pro-
vence, including the nature and temperature of the mineralizing fluids
and the extent of fluid—rock interaction. We then identify structures
containing dated syn-kinematic calcite of which the mineralizing fluid
was sufficiently close to thermal equilibrium with the host rock for fluid
temperature to provide reliable constraint on rock thermal conditions at
a specific stage of deformation. These temperature constraints are in-
tegrated with the other available structural, geochemical and
burial-depth constraints to quantitatively reconstruct the depth-T-d-t
trajectories of the carbonate reservoirs of interest. Beyond challenging
and refining regional geological models, this study provides a transfer-
able test case for linking deformation, geochemical processes, fluid flow
and basin evolution within a fully time- and depth-calibrated
framework.

2. Geological setting

The Provence FTB is located in SE France and consists of the eastern
prolongation of the Pyrenean domain. The main structures are E-W
striking folds and thrusts, extensional basins, and NNE-SSW to NE-SW
striking strike-slip faults (Fig. 1).
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2.1. Meso-Cenozoic sedimentary succession of Provence

The deformed sedimentary succession of Provence comprises a va-
riety of rocks including shales, carbonates, sandstones, marls and
evaporites. Following deposition of basal sandstones and limestones
interbedded with Triassic evaporites, the Tethyan margin subsided
throughout the Jurassic and Early Cretaceous, leading to the accumu-
lation of thick marine carbonate successions, including up to 400 m of
platform limestones (rudist-rich Urgonian facies) from the Valanginian
to the Early Aptian (Masse and Philip, 1976; Léonide et al., 2007; Masse
et al., 2009). During the Albian-Cenomanian, the Provence basin was
uplifted and emerged above sea level. This so-called Durancian uplift
was accompanied by widespread karst bauxite deposits indicative of
periods of subaerial exposure and continental weathering (Masse and
Philip, 1976; Combes, 1990; Guyonnet-Benaize, 2011; Mondillo et al.,
2025) (Fig. 1). The Late Cretaceous-Eocene succession is dominated
by continental siliciclastic and carbonate deposits, including
organic-rich black limestones of latest Santonian—early Campanian age
and lacustrine to fluvial limestones, claystones and sandstones from the
Campanian to Maastrichtian. These deposits are locally interbedded
with syntectonic breccias recording successive stages of fold growth
during the Pyrenean shortening (Leleu et al., 2009). Southeasternmost
Provence was largely unaffected by the Durancian uplift, preserving
marine conditions and the deposition of rudist-bearing shallow-marine
limestones during the Late Cretaceous (Philip, 1972). The Oligocene
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West-European Rifting (WER) event led to the formation of extensional
basins, including the Aix-en-Provence and Marseille basins, which were
filled with lacustrine limestones and fluvial conglomerates and shales
(Hippolyte et al., 1993). During the Miocene, a marine transgression
deposited the so-called ‘molasse’, consisting of marls and sands (Besson,
2005 and references therein), unconformably overlying the folded
Cretaceous and Jurassic units.

2.2. Meso-Cenozoic tectonic, thermal and denudation histories of
Provence

The structure of the Provence FTB results from a Mesozoic-Cenozoic
polyphase tectonic history made of alternating extensional and
contractional tectonic events (Guieu and Roussel, 1990; Gaviglio and
Gonzales, 1987; Tempier, 1987; Lacombe et al., 2012; Espurt et al.,
2012; Bestani et al., 2016).

From the Triassic to the Early Cretaceous, the Provence domain
formed part of the passive continental margin bordering the Tethys
Ocean (Dercourt et al., 2000). During the Albian-Cenomanian, diver-
gent movements along the eastern edge of the Iberia-Eurasia plate
boundary (Tavani et al., 2018) generated the Durancian uplift,
expressed as extensional crustal doming (Masse and Philip, 1976;
Guyonnet-Benaize, 2011) (Fig. 1). This doming, associated with roughly
E-W-striking normal faults and related horst and graben systems
(Aubert et al., 2019), resulted in regional erosion and truncation of
strata down to the Late Jurassic limestones. Subaerial exposure pro-
moted karst development and bauxite formation through continental
weathering (Mondillo et al., 2025), and led to the development of a Late
Cretaceous regional unconformity. Bauxite deposits are overlain by
Cenomanian to Campanian-Maastrichtian formations. Geometric re-
constructions of the erosional surface and restoration of stratigraphic
isopachs indicate 200-800m of average erosion, locally reaching
1500m near the axis of the Durancian high, approximately located
beneath the Alpilles and Luberon areas (Molliex, 2009; Bruna et al.,
2013). There, Early Cretaceous strata were completely removed,
locally exposing and incising the Late Jurassic limestones, with a low
denudation rate of ~0.01-0.02mm/yr. In contrast, recent thermo-
chronological data from the Maures-Tanneron Massif, south of the
Durancian high, including zircon fission-track (ZFT), apatite
fission-track (AFT), and apatite (U-Th-Sm)/He analyses, indicate a
Cretaceous heating event between 120 and 75Ma. This event was
interpreted as resulting from crustal thinning and sedimentary burial
associated with pre-Pyrenean rifting in the extended domains sur-
rounding the Durancian high, the pre-Pyrenean rift to the south and the
Vocontian-Valaisan rift to the north (Boschetti et al., 2025).

From the Campanian until the late Eocene (Bartonian), the NW-SE
convergence of the African and Eurasian plates (Dercourt et al., 1986)
resulted in the collision of the Iberian plate and the Corsica-Sardinia
block with Eurasia (Arthaud and Seguret, 1981; Tempier, 1987;
Olivet, 1996; Vergés et al., 2002; Rosenbaum et al., 2002; Lacombe and
Jolivet, 2005; Schettino and Turco, 2011; Advokaat et al., 2014;
Mouthereau et al., 2014; Grool et al., 2018; Tavani et al., 2018; van
Hinsbergen et al., 2020; Angrand and Mouthereau, 2021). This
so-called Pyrenean-Provencal shortening produced E-W trending folds
and thrusts (Guieu, 1967; Tempier, 1987; Champion et al., 2000;
Tempier and Durand, 1981; Séranne et al., 1995; Andreani et al., 2010;
Espurt et al., 2012; Lavenu et al., 2013; Bestani et al., 2016), such as the
Mirabeau, Bimont and Nerthe fold structures investigated in this study,
as well as left-lateral strike-slip faults striking NNE-SSW to NE-SW like
the Aix-Middle Durance Fault (AMDF) system. The Pyrenean-Provencal
stress regime was either compressional or strike-slip in type, with the
maximum principal stress (61) oriented approximately N-S on a regional
scale (Bergerat, 1987; Gaviglio and Gonzales, 1987; Lacombe et al.,
2012), with variations from NNE-SSW (Balansa et al.,, 2022) to
NNW-SSE (Andreani et al., 2010; Espurt et al., 2012). Erosion during
this contractional phase was heterogeneous but substantial. AFT ages
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clustering around 60 Ma in the Maures Massif, where the pre-Triassic
basement crops out, have been interpreted as evidence of tectonically
driven uplift and denudation related to the Pyrenean shortening (Jakni,
2000). In the Maures-Tanneron Massif, a regional cooling event
beginning at ~75-70 Ma and continuing until ~40 Ma has likewise been
attributed to Pyrenean shortening, denudation and exhumation
(Boschetti et al., 2025). Thermal inversion models indicate cooling from
temperatures consistent with Mesozoic burial depths of ~2-4 km in the
Maures and ~1.5km in the Tanneron, depending on the assumed
geothermal gradient (Boschetti et al., 2025). These values correspond to
mean denudation rates of ~0.07-0.1 mm/yr in the Maures and
~0.03-0.04 mm/yr in the Tanneron during Pyrenean exhumation.
These rates are consistent with the influx of crystalline detritus recorded
in Eocene conglomerates and sands of the Basse-Provence basins. Esti-
mates of the volume of these syn-orogenic deposits suggest that sur-
rounding feeder reliefs, such as the Sainte-Victoire and Etoile massifs,
may have reached elevations of 1500-2000m during the Paleo-
cene-Eocene, compared with present-day residual elevations of ~1000
and ~800 m, respectively. Much of this erosion contributed to the for-
mation of a widespread Eocene-Oligocene planation surface (Bestani
et al., 2015, 2016; Espurt et al., 2012).

From the latest Eocene (Priabonian) to the Oligocene, E-W extension
associated with West-European Rifting (WER) led to the formation of the
Aix-en-Provence (Gaviglio and Gonzales, 1987; Espurt et al., 2012),
Manosque (Roure and Colletta, 1996) and Marseille (Hippolyte et al.,
1993) basins, as well as other basins in Languedoc (Séranne et al.,
2021). This phase was followed during the Oligo-Aquitanian by the
Liguro-Provencal Rifting (LPR) and the counterclockwise rotation of the
Corsica-Sardinia block, driven by trench retreat and African slab roll-
back (Faccenna et al., 1997, 2003; Gueguen et al., 1998; Lacombe and
Jolivet, 2005; Gattacceca et al., 2007, 2008; Cherchi et al., 2008). The
resulting NNW-SSE to NW-SE extension led to the formation of the Gulf
of Lion passive margin and subsequent opening of the Ligurian back-arc
basin (Hippolyte et al., 1993; Séranne, 1999; Séranne et al., 2021;
Hemelsdaéel et al., 2021; Bestani et al., 2016), temporarily overprinting
WER-related extension during the Chattian. Thermochronological data
and modeled thermal histories from the Tanneron and Maures massifs
indicate heating between ~40 and 35Ma and ~20-15Ma (Boschetti
et al., 2025). This heating was attributed to elevated geothermal gra-
dients associated with Oligocene arc/back-arc magmatism and related
intrusions cross-cutting the Maures-Tanneron basement, and/or to the
Gulf of Lion crustal thinning and subsequent opening of the Ligurian
basin (e.g., Séranne, 1999; Jolivet et al., 2020). Older AFT ages of
37-17 Ma from the Maures Massif (Morillon, 1997; Jakni, 2000) like-
wise likely record its thermal evolution during formation of the Gulf of
Lion margin and opening of the Ligurian basin.

African-Eurasian convergence persisted through the Neogene, pro-
ducing Alpine compression. In Provence, Alpine deformation probably
began during the Langhian (Villeger, 1984; Bles and Gros, 1991),
reached a paroxysm during the Tortonian (Clauzon et al., 2011), and
continued into the Pliocene (Molliex et al., 2011). The Alpine
compressional stress was mainly oriented NW-SE to NNE-SSW
(Combes, 1984; Bergerat, 1987; Gaviglio and Gonzales, 1987; Baroux,
2000; Baroux et al., 2001; Delacou et al., 2004; Guignard et al., 2005;
Cushing et al., 2008; Balansa et al., 2022). This event reactivated major
E-W-trending folds inherited from the Pyrenean-Provencal contrac-
tional phase, including the Lubéron, Alpilles, Trevaresse and Ventoux
structures (Tempier, 1987; Champion et al., 2000; Clauzon et al., 2011;
Molliex et al., 2011; Lamarche et al., 2012; Lavenu et al., 2013;
Guyonnet-Benaize et al., 2015), even though Alpine shortening in Pro-
vence remained overall limited (Bestani et al., 2016).

2.3. Timing of (meso)structure development

The sequence of (meso)structure development in the Mirabeau and
Bimont anticlines, the Rians syncline and the Nerthe massif (Fig. 1) was
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recently established by Zeboudj et al. (2025a,b) on the basis of field
observations and paleostress reconstructions from fault-slip and
calcite-twin data. Relative chronology, based on cross-cutting relation-
ships among faults, veins and stylolites and on their attitudes relative to
bedding, allowed us to distinguish structures related to the Pyrenean
shortening from those that pre- or postdated it. Pyrenean structures
developed under a compressional to strike-slip stress regime, with a N-S
to NNE-SSW-oriented ;. Many formed during layer-parallel shortening
(LPS), while the strata were still horizontal, and consist, after unfolding,
of bed-perpendicular N-S to NE-SW veins and E-W tectonic stylolites,
N-S dextral and NE-SW sinistral strike-slip faults, and E-W to
WNW-ESE reverse faults. Structures formed during fold growth mainly
include flexural-slip surfaces, E-W to WNW-ESE reverse faults with
variable dips as a result of their development during progressive limb
tilting, and ~E-W veins parallel to fold axes that developed in response
to strata curvature at fold hinge. Major ~ E-W-striking thrust zones are
also associated with this main contractional stage. Mesoscale faults
formed during late-stage fold tightening (LSFT), i.e., in response to
continuing shortening while the fold has locked and strata tilting was
over (Tavani et al., 2015; Lacombe et al., 2021) have broadly similar
orientations to LPS-related faults but crosscut tilted strata irrespective of
bedding dip (Fig. 2). Apart from burial-related BPS, pre-Pyrenean
structures consist mainly of sets of bed-perpendicular fractures with
variable orientations (NW-SE, E-W, and NE-SW after unfolding) that
are unrelated to the Pyrenean compressional stress field. Calcite-twin
based paleostress reconstructions instead support their formation
under a pre-Pyrenean extensional regime, with a roughly NNE-SSW
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fault-vein-stylolite associations were observed throughout the investi-
gated structures, although their orientations and internal sequences may
vary slightly. Post-Pyrenean structures cut across Pyrenean folds and
thrusts and mainly consist of N-S and E-W striking subvertical veins and
normal faults (Fig. 2).

As part of ongoing efforts to date brittle deformation in FTBs (see
review by Lacombe and Beaudoin, 2024), the timing of the major thrusts
and mesoscale fault and vein populations in Provence was further con-
strained by U-Pb dating of syn-kinematic calcite mineralizations. The
U-Pb ages refined the previously established sequence of (meso)struc-
ture development by robustly assigning faults and veins to the successive
regional contractional and extensional tectonic events (Fig. 2): the
Albian-Cenomanian Durancian uplift and associated NNE-SSW exten-
sion (110-90Ma), ~N-S Pyrenean contraction (81-35Ma), E-W
Oligocene extension (35-25Ma) and NNW-SSE Oligo-Miocene exten-
sion (30-18 Ma), related to WER and LPR, respectively. The NW-SE to
NNE-SSW Alpine shortening likely started at ~15 Ma but no U-Pb ages
are available. U-Pb ages further revealed polyphase vein sets with
similar strikes that were reactivated or progressively densified during
successive tectonic events (Zeboudj et al., 2025b). These include N-S
vertical veins formed during the Pyrenean shortening and the Oligocene
extension, and E-W vertical veins formed during the NNE-SSW
Albian-Cenomanian extension, the N-S Pyrenean shortening, and the
NNW-SSE Oligo-Miocene extension. Finally, the U-Pb ages support the
idea that Pyrenean shortening in Provence (1) occurred in two main
phases, 81-69Ma and 59-34 Ma, coeval with the inversion of the
pre-Pyrenean rift and the main Pyrenean collision, respectively, sepa-
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Fig. 2. Chart reporting the tectonic history of Provence since the early Cretaceous based on U-Pb geochronology. Data from (1): Godeau et al. (2018); (2) Zeboudj

et al. (2025a); (3) Zeboudj et al. (2025b); (4) Corréa et al., 2022.
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northward, i.e., forelandward (Zeboudj et al., 2025b, Fig. 2).
2.4. The studied structures

2.4.1. The Mirabeau anticline

The Mirabeau fold is a major contractional structure associated with
the AMDF system (Zeboudj et al., 2025a, Fig. 1). It is a
WNW-ESE-trending, NE-verging fault-propagation anticline
(Guyonnet-Benaize et al., 2015), characterized by a subvertical northern
forelimb and a southern backlimb dipping ~40° to the south. The fold
exposes predominantly Mesozoic carbonate strata, beginning with a
~90 m-thick Lower Triassic succession overlain by ~1 km of Jurassic to
Valanginian-Hauterivian limestones with minor marl interbeds. The
Barremian (Urgonian) platform limestones, the overlying ~300 m-thick
Aptian—Albian limestone and marl succession, and the entire Late
Cretaceous and Paleocene-Eocene-Oligocene successions are absent.
The Mesozoic strata are unconformably overlain by gently dipping
Miocene (Serravallian-Tortonian) shallow-marine deposits.

The outcropping strata show widespread pressure-solution features
(sedimentary BPS and tectonic stylolites), veins and faults (mainly
reverse and strike-slip faults, some appearing as normal faults as a result
of strata tilting) (e.g., Kaci, 2019; Lamarche et al., 2020). Most of these
structures were dated between 50 and 37 Ma and are related to the
Pyrenean shortening (Zeboudj et al., 2025a) (Fig. 2). Few extensional
NW-SE and NE-SW striking veins and a WNW-ESE striking mesoscale
normal fault dated between 112 and 90 Ma were related to the Duran-
cian uplift and related NNE-SSW extension (Zeboudj et al., 2025a).

Because the Mirabeau anticline lies close to the axis of the Durancian
high, Cretaceous erosion was particularly intense. The removal of
~700m of the initial ~1 km-thick Early Cretaceous succession, local
truncation of Late Jurassic strata and bauxite development indicate that
~700-1000 m of Mesozoic formations were eroded during the Late
Cretaceous (Molliex, 2009; Guyonnet-Benaize et al., 2010). A further
~500 m of denudation likely occurred during the Pyrenean shortening,
removing the Late Cretaceous—Paleocene-Eocene syntectonic cover and
exposing the Jurassic core of the fold. Bruna et al. (2013) estimated
~850 m of erosion and uplift related to the Pyrenean orogeny north of
the nearby Vautubiere anticline. Where preserved, Oligocene formations
onlap the pre-existing folded structure, indicating that the anticline
remained a topographic high at that time. The Mirabeau fold was
therefore probably only partially covered and not deeply buried during
the Oligocene relative to the adjacent basins, with burial likely less than
500 m (~200 m according to Bruna et al., 2013, north of the Vautubiere
anticline).

2.4.2. The Rians syncline

The Rians Basin (Fig. 1) is a NW-SE-trending syncline bounded to the
NE by the Vautubieére anticline, in the west by the Concors thrust, and in
the south by the Sambuc anticline (Espurt et al., 2012). The sedimentary
series comprises ~1500 m of marine limestones and marls of the Triassic
and Jurassic, overlain by ~400m thick massive Berriasian and Val-
anginian marine limestones and shales exposed in the northern part of
the basin. The foreland sequences start by mid Campanian breccia and
late Campanian siltstones and sandstones covered by the Maastrichtian
lacustrine limestones and fluvial siltstones. The Cenozoic formations
consist of Paleocene breccia, lacustrine limestones and siltstones.

No major structure was observed in the weakly deformed Rians
basin, but Zeboudj et al. (2025b) reported N-S and ENE-WSW sub-
vertical veins that yielded U-Pb ages between 36 and 33 Ma, suggesting
their opening during the late Pyrenean shortening and the subsequent
Oligocene extension. A jog associated with a sedimentary BPS in
sub-horizontal strata yielded a U-Pb age of ~45 Ma, supporting the idea
that the Rians Basin was still experiencing burial until the middle Eocene
and that the Pyrenean shortening likely occurred between ~45 and
36 Ma there (Fig. 2) and weakly affected the internal part of the basin.

While the late Cretaceous strata of the Rians syncline were
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presumably neither significantly buried (~200m of Paleocene-Eocene
formations) nor uplifted during the Pyrenean shortening, the hiatus
between the late Campanian and the Valanginian limestones and the
occurrence of bauxites indicates a significant erosion during the
Durancian uplift.

2.4.3. The Bimont anticline

The Bimont Lake area is located within the western segment of the
Sainte-Victoire system and is structured by two ENE-to E-W-striking, N-
dipping thrusts, known as the Bimont and the Reynauds thrusts (Espurt
et al., 2012) (Fig. 1). The Bimont fold is a E-W trending, south verging
anticline with a subvertical to slightly overturned southern limb.

Above 50 m of Rhaetian shales, the sedimentary succession there
consist of roughly 1500-2000 m thick Jurassic limestones (with some-
times breccias and marls), overlain by a ~200-300m thick Berriasian-
Valanginian strata. In the southern part of the fold, Campanian, Maas-
trichtian and Danian breccia formations unconformably overlie the sub-
vertical late Jurassic strata. These breccia belong to preserved growth
strata why testify the progressive development of the Bimont fold be-
tween the Campanian and the Paleocene. The folded series are uncon-
formably overlain and sealed by Miocene deposits.

Like in Mirabeau, the outcropping strata exhibit abundant pressure-
solution features (sedimentary BPS and tectonic stylolites), veins and
faults (mainly reverse and strike-slip faults, some appearing as normal
faults as a result of later tilting), most related to N-S to NNE-SSW Pyr-
enean shortening. Thrusting and fracture development seemingly
occurred mainly in two stages, as indicated by U-Pb ages of syn-
kinematic calcite mineralizations (Zeboudj et al., 2025b): 74-68 Ma
and mainly 59-47 Ma (until 33 Ma), with the formation of the Bimont
fold being likely achieved by ~57-55Ma. While N-S veins primarily
formed during the Pyrenean shortening, U-Pb dating revealed that some
also formed during the Oligocene E-W extension. No fractures related to
the Durancian uplift could be dated, but two calcite jogs along exten-
sional tectonic BPS were dated between 110 and 96 Ma (Fig. 2).

During the Durancian uplift, the future Bimont fold underwent
massive erosion. Bauxites developed in the eastern Sainte-Victoire and
the Rians syncline and were covered by foreland latest Santonian-
Campanian formations, suggesting the erosion of the late Hauterivian
to Albian (?) strata, hence ~500m. During the Pyrenean shortening, syn-
tectonic erosion, with deposition of the middle-late Campanian, Maas-
trichtian and Paleocene breccias directly onto late Jurassic limestones,
possibly amounted up to 500 m.

2.4.4. The Nerthe massif

The Nerthe massif is an E-W-trending, tectonically complex struc-
ture bounded by the Mediterranean Sea, the Etang de Berre, and the
Marseille Basin (Fig. 1). It is divided into tectonic blocks by major faults
that developed during successive contractional and extensional events.
The northern sector consists of a north-dipping monocline of Early
Cretaceous limestones and marls forming part of the Istres syncline. The
central sector comprises fault-bounded basins, including the Saint-
Julien extensional basin, filled with Oligocene-Burdigalian lacustrine
and continental deposits. The southern sector is characterized by
northward thrusting, with Urgonian limestones emplaced over younger
Aptian and Late Cretaceous units, forming a major thrust system rooted
in the Triassic evaporites. At depth, the basement is cut by a south-
dipping thrust (Bestani et al., 2016). Most contractional deformation,
involving both thin- and thick-skinned structural styles, occurred during
Pyrenean shortening. Two major E-W-trending anticlines associated
with north- and south-verging thrusts, including the La Folie-Valapaux
fault, were subsequently cross-cut by E-W-striking Oligocene normal
faults. Early Burdigalian to Tortonian marine formations unconformably
overlie the deformed structures, indicating that most tectonic defor-
mation predates their deposition, although the Burdigalian strata were
themselves affected by E-W-striking normal faults.

Veins, mesoscale faults and major thrusts were investigated for U-Pb
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dating (Zeboudj et al., 2025b). In contrast to the main fault zones, the
vein system is very complex, displaying veins with different orientations
that yield similar U-Pb ages and veins with similar orientations that
yield highly contrasted U-Pb ages. However, whatever their spatial
scale, most structures could be interpreted as related to alternating
strike—slip or compressional stress regimes with ¢; roughly oriented N-S
to NNE-SSW, and developed in two time periods, during the late
Cretaceous (~81-67 Ma) and during the Eocene (~59-34 Ma). Zeboudj
et al. (2025b) proposed that the main Pyrenean shortening in the Nerthe
massif occurred during the latest Cretaceous, causing exhumation of
folded strata and favoring downward fluid flow. Indeed, the authors
reported clear markers of subaerial environments (dated as early as
~72Ma and lasting until the Miocene, ~9.5Ma), indicating that the
range was close to emersion as soon as its structure started to develop.
The second period likely corresponds to a late, minor component of
renewed Pyrenean contraction and reactivation of earlier structures.
Zeboudj et al. (2025b) also reported U-Pb ages between ~110 Ma and
~93Ma for variously oriented veins that are likely related to the
Durancian uplift and associated NNE-SSW extension. Finally, an E-W
vein yielded a 20 Ma U-Pb age, consistent with the Oligo-Miocene
NNW-SSE extension that created the Valtrede and the Laurons-Ensues
normal faults bounding the Saint Julien extensional basin.

In contrast to the northernmore folds, the Urgonian limestones are
preserved in the Nerthe massif, which indicates that erosion during the
Durancian uplift remained moderate (~200-400 m). Erosion occurred
mainly during the Pyrenean-Provencal compression, estimated to 800 to
1000 m as suggested by structural cross sections (Tempier, 1987). Much
of the material removed from the crest of the Nerthe massif ended up in
the Oligocene Estaque conglomerate, which contains reworked Urgo-
nian limestone pebbles from the Nerthe.

3. Material and methods
3.1. Sampling strategy and material

Unlike major faults, sub-seismic fractures like veins are common and
readily accessible features in sedimentary strata, with their minerali-
zations recording fluid migration during successive stages of deforma-
tion. However, the isotopic signatures of veins are often more scattered
than those of fault zones, owing to local chemical variability and un-
certainties in assigning the veins to specific sets based solely on their
orientation (Beaudoin et al., 2011, 2013, 2014; Berio et al., 2022).
Extensive U-Pb dating of syn-kinematic calcite helps overcome this
uncertainty by enabling robust assignment of mesoscale faults and vein
sets to successive deformation stages (Zeboudj et al., 2025b). At Mir-
abeau and Rians, where major thrusts are not exposed, we sampled
pervasive mesostructures such as veins, mesoscale faults and stylolites
(Fig. 3A-E). Conversely, at Bimont and La Nerthe, we sampled
syn-kinematic calcite from mesostructures as well as from the damage
zones and fault cores of exposed thrust zones (Fig. 3F, G-I). Host rocks
were also sampled. The locations of sampling sites in the investigated
structures and the type of analyses performed on samples from each site
can be found in the Supplementary Material S1 and S2, respectively.

For all the calcite samples, the petrographic analyses carried out on
polished thin-sections using an optical microscope Zeiss AxioSkop 40
(Carl Zeiss Light Microscopy, Gottingen, Germany) equipped with a
Nikon D5100 SLR camera (Nikon Corporation, Tokyo, Japan, and X-ray
diffraction (XRD) (Bruker D2 Phaser diffractometer with X-Ray wave-
length of 1.54056 A) confirmed the calcite nature of the vein filling,
fault coating and rock matrix (Zeboudj et al. 2025a, 2025b). The
diagenetic state of the calcite mineralization (e.g., the absence of later
alteration) was further investigated using cathodoluminescence OPEA
(Laboratoire Optique Electronique Appliquée, Paris, France) Cathodine
equipped with a cold cathode. The latter were performed with replicable
parameters, 50-60 mTorr vacuum, 15kV voltage, and 200 pA electron
beam. All these analyses were conducted at ISTeP (Institut des Sciences
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de la Terre de Paris), Sorbonne Université, Paris, France.

BPS with peaks perpendicular to the dissolution plane (Fig. 3A and B)
were sampled by hand or though coring in late Jurassic strata (Titho-
nian) at Mirabeau, early Cretaceous (Barremian) strata in the Nerthe
Massif and late Cretaceous (Maastrichtian) in Rians.

3.2. Oxygen and Carbon stable isotopes

For O-C isotope measurements, 30 to 50 pg of powder were sampled
from the syn-kinematic calcite mineralizations and the surrounding
host-rocks, using a computer-assisted micromill drill to avoid any
contamination between mineralization and host rocks. The powder was
placed in glass vials and reacted with anhydrous orthophosphoric acid at
70°C to extract COq gas, itself ionized in the spectrometer. The isotope
ratios of oxygen (*80/'%0) and carbon (*3C/'2C) were obtained by
Isotope-Ratio Mass Spectrometry (IRMS). The spectrometric equipment
couples an automatic sample preparation device (KIEL IV Carbonate)
and an analysis section (DELTA V Advantage) from Thermo Fisher Sci-
entific at ISTeP.The measured isotopic ratio reported in permil relative
to the Vienna Pee Dee Belemnite (%oVPDB) are with an accuracy of
0.03%o and 0.08%o for carbon and oxygen, respectively.

3.3. Clumped-isotope thermometry (A47)

Clumped isotope analyses were performed at the A4y facility of the
Laboratoire des Sciences du Climat et de I’Environnement (LSCE, Gif-
sur-Yvette, France). Powdered samples from calcite mineralizations
were analyzed three times each, following a protocol consisting of
converting 3.5 to 4 mg of CaCO3 to CO,, by reaction with phosphoric acid
at 90°C in a stirred common acid bath for 15 min. After cryogenic
removal of water, CO, was passed through a purification column (1 m
long, 2.1 mm internal diameter) filled with Porapak Q (50/80 mesh) in a
flow of Helium at 25 mL/min, then transferred to an Isoprime 100 dual-
inlet mass spectrometer equipped with 6 F collectors (m/z 44-49), with
high-gain amplification (1 02 Q) applied to the m/z 47 cup.

Background-corrected ion current ratios (545 to 349) were converted
to 53¢, 8'%0, and ‘raw’ A4y values as described by Daéron et al. (2016),
using the IUPAC oxygen-17 correction parameters. The ETH carbonate
standards (Bernasconi et al., 2018) were used to compute the isotopic
composition (613C, 6180) of our working reference gas, assuming an
oxygen-18 acid fractionation factor of 1.00813 (Kim et al., 2007). Raw
A47 values were then converted to the I-CDES reference frame
(Bernasconi et al., 2021) using a pooled regression approach (Daéron,
2021) as implemented by the D47crunch library (v.2.5.3). Full analyt-
ical errors are derived from the pooled external A4; reproducibility
(o = 8.6 ppm) of unknowns and standards (Nf = 154) and conservatively
account for the uncertainties in raw A4; measurements as well as those
associated with the conversion to the I-CDES reference frame (Daéron,
2021). Calcite formation T was estimated based on the composite
OGLS23 calibration of Daéron and Vermeesch (2024). A complete
analytical report is provided as Supplementary Material S3.

3.4. 875r/%sr ratios

Strontium isotope analyses were performed by SEDISOR (Plouzané,
France). Approximatively 0.5g of sample powder was digested in pre-
cleaned Savillex® vial with 2ml of ultrapure HNO3 1M. Strontium
was isolated from the sample matrix by ion-exchange chromatography
using a Sr-Spec resin (Triskem®) following a procedure modified after
Pin and Zalduegui (1997). Strontium was eluted with 2ml of hot ul-
trapure HpO. Samples are loaded on W filaments for thermal ion mass
spectrometer (TIMS) measurements. Sr isotope ratios were measured in
static mode on a Thermo Scientific TRITON mass spectrometer at the
PSO (Pole de Spectrométrie Océan), Brest, France. All measured ratios
are normalized to 36Sr/38 Sr = 0.1194 and the Sr isotope compositions of
standard solution NBS987 is routinely measured with a frequency of 5
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Fig. 3. Field examples of structures sampled and investigated in our geochemical-tectonic study. A-B: Examples of tilted burial-related BPS (Bedding-Parallel Sty-
lolites) in the Mirabeau anticline as used for roughness analysis. C-D: Examples of mineralized mesoscale striated faults (C: Mirabeau anticline; D: Rians syncline). E-
F: Examples of mineralized veins (E: Mirabeau anticline; F: La Nerthe massif). G: Example of sampled thrust fault zone in the Nerthe massif, with zooms of the
fractured, brecciated and mineralized internal structure of the fault zone (H,I). White circles correspond to laser ablation spots for U-Pb dating (Zeboudj

et al., 2025b).

analyses every two samples. During the analytical session, NBS987 gave
a%”sr/8r ratio of 0.710238+0.000005 (26, n = 4).

3.5. Rock Eval pyrolysis of the organic matter

The organic matter content and maturity of host rocks was analyzed
using a Rock-Eval 6 Turbo instrument (ISTeP, Sorbonne Université) in
Bulk Rock/Basic mode, as described by Behar et al. (2001). Pyrolysis of
the rock at temperatures between 300°C and 400°C enables the deter-
mination of the S2 parameter, which corresponds to the quantity of
hydrocarbons (in mg per g of rock) released by the organic matter
(kerogen). When extrapolated to geological conditions, S2 represents
the amount of hydrocarbons the source rock would generate if heated to
a sufficient temperature and duration for the organic matter to crack. In
petroleum exploration, this parameter is termed the petroleum potential
(Espitalié et al., 1977). The S2 analysis yields Tpax (°C), the temperature
at which the maximum amount of hydrocarbons is released. Tpax is
interpreted in terms of the thermal maturity of the organic matter,
enabling the practical identification of oil- and gas-generating zones
(Espitalié and Burrus, 1986; see also Supplementary Material S4).

3.6. BPS roughness inversion for stress

Stylolite roughness inversion is a recent paleopiezometric technique
using stylolite roughness—the height difference between points along a
profile at a given horizontal scale—to record stress magnitudes when
pressure-solution ceased (Beaudoin and Lacombe, 2018). Local disso-
lution gradients favor growth and create roughness, while opposing
forces smooth the surface: small-scale surface energy (controlled by
dissolving material chemistry) and large-scale (>1 mm) elastic energy
(Hooke's law), governed by material mechanical properties like Poisson
ratio (v) and Young modulus (E). Treated as a signal, stylolite roughness
exhibits two power laws on a log-log plot, each characterized by a Hurst
roughness exponent (Schmittbuhl et al., 2004), with values of 1.1 and
0.5 for the power law related to surface energy and to elastic energy,
respectively (e.g., Toussaint et al., 2018). The observation scale at which
the controlling forces switch from surface energy-dominated to elastic
energy-dominated, called crossover length (L), is defined as: L¢ =yE/
Bomoq , where L. is the crossover length (in mm), E the Young modulus
of the rock (in Pa), y the solid-fluid interfacial energy (in Jm2), p a
dimensionless constant depending on the Poisson ratio (v) [f = v(1 —
2v)/z], o is the mean stress magnitude [(67+062+063)/3] and o4 the
differential stress magnitude (61—03).

In the case of BPS developed in response to burial-related compac-
tion under a vertical maximum principal stress, it is assumed that oy >
oy =on (uniaxial strain hypothesis), so the expression of o, can be
simplified as 62 = yE/aL. (eq. (1)), with a being a constant defined as =
(1 — 20)(1 +1)?/302(1 — v)2. The value of L. can be determined by the
analysis of the stylolite roughness as a 2D signal using either the Fourier
Transform (Fourier Power Spectrum, FPS) or the Average Wavelet Co-
efficient (Daubechies D4 wavelets, AWC). BPS samples were cut
perpendicular to the plane of the stylolite, each cut was polished and
scanned and each scan was digitized either manually on pixel-based
drawing software or automatically with color and shape-based seg-
mentation. The signal analysis was conducted on an 8-bit high-
resolution image (12,800 dpi) of the 1D stylolite track over a length
ranging from a few cm to 5cm using Python scripts adapted from

previously published Matlab scripts (Ebner et al., 2009; Labeur et al.,
2024). For each log-log plot, a non-linear regression with slopes set
according to the expected Hurst coefficients was fitted through the
binned data. The L. value is defined by the change in slope of the
regression lines, with an uncertainty of 23% (Rolland et al., 2014). In
this study, L. was given using AWC signal analysis using Daubechies D4
wavelets (Simonsen et al., 1998; Ebner et al., 2009), and the resulting o
was converted into depth (z) using o, = pgz, where g is the gravitational
acceleration (9.81 ms™2) and p is the mean density of the overlying
sedimentary column. The magnitude of the vertical principal stress oy
and therefore the estimated depth are determined with 12% uncertainty,
regardless of the past geothermal gradient and fluid pressure (Beaudoin
and Lacombe, 2018). The Stylolite Roughness Inversion Technique
(SRIT hereafter) has been extensively evaluated in terms of its under-
lying assumptions and limitations (Koehn et al., 2007, 2012; Ebner et al.,
2009; Toussaint et al., 2018; Beaudoin et al., 2019), and has been suc-
cessfully applied across a range of sedimentary basins and FTBs (Ebner
et al., 2009; Rolland et al., 2014; Bertotti et al., 2017; Beaudoin et al.,
2016, 2019; Lacombe et al., 2021; Labeur et al., 2021, 2024; Zeboudj
et al., 2023). More recently, the reliability of SRIT as a depth gauge
has been independently supported by the combined application of BPS
roughness inversion and clumped-isotope thermometry (Beaudoin et al.,
2025).

In order to calculate L., the static Young modulus (E) must be esti-
mated, as the most variable elastic parameter of carbonate rocks (Regnet
et al., 2019). We use a non-destructive Schmidt hammer (Silver Schmidt
058200 type N, manufactured by PROCEEQ), measuring the rebound of
a spring-loaded piston pressed orthogonally against the rock surface.
The rebound value R proxies surface stiffness, enabling E calculation via
Aydin and Basu's (2005) empirical relationship: E =0.72 e ©%® (eq.
(2)). Although this relationship was derived from laboratory tests on
granite and the influence of lithology on rebound values remains
insufficiently constrained, it provides the best available approximation
of the static Young's modulus when using a Type N Schmidt hammer. At
each site, 20 to 50 orthogonal rebound measurements were averaged to
obtain a single representative value. To minimize the influence of local
heterogeneities and remove potential outliers, a moving incremental
average was calculated until the mean rebound value stabilized
(Supplementary Material S5). The E values derived from Schmidt
hammer measurements are representative of the present-day mechani-
cal behavior of the rocks. Whether these values adequately represent the
elastic moduli at the time of deformation, particularly under burial
conditions, has been a recurring issue (Bauer et al., 2017; Lamarche
et al., 2012; Petrie et al., 2012). However, mechanical tests have
shown that the static Young's modulus increases with burial depth until
reaching a plateau, and that subsequent exhumation does not signifi-
cantly affect this plateau value (English, 2012). We therefore consider
the use of Schmidt hammer measurements to be a valid approach for
SRIT, provided that the associated uncertainty is properly accounted for.

4. Proposed new integrative workflow

In this contribution, we propose a new workflow that integrates
structural, geochemical and geochronological datasets to reconstruct (1)
the evolution trend of the fluid system and (2) the depth-T-d-t trajec-
tories of host carbonate reservoir rocks during the Cretaceous-Tertiary
times (Fig. 4).
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Fig. 4. Workflow of the proposed structural-geochemical-paleopiezometric-geochronological multi-proxy study of mineralized structures and their host rocks that

enables reconstruction of a burial-time model with set anchor points (AP).

First, we use 880, §'3C, A47 and 878r/80Sr ratios measured in syn-
kinematic calcite to constrain the origin of past fluids, calcite precipi-
tation temperatures and the extent of fluid—rock interactions (Evans and
Fischer, 2012; Beaudoin et al., 2014, 2015, 2022) during successive
deformation events. This approach highlights the main trends in fluid
evolution, such as the remobilization of formation fluids or the ingress of
meteoric fluids, and identifies periods or tectonic events characterized
by distinct mineralizing fluids.

Second, to constrain the late Jurassic, Early Cretaceous and Late
Cretaceous carbonate depth-T-d-t trajectories, we use BPS populations
as indicators of active pressure-solution depth ranges (Fig. 4). Because
BPS roughness can fossilize prematurely while strata continue to be
buried, and because sampling is necessarily limited, BPS paleo-
piezometry conservatively provides a minimum estimate of burial depth
(Fig. 4). When BPS are associated with dated calcite-filled jogs, the
active pressure-solution depth can be dated, providing a depth—t anchor
point (Fig. 4). These depth estimates remain entirely independent of
assumptions about the past geothermal gradients.

Temperature constraints on the depth-T-d-t trajectories are derived
primarily from organic-matter pyrolysis that constrains maximum burial
temperatures of host rocks (Fig. 4), supplemented by calcite isotope
analyses. Following fluid characterization for each tectonic event, we
assess whether the mineralizing fluids were at thermal equilibrium with
the host rocks during calcite precipitation, thereby allowing precipita-
tion temperatures to be used as proxies for host-rock temperature
(Fig. 4). This requires either (1) calcite precipitation from a local fluid
without significant advective heat transport or (2) the identification of
downward-migrating fluids (e.g., meteoric fluids infiltrating from the
surface or downward marine fluid flows), such that precipitation tem-
peratures are at or below the geothermal temperature expected at depth.
To ensure that the calcite is at thermal equilibrium in the latter case, we
assume that a fluid geochemically buffered by the host rock reflects a
low fluid/rock ratio, which likely minimizes local thermal perturba-
tions. Consequently, the fluid is also expected to be thermally buffered
by the host rock. Converting temperature to depth requires assumptions
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about the geothermal gradient, which must be tested against indepen-
dent depth constraints. Such indirect temperature constraints are
particularly valuable when U-Pb ages are available for the mineraliza-
tion, as they provide T-d-t anchor points when fractures have been
dated and confidently assigned to a specific deformation event (Fig. 4).

Remarkably, some BPS that provide depth constraints also contain
jogs with dated calcite infills for which precipitation temperatures have
been determined. Jog calcite precipitated from fluids at thermal equi-
librium with the host rocks because pressure-solution development and
the small size of the jogs limited large-scale fluid migration, whereas
local pressure drops associated with crack development pumped fluids
into the jogs and triggered calcite precipitation (Beaudoin et al., 2025).
Here, the combination of roughness analysis, U-Pb geochronology, and
clumped isotope thermometry provides a first-order depth-T-t anchor
point for reconstructing host-rock burial history (Fig. 4). This constraint
remains independent of the past geothermal gradient while also helping
to constrain that gradient for a given surface temperature.

Finally, these geochemical depth-T-d-t constraints are integrated
with geological constraints, including subaerial exposure of late Juras-
sic-Early Cretaceous rocks and bauxitization during the Durancian up-
lift; syn-tectonic erosion and deposition of Late Cretaceous—Paleocene
breccia during the Pyrenean shortening; and Miocene deposits uncon-
formably overlying folded Jurassic—Cretaceous strata, to constrain the
Late Jurassic—Cretaceous burial history of the reservoir rocks (Fig. 4).

5. Results
5.1. 5'%0 and 5'3C signatures

The 580 and §'3C values of the 166 analyzed calcite mineralizations
collected from faults and veins range between —15.13%0 and —3.15%o
VPDB considering §'80 and from —7.93%o to +4.25%0 VPDB considering
513C (Fig. 5A). In host rocks, the 5180 ranges from —12.05%o to —2.06%o
VPDB and the 5'3C ranges from —7.44%o to +2.36%0 VPDB (Fig. 5B). It is
noteworthy that there is no significant difference in these values among
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Fig. 5. A. Isotopic signatures 5!°C versus §'%0 of syn-kinematic calcite mineralization from veins and faults. Solid colored frames gather the isotopic values of
samples belonging to the same structural event: LPS stands for Layer-Parallel Shortening, and LSFT for Late Stage Fold Tightening. Regional data from the literature
are reported as dashed colored frames: 1*: Durancian syn-normal faulting mineralizations; 2**: Durancian syn- normal faulting mineralizations dated ~90 Ma; 3*:
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the studied folds. However, the cross plot of O and C isotopic ratios of
syn-kinematic calcite depicts 3 distinct clusters (Fig. 5A). The first type
of vein-calcite isotopic signature is characterized by 5'80 values of —3%o
to —5%0 VPDB and 8'3C values of 0% to +2%o VPDB (Domain 1), over-
lapping with a large proportion of the host-rock isotopic compositions.
The second domain (II) is defined by most of the data, in the range of
—14%0 to —7%o VPDB in §'80 and of —2% to +3%. VPDB §'3C. The third
domain displays few signatures with 5'%0 between —11%o and —6%o
VPDB and §'°C between —8%o0 and —7%. VPDB (domain III). Interest-
ingly, Domain II encompasses most of the syn-kinematic calcite miner-
alization associated with structures formed during the Pyrenean
shortening, whereas the other two domains correspond to veins attrib-
uted either to the pre-Pyrenean extensional event associated with the
Durancian uplift (Domain I) or to the post-Pyrenean Oligocene-Miocene
extensional events (Domain III) (Zeboudj et al., 2025a, 2025b). Within
Domain II, two main trends can be identified. First, mineralization
associated with early, layer-parallel shortening (LPS)-related meso-
structures tends to be more depleted in 180, although with some overlap,
than mineralization associated with mesostructures formed during LSFT
and during the main shortening phase (folding and thrusting). Second,
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the mineralizations associated with mesostructures (veins and meso-
scale striated faults) are overall more depleted in 180 than those asso-
ciated with the major thrust zones (Fig. 5A). Detailed results are
provided in Supplementary Material S2.

5.2. A4y signatures

The values of A4y (%0 I-CDES) of the 15 analyzed calcite minerali-
zations range between 0.4767 and 0.5936. Based on the OGLS23 cali-
bration of Daéron and Vermeesch (2024), these values correspond to
calcite precipitation temperatures (T47) ranging from 24.9 +5.7°C to
73.6 £5.3°C (95% CL, Fig. 5C). Although we did not perform any kinetic
modeling, the expected alteration of the temperature by potential
solid-state reordering (e.g., Hemingway and Henkes, 2021) is less than
the analytical uncertainty, as the maximum temperature reached by the
strata is below 100°C and as the strata likely remained below 80°C
during most of their burial history. The §'80 signatures of the parent
fluids from which calcite precipitated were determined using the frac-
tionation equation of Kim and O’neil (1997) in order to account for the
out-of-equilibrium character of precipitation. They range between
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—3.6+£0.7%0 VSMOW and 0.2 £ 0.8%. VSMOW (95% CL). With respect
to the deformation event (Durancian uplift, Pyrenean LPS and Pyrenean
folding and thrusting), differences arise, with pre-Pyrenean §'®Ogyiq
values/precipitation temperatures ranging between —2.2+0.7%0 and
—1.7 £1.2 VSMOW/51.5 £+ 3.9°C and 24.9 4+5.7; LPS related values
ranging between —3.3 +1.0 and 0.0 + 0.8%. VSMOW/48.6 + 5.5 and
73.7 £5.4°C; and folding-thrusting -related values ranging between
—2.540.7 and 0.2 + 0.8%0 VSMOW/55.5 + 4.0°C and 51.1 &+ 4.5. The
detailed results are given in Supplementary Material S2 and S3.

5.3. %7sr/%sr signatures

The measured 8Sr/®0Sr ratios of the 13 analyzed calcite minerali-
zations are low and rather homogeneous despite the range of ages of the
host rocks and the variety of structures from which syn-kinematic cal-
cites were sampled, between 0.70735 and 0.7080. The detailed results
are given in Supplementary Material S2.

5.4. Maturity of host rock organic matter

The organic content of one sample collected from the Tithonian
strata at Mirabeau is low (0.9 wt %) but was sufficient to produce a small
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amount of hydrocarbons during pyrolysis (52 = 0.47 mg/g). There is no
free hydrocarbon (S1 < 0.01 mg/g). The Tpax value for the sample is
441.5 + 2°C. The detailed results are given in Supplementary Material
S2 and S4.

5.5. Inversion of stylolite roughness for stress

Among the 53 BPS sampled from host rocks spanning different
stratigraphic ages in the three structures investigated, 40 BPS yielded
exploitable inversion results (i.e., a well constrained L. value) using
SRIT: 4 in the Rians syncline (Maastrichtian), 23 in the Mirabeau anti-
cline (Tithonian), and 13 in the Nerthe massif (Barremian). A minimum
stylolite length of 2.1 cm was required for SRIT analysis. For traces
shorter than 2 cm belonging to the same plane or sample, the concate-
nation method proposed by Labeur et al. (2024) was applied. Compac-
tion was estimated from the maximum local height of the stylolite teeth
relative to the mean baseline and ranged from 1.01 to 16 mm. L, values
ranged from 0.22 to 3.44 mm, with distributions varying among the
different structures. In the Rians syncline, L. values ranged from 1.70 to
3.44 mm, whereas values in the Mirabeau anticline and Nerthe massif
ranged from 0.22 to 1.65mm and from 0.31 to 2.49 mm, respectively
(Fig. 6 and Table 1). To estimate the vertical stress from L, the static

Table 1
Results of inversion of BPS roughness for stress. E: Young modulus. Le: Cross-over length. oy: vertical principal stress. For more details, see Supplementary Materials S5
and S6.
Structure  Site  Sample Latitude Longitude  BPS Age of host Length Compaction E Lc ov Depth
Name Name rock (mm) (mm) (GPa) (mm) (MPa) (m)*
Rians 3R Z001 43°36'56'N 5°41'46"E A Maastrichtian 68.744 7.42 13 2.116 10 400
3R Z001 43°36'56'N 5°41'46'E B Maastrichtian 45.3 4.21 13 3.447 8 300
3R Z001 43°36'56'N 5°41'46'E C Maastrichtian 50.864 2.5 13 1.698 11 450
3R Z007 43°36'56'N 5°41'46"E A Maastrichtian 95.228 10.81 13 2.906 9 350
Mirabeau 7 Core 5 43°41'03'N 5°39'14'E A Tithonian 49.326 3.53 32 1.129 21 850
7 Core_10 43°41'03'N 5°39'14'E A+B+ Tithonian 28.75 2.96 32 0.379 36 1500
C
1 Z011 43°41'27'N 5°40'01"E A Tithonian 33.13 9.94 27 1.652 16 650
4 Z030 43°41'22'N 5°39'41"E Jog Tithonian 34.75 1.86 27 0.3104 38 1500
1 Z13A 43°41'27'N 5°40'01"E A Tithonian 27.648 4.2136 27 0.227 43 1750
2 723 43°41'25'N 5°39'57"E A+ B+ Tithonian 37.79 1.65 27 0.711 25 1000
C
4 728 43°41'22'N 5°39'41"E A Tithonian 29.202 2.46 27 1.562 17 650
4 Z30 43°41'22'N 5°39'41"E A Tithonian 51.408 3.14 27 0.327 37 1450
4 Z30 43°41'22'N 5°39'41"E B Tithonian 28.29 1.72 27 0.637 27 1050
4 Z30 43°41'22'N 5°39'41"E C Tithonian 27.496 2.12 27 0.447 32 1250
11 Z55 43°41'31'N 5°39'50"E B Tithonian 59.432 4.09 32 1.03 21 900
11 Z55 43°41'31'N 5°39'50"E A+C Tithonian 68.49 3.15 32 0.485 30 1300
7 Z56 43°41'03'N 5°39'14'E A Tithonian 21.68 1.01 32 0.268 42 1750
7 756 43°41'03'N 5°39'14'E B Tithonian 23.818 1.03 32 0.23 46 1900
7 756 43°41'03'N 5°39'14'E C Tithonian 53.98 1.62 32 0.26 43 1800
7 Z56 43°41'03'N 5°39'14'E D Tithonian 23.558 3.03 32 0.24 45 1850
7 760 43°41'03'N 5°39'14'E C Tithonian 28.312 1.75 32 0.427 34 1400
7 760 43°41'03'N 5°39'14'E D Tithonian 28.536 3.64 32 0.588 29 1200
7 Z60 43°41'03'N 5°39'14'E A Tithonian 24.52 2.43 32 0.625 28 1150
7 Z60 43°41'03'N 5°39'14'E B Tithonian 33.348 3.47 32 0.8 25 1000
7 766 43°41'03'N 5°39'14'E A Tithonian 56.1 9.57 32 0.319 39 1600
7 768-2 43°41'03'N 5°39'14'E A Tithonian 22.982 1.99 32 0.414 35 1400
7 768-2 43°41'03'N 5°39'14'E B+ C+ Tithonian 34.89 1.26 32 0.517 31 1250
D
Nerthe 1IN Z081 43°23'30'N 5°04'28"E A Barremian 61.318 3.69 22 0.59 24 1000
1IN Z082 43°23'30'N 5°04'28"E A Barremian 66.304 3.52 22 0.378 30 1250
1N 7082 43°23'30'N 5°04'28"E B Barremian 58.888 4.1 22 0.309 33 1350
IN Z083 43°23'30'N 5°04'28'E A Barremian 66.21 7.23 22 0.446 28 1150
1IN Z084 43°23'30'N 5°04'28"E A Barremian 95.41 9 22 0.932 19 800
1IN Z092 43°23'30'N 5°04'28"E A Barremian 70.67 6.5 22 0.399 29 1200
IN Z093 43°23'30'N 5°04'28'E A Barremian 113.2 16 22 0.701 22 900
ON Z151 43°19'57'N 5°05'12"E A Barremian 81.31 3.24 22 0.986 19 750
ON Z152 43°19'57'N 5°05'12"E A Barremian 66.92 6.45 22 2.492 12 500
ON Z153 43°19'57'N 5°05'12"E A Barremian 77.17 3.81 22 1.245 17 700
9N 7153 43°19'57'N 5°05'12"E B' Barremian 58.1 1.45 22 1.54 15 600
ON Z153 43°19'57'N 5°05'12"E C Barremian 51.474 2.18 22 0.462 27 1100
ON Z158 43°19'57'N 5°05'12"E A+B Barremian 71.26 5.5 22 1.423 16 650

BPS Name with a ' symbol comprise a trace concatenated from 2 cuts on the same stylolite but at different angles. * Values round to the closest multiple of 50 m.

13



O. Lacombe et al.

Journal of Structural Geology 213 (2026) 105846

Calcite jog
T47 =55.6 +8.2°C
52.6 £ 2.8 Ma

P

B1

Profile (concat: 3 tracks, 34.75 mm total)

h [mm]

5 20
x [mm]

B2

AWC | Lc=0.310 mm | Hs=1.10 HI=0.50

1M c=0310mm °

Fig. 7. A. 2D scan of the Z030 hand sample that displays the studied calcite jog (Z030-J1) linking BPS from Tithonian limestones at Mirabeau. The temperature of the
fluid at the time of calcite mineralization, and the U-Pb ages of the calcite and of the host rock are given. B1: Composite 1D profile of the BPS associated with Z030-J1
jog after concatenation of three separate traces (see text and Labeur et al., 2024 for details). B2: Signal analysis of the composite profile of the BPS shown in Bl

using AWC.

Young's modulus (E) was determined from Schmidt hammer measure-
ments conducted at each sampling site. Measurements were performed
at 8 sites (1 in the Rians syncline, 5 in the Mirabeau anticline, and 2 in
the Nerthe massif), with a total of 10 acquisitions. Each acquisition
comprised 20-50 rebound measurements performed on a flat surface. A
stable rebound value was identified from the plateau reached by the
mean rebound values (Supplementary Material S5). Young's modulus
values calculated using Equation (2) ranged from 13 GPa for the Maas-
trichtian rocks to 32 GPa for the Tithonian rocks (Table 1). For a given
stratigraphic age, the calculated E value was consistent among sampling
sites; for example, nearly identical values (27-32) were obtained for the
Tithonian rocks. The resulting E values were then used in Equation (1),
together with a calcite-water interfacial energy (y) of 0.23Jm™2
(Wright et al., 2001) and an average Poisson's ratio (v) of 0.24, to
calculate the magnitude of the vertical stress (o). The calculated o,
values ranged from 8 to 46 MPa (Table 1). Detailed results are provided
in Supplementary Material S5 and S6.

6. Interpretation of results and discussion
6.1. Interpretation of results

6.1.1. Organic matter maturity and peak burial temperature reached by
reservoir rocks

The Tpax value of 441.5+2°C places the analyzed sample from
Mirabeau in the middle of the oil window. The absence of free hydro-
carbons may be related to the nature of the organic matter, which is
predominantly of Type III, as indicated by the hydrogen (HI) and oxygen
(OD) indices of 52 mg HC/g TOC and 105 mg CO,/g TOC, respectively.
Type III organic matter generally generates relatively small amounts of
hydrocarbons, which may remain largely adsorbed onto the kerogen.
However, a single Tp,ox value, combined with the lack of constraints on
the thermal history of the sequence, does not allow the maximum
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temperature reached by the sample in nature to be determined precisely.
Nevertheless, a temperature range of 70-90°C is considered likely
(Dellisanti et al., 2010).

6.1.2. Stylolite roughness inversion and the depth of burial-related active
pressure-solution

The L. values and associated 6, magnitudes derived from SRIT can be
further used to access the depth of halt of pressure solution activity
along the BPS of a given population. Using an average dry density of
2.5gcm ™3, we can calculate the corresponding depths (Table 1 and
Fig. 6). In the Tithonian limestones of the Mirabeau anticline, the esti-
mated depths are distributed between 650 and 1900 m as a Gaussian
centered around 1300 m. In the Maastrichtian limestones of the Rians
basin, the depth values range from 300 to 450 m. In the Barremian
limestones of the Nerthe massif, the distribution is bimodal, between
500 and 1350 m with two modal values of 700 m for the southern part of
the Nerthe massif (Site 9N, Boumandariel) and 1100m for the northern
part of the Nerthe massif (site 1N, Gueule d’Enfer) (Fig. 6). All these
values are to be considered within an uncertainty of 12% (Rolland et al.,
2014). For the specific case of the stylolites framing the calcite jog dated
at 52.6 £+ 2.8 Ma (Z030-J1, Fig. 7), the inversion of the roughness yields
a depth of end of activity at 1500 + 180 m. At the scale of individual
stylolites, this depth can be considered as the depth at which pressure
solution stopped, either because of local saturation, fluid overpressure
or because the maximum principal stress was no longer vertical
(Beaudoin et al., 2020b; Labeur et al., 2021; Lacombe et al., 2021).
Considering the population of BPS, the latter explanation was invoked in
various FTBs and basins to estimate the timing at which the main
principal stress switched from vertical to horizontal due to increasing
tectonic contraction (Labeur et al., 2021; Lacombe et al., 2021). Here,
these ranges of values are used to better constrain the minimum depth at
which strata were buried before contraction caused LPS-related struc-
tures, of which the timing is well constrained by U-Pb calcite
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geochronology (Zeboudj et al., 2025a, 2025b).

At the first order, a difference in burial depth arises between the
Rians basin, where the Maastrichtian rocks have undergone a very
limited burial (~400m), the Nerthe massif where the Barremian rocks
have been buried deeper (~500-1350m) and the Mirabeau anticline
where the burial of the late Jurassic rocks reaches up to 1900 m. Taking
into account the variability of the thickness of formations due to dif-
ferential erosion and deposition from one place to another, it is difficult
to test whether these differences may be simply related to the increasing
age of the rocks, hence to the increasing burial from Rians to Mirabeau.
Beyond regional considerations, it is interesting to note that the depth
reconstructed for the Maastrichtian strata in the Rians basin is a new
instance of the potential of BPS to form at shallow depth and to
fingerprint the low magnitude of the vertical stress, strengthening the
findings of Ebner et al. (2009) who reported a burial depth as low as
400 m determined from a BPS using SRIT.

6.2. Reconstruction of the fluid systems

6.2.1. Signatures of host rocks and fluid system during the Durancian uplift

A striking similarity in isotopic signatures is observed among the
studied host rocks, spanning the Hettangian to the Barremian, although
not all intervening ages are represented. Surprisingly, the !0 values of
HR cements (—2%o to —6.5%0 VPDB) are inconsistent with a Cretaceous
seawater 5'%0quq value of —1%c SMOW as inferred from belemnite
shells (Bodin et al., 2009). Equilibrium fractionation otherwise would
require precipitation at ~30°C, which is too high for seawater. One
possible explanation is that the host-rock isotopic signatures were
modified after deposition and no longer represent pristine seawater
values. This alteration would require a regional event postdating
deposition but predating most syn-kinematic calcite mineralization,
with the Durancian uplift being a plausible candidate.

Godeau et al. (2018) investigated the main blocky calcite cement in
the Barremian-Aptian Urgonian limestones. This sparite cement, dated
at 96.7 +4.9 to 90.5 4 1.6 Ma, occurs in cathodoluminescence as blot-
chy luminescent to non-luminescent coarse crystalline calcite (Léonide
et al., 2014), suggesting precipitation from oxidizing fluids. Its stable
O and C isotopic compositions range from —6%o to —8.0%0 %0 VPDB
and +1%o to +3%o 5'3C VPDB, respectively (Fig. 5B). These values are
consistent with a marine carbon source and meteoric-water involvement
at low to moderate temperatures (<65°C) under shallow-burial condi-
tions (Lamarche et al., 2012; Léonide et al., 2014) (Fig. 5B). More
broadly, most HR isotopic values fall within the range reported by
Léonide et al. (2014) and Cochard et al. (2021) for diagenetic phases in
the Urgonian limestones as a whole (4-2.4%o to —1.2%o 513C VPDB and
—3.0%o0 to —10.0%0 580 VPDB) (Fig. 5B). The Barremian host rocks from
the Nerthe massif also closely match the O—C signatures of the MF2-MF3
micrites in the microporous Urgonian limestones (Léonide et al., 2014).
During shallow burial, these limestones underwent micrite neo-
morphism in meteoric-water lenses associated with major regional
exposure during the Durancian uplift, enhancing microporosity
(Léonide et al., 2014). These observations support the idea of a pro-
longed subaerial exposure across much of Provence during the Duran-
cian uplift. Such exposure likely promoted extensive meteoric-water
circulation under humid climatic conditions and widespread bauxitiza-
tion (Mondillo et al., 2025). Normal-fault activity at that time may have
further enhanced fluid circulation through the porous matrix and pro-
moted cementation (Aubert et al., 2020; Cochard et al., 2021; Correa
et al., 2022). We therefore propose that pervasive meteoric-water
ingress modified the O-isotopic signatures of most of the studied host
rocks. Consistent with this interpretation, the younger host rocks
deposited after the Durancian uplift (Coniacian and Maastrichtian) do
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not record this isotopic imprint.

In the Nerthe massif, the isotopic signatures of the calcite minerali-
zations dated at 110-92 Ma and associated with veins formed during the
Durancian uplift (Zeboudj et al., 2025b) also cluster between —3%. and
—5%o 5180 VPDB and +1%o and +2.2%o 5'3C VPDB (Domain I; Fig. 5A),
further supporting meteoric-fluid ingress during the Durancian uplift
and associated extensional fracturing. This meteoric contribution is also
indicated by the 5'80qyia value of —2.26% SMOW measured in sample
7224-2, dated at 90.2 + 4.9 Ma in Mirabeau (Fig. 5C). These results are
further consistent with isotopic signatures reported for calcite mineral-
ization associated with normal faulting along the Castellas Fault (Aubert
et al., 2020; Correa et al., 2022).

6.2.2. Fluid system during the Pyrenean shortening

Domain II encompasses the isotopic signatures of syn-kinematic
calcite mineralization associated with all structures formed during
Pyrenean shortening. Despite expected overlaps due to their likely
continuous development (Zeboudj et al., 2025a), the structures formed
during LPS, thrusting/fold growth and LSFT (see section 2.3) can be
distinguished on the isotopic diagram, with a clear evolution towards
less negative 5'%0 VPDB values from LPS structures to those formed
during folding and thrusting. Within the latter group, thrusts display
slightly less negative 580 VPDB values than smaller-scale structures,
potentially indicating more significant circulation of basinal fluid-
s/brines during the main shortening phase. The LSFT-related structures
show a similar negative range to folding-related structures, excluding
thrusts. Notably, the isotopic signatures of syn-kinematic calcite from
thrust zones are consistent with those reported by Aubert et al. (2020)
and Correa et al. (2022) for calcite mineralization associated with newly
formed strike-slip faults or with the reactivation of normal faults formed
during the Durancian uplift (e.g., the Castellas fault) as strike-slip faults
(Matonti et al., 2012) during Pyrenean shortening.

The isotopic signatures of the parent fluids during the Pyrenean
shortening point towards a marine origin, an interpretation consistent
with the Sr signatures of the Aptian to Campanian seawater. Fig. 8 shows
the 87Sr/80Sr ratios of the 12 dated syn-kinematic calcites plotted against
the McArthur et al. (2012) reference curve, either as a function of
host-rock age or the U-Pb age of the mineralization. Values plotting on
the curve may indicate either mobilization of connate fluids from the
local host rock or precipitation from seawater at the time of calcite
mineralization. Values above or below the curve are inconsistent with
precipitation from seawater at the time the host rock was deposited (if
marine) or the calcite precipitated. In detail, sample Z103-1 possibly
recorded the precipitation of connate fluids that were remobilized dur-
ing the Pyrenean-related fracture opening. Samples Z169-2, Z155, Z126
and Z132-C likely recorded the downward migration of Campanian
seawater coeval to the opening of the fractures, while Z203 recorded a
similar phenomenon but during the Eocene. The interpretation of other
samples, that have 87Sr/30Sr ratios consistent with Cretaceous seawater
but lower than the seawater at the time of their precipitation, is
ambiguous if solely based on the 87Sr/8%Sr ratios. The combination with
clumped isotopes and derived 6180ﬂuid values resolves this ambiguity.
Samples 7043, Z015b, Z189-1a show 5'%0q1uid isotopic signatures in
favor of a downward meteoric fluid migration and subsequent calcite
precipitation in fractures within Tithonian (Z043, Z015b) and Barre-
mian (Z189-1a) rocks, during the Campanian (Z189-1a) and Eocene
(Z043, Z015b) times, i.e., during the Pyrenean shortening. The inter-
pretation of sample Z071-2 is not straightforward as no 5'80quiq value
was measured, yet it could be interpreted like Z207 by a mixing between
Mesozoic seawater and Cenozoic meteoric fluids. Despite the absence of
875r/8%sr data, the 5'80giq values of samples Z136.1, Z225 and Z023-1b
also support a meteoric contribution to the fluids precipitating
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syn-kinematic calcite.

Clumped isotope signatures further indicate that the fluids precipi-
tating syn-kinematic calcite were generally hotter during LPS (56-74°C)
than during folding and thrusting (50-55°C) (Fig. 5C), while displaying
comparable 6180ﬂuid ratios, consistent with a semi-closed system in
which marine fluids mixed with meteoric fluids. This thermal evolution
may reflect either a change in the geothermal gradient or, more likely,
progressive rock exhumation during ongoing Pyrenean shortening.

In summary, the fluid system during the Pyrenean shortening was
presumably semi-closed, with potential ingress of meteoric fluids,
particularly during LPS. This contrasts with most paleofluid re-
constructions in folded structures (e.g., Beaudoin et al., 2011, 2015;
Beaudoin et al., 2020a; Evans and Fischer, 2012; Berio et al., 2022; see
synthesis in Beaudoin et al., 2022) which generally document a com-
partmentalized, closed fluid system during LPS, followed by opening to
surficial meteoric fluids or hydrothermal fluids during folding and
thrusting.

Finally, the range of 8 Sr/36Sr ratios across all samples also rules out
contributions from radiogenic rocks (e.g., crystalline basement) or
basement-derived rocks (e.g., early Triassic sandstones), indicating that
the parent fluids did not circulate at depth near or within these rocks.
This implies either shallow rooting of the sampled Pyrenean thrusts
within the Middle-Late Triassic evaporites and limited basement-
involved shortening, or an efficient impermeable barrier effect of
these evaporites against potentially ascending basement-derived fluids.

6.2.3. Fluid system during the post-Pyrenean rifting events

The few calcite samples collected from veins attributed either to the
Oligocene E-W extension (WER) or the Oligo-Miocene NNW-SSE
extension (LPR) display distinct isotopic signatures (Domain III in
Fig. 5A), particularly in 8'3C VPDB. Their more negative 5'°C values
may reflect an increasing contribution of meteoric fluids, combined with
soil-derived or bacterially influenced carbon. This enhanced meteoric
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contribution is consistent with the more negative 5'3C signatures of the
latest sparite cement (Oligo-Miocene) in the Urgonian limestones (C5,
Cochard et al., 2021), as well as diagenetic evidence for subaerial en-
vironments in the Nerthe massif during Oligo-Miocene times (Zeboudj
et al., 2025b). Despite the limited dataset, these results suggest that
the fluid system differed from that involved during Pyrenean shortening,
reflecting the change in the geodynamic evolution of Provence from
Pyrenean shortening to Oligo-Miocene extensions. Further work is
needed to test this hypothesis and better characterize the fluid system
associated with the post-Pyrenean rifting events.

6.3. Reconstructing the depth-T-d-t paths of late Jurassic and Cretaceous
host rocks using the multi-proxy approach: comparison with published
literature and discussion

The isotopic dataset highlights several syn-kinematic calcite miner-
alizations that can be used to reconstruct local geothermal temperatures,
following the workflow described in section 4. These calcites precipi-
tated at temperatures determined using T47 and at times constrained by
U/Pb geochronology. To assess whether these syn-kinematic calcites
precipitated under thermal equilibrium with their host rocks, we
considered two criteria that must be fulfilled. The first is that the fluid
source, constrained by a combination of the 87r/80Sr ratio and Slsoﬂuid,
should indicate the downward migration of either meteoric fluid or
connate fluid sourced from a rock stratigraphically younger than the
rock hosting the mineralized fracture. The second is that the fluid/rock
ratio must be sufficiently low to prevent the fluid temperature from
differing significantly from that of the host rock. In other words, we
consider that when the fluid input is limited and local fluid-rock
interaction is extensive, the precipitation temperature reflects the local
geothermal temperature. The second criterion can be assessed by
examining the degree to which the calcite mineralization is geochemi-
cally buffered by the host rock. We assume that geochemical buffering of
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the calcite indicates a low fluid/rock ratio at the time of precipitation,
such that the fluid is presumably also thermally buffered by the host
rock. To assess the extent of fluid-rock interaction and define the buff-
ered domain geochemically, we plotted the differences in 8'3C VPDB
and 5'80 VPDB between the calcite mineralization and the surrounding
host rock (Fig. 5D). Assuming that the variability in 5'3C VPDB and 5'%0

Journal of Structural Geology 213 (2026) 105846

VPDB values among host rocks of a given age reflects small-scale iso-
topic heterogeneities, the buffered domain can be approximately
defined as a rectangle corresponding to vein-host-rock differences of
2%o in 8'%C and 3%. in §'80 (Fig. 5D). This conservative approach
resulted in narrowing our dataset, with only 5 samples having §'3C and
5'%0 signatures falling within this buffered domain: 3 samples at
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Mirabeau, Z043 (45.8 + 4.5 Ma, 73.51 + 4.9°C), Z224-1 (42.4 +£ 2.4 Ma,
51.61 + 3.9°C), and Z224-2 (90.2 + 4.9 Ma, 51.5 + 3.8°C); 1 sample at
la Nerthe, Z121 (78.4 = 1.9 Ma, 73.6 + 5.4°C) and 1 sample at Bimont,
7215 (58.6 + 4.5 Ma, 51.1 + 4.4°C). Finally, at Mirabeau, a stylolite jog,
of which the local origin cannot be argued against, provided simulta-
neously independent constraints on depth, temperature and age (Z030-
J1: 52.6 + 2.8 Ma, 55.6 & 8.2°C, 1500 + 180 m; Fig. 7).

Fig. 9B shows the burial history of the Tithonian strata at the Mir-
abeau anticline. The burial-time curve is constrained by (1) the T-t
anchor point provided by a vein formed during the Durancian uplift
(Z224-2), the depth-T-t anchor point provided by the BPS-related
calcite jog (sample Z030-J1), and the T-t anchor points provided by a
mineralized mesoscale fault formed during LPS (Z043) and a vein
formed during folding (Z224-1); (2) the maximum temperature reached
by the Tithonian strata, constrained by Rock-Eval thermometry; (3) the
minimum burial depth inferred from inversion of BPS roughness; (4) the
likely limited burial of the fold during Oligo-Miocene extension; and (5)
the unconformable deposition of marine Miocene strata over the older
formations. We considered a constant geothermal gradient of 30 °C/km
and a surface temperature of 10°C. This value is consistent with the
depth-T constraints provided by sample Z030-J1, which indicate a
temperature of ~55°C at a depth of ~1500 m at ~53 Ma. Assuming a
surface temperature of 10°C, these values correspond to a geothermal
gradient of ~30°C/km. Paleogeothermal gradients were also recon-
structed for the inverted hyperextended rift basin of the western Pyr-
enees by Saspiturry et al. (2020). The estimated gradients vary
systematically with structural position across the Albian-Cenomanian
rift, from ~34°C/km in the European proximal margin to
~37-47 °C/km in the necking zones and ~57-60 °C/km in the hyper-
extended domain. Although these gradients are inherited from the
thermal regime established during Albian-Cenomanian rifting,
Saspiturry et al. (2020) suggest that the maximum paleogeothermal
gradients were probably reached during the Paleocene-early Eocene.
Since the domains investigated in Provence are broadly analogous to the
European proximal margin domain of the pre-Pyrenean rift, the
~30 °C/km adopted here provides a reasonable first-order approxima-
tion of the geothermal gradient in Provence during the Late Creta-
ceous-Eocene. For the post-Pyrenean extensional stages, we also
retained a geothermal gradient of ~30 °C/km as a first-order modelling
assumption because the structural position of Provence was again
analogous to a proximal margin domain during the Oligocene-Miocene
extensions associated with the West European and Liguro-Provencal rift
systems; however, it should be regarded as a simplifying assumption for
this latter period rather than as a directly constrained value.

Although direct comparison with published subsidence-uplift curves
for Mirabeau and the nearby Vautubiere anticline (Bruna et al., 2013;
Lamarche et al., 2020, Fig. 9A) is not straightforward, our results suggest
(1) a greater initial burial depth of the Tithonian strata before the
Durancian uplift, reaching 2000-2500 m; (2) significant reburial during
the Late Cretaceous; and (3) greater exhumation during the second
(Eocene) phase of Pyrenean shortening in Provence, estimated at
~2000 m from sample Z043, assuming that LPS occurred at nearly peak
burial at 45.8 4+ 4.5 Ma. The main uncertainty concerns the amount of
exhumation associated with the Durancian uplift. A conservative esti-
mate is ~1000m (from ~2200-2500m to ~1300-1500 m), with the
anchor point representing the minimum burial depth of the Tithonian
strata at that time. Alternatively, if the anchor point is considered to
constrain only the path to the surface, if the extensional veins formed at
a depth of 1300 m through fluid-assisted fracturing, and if the Mirabeau
anticline was located near the apex of the Durancian high, an additional
~800m of exhumation may be inferred, provided that Berriasian to
Hauterivian rocks remained preserved in the fold limbs. Notably, the
burial and erosional exhumation of the Tithonian strata inferred here
exceed the commonly accepted estimates of 700-1000m and
500-800 m of Mesozoic limestones removed during the Durancian uplift
and the Pyrenean shortening, respectively.
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Fig. 9C shows the tentative burial history of the Maastrichtian strata
in the Rians syncline. The curve is constrained by (1) the minimum
burial depth inferred from inversion of BPS roughness, although the
dataset is very limited; (2) the late record of N-S shortening at ~36 Ma
in the syncline (Zeboudj et al., 2025b); and (3) the unconformable
deposition of marine Miocene strata at nearby localities in the basin. As
for Mirabeau, we adopted a constant geothermal gradient of 30 °C/km
and a surface temperature of 10°C. Considering the uncertainties, the
order of magnitude of the burial depth inferred from BPS roughness
inversion is consistent with the estimated thickness of the overlying
Paleocene-Eocene formations (~200m) and with the conclusions of
Balansa et al. (2022). Fig. 9C also shows the burial history of the Bar-
remian strata in the northern and southern Nerthe massif. The first
constraint is the unique T-t anchor point provided by sample Z121, a
nearly bed-perpendicular vein formed during Pyrenean LPS (Fig. 3F).
Although the rock hosting this vein was subsequently overthrust and
thus tectonically buried during the main folding and thrusting phase
(Zeboudj et al., 2025b, Fig. 3G), the formation of this vein during LPS, as
indicated by its attitude relative to bedding and its U-Pb age, implies
that no tectonic loading was superimposed on the original sedimentary
load at this time. The reconstructed depth therefore represents pristine
(stratigraphic) burial. The other constraints are (1) the minimum burial
depth inferred from inversion of BPS roughness; (2) evidence for
diagenetic cementation under subaerial conditions from the onset of
thrust activity (~72 Ma) to the Miocene (~9.5 Ma), suggesting that the
range was close to emersion soon after it started to form (Zeboudj et al.,
2025b); (3) the limited erosion associated with the Durancian uplift, as
Barremian-Aptian Urgonian limestones are still preserved; and (4) the
unconformable deposition of marine Miocene strata over the older for-
mations. Compared with published subsidence-uplift curves (Lamarche
et al., 2012; Lavenu et al., 2013, Fig. 9A), our results indicate substan-
tially greater burial of the Barremian strata than previously estimated
(maximum overburden of 600 m at Boumandariel and 900 m at Gueule
d’Enfer according to the stratigraphic logs of Lavenu et al.,, 2013).
Despite this greater overall burial, SRIT consistently indicates greater
burial depths for Barremian strata in Gueule d’Enfer than in Bou-
mandariel. Our results also reveal a greater amount (~2000 m) of rocks
that were eroded away during the Pyrenean shortening, mainly during
the paroxysmal late Cretaceous phase.

From a methodological point of view, our approach is fundamentally
different from those previously adopted to quantify the vertical move-
ments of strata (subsidence and uplift) in Provence. In addition to in-
consistencies among these models, the subsidence-uplift models shown
in Fig. 9A, which do not explicitly reconstruct burial as a function of
time, rely primarily on 1D Airy backstripping of sedimentary strata and
on estimates of eroded thicknesses derived either from comparisons with
nearby localities where the corresponding strata are preserved or from
borehole data, and/or from geometrical estimates based on balanced
cross sections, without using paleo-thermobarometric constraints to
independently quantify paleoburial and/or paleotemperature (e.g.,
Roure et al., 2010). By contrast, the rationale underlying our approach is
to reconstruct quantitatively and, as far as possible, independently, the
depth and temperature at which strata were buried or fractures formed
at specific stages of their geological history, as constrained by calcite
geochronology. We achieve this by combining a geochemical toolbox
with paleopiezometric constraints and first-order geological constraints.
This approach yields internally consistent estimates of burial and
exhumation that do not require a priori assumptions about the initial
thickness of the sedimentary succession or the amount of erosion. It
therefore provides a new and promising tool with broad applicability to
reconstruct the burial and deformation histories of carbonate reservoir
rocks worldwide.

The approach nevertheless has several important limitations. First, it
requires a sufficiently large and robust set of U-Pb ages covering the
main stages of the tectonic history. Second, it is affected by the intrinsic
uncertainties  associated with the paleothermometric and
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paleopiezometric techniques employed. Third, it requires mineralizing
fluids to have been sufficiently close to thermal equilibrium with their
host rocks for fluid temperatures to be used as constraints on rock
temperature; this requirement inevitably restricts the number of suitable
samples. Fourth, converting temperature into burial depth requires an
assumption about the geothermal gradient, which may have varied
through time. Here, we assumed a constant geothermal gradient of
~30 °C/km, which appears reasonable for the entire geological history
investigated. Since our aim is to provide estimates of burial and exhu-
mation depths rather than values with unwarranted precision, we did
not consider alternative geothermal gradients. These would be poorly
constrained in any case, and moderate variations in the geothermal
gradient would not affect our main conclusions.

If our interpretations are correct, they call for a re-evaluation of two
aspects of the geological history of Provence. First, they may require
reassessment of previous estimates of sedimentary formation thick-
nesses based on comparisons with localities where the eroded strata are
preserved, or on estimates of eroded rock volumes derived from
balanced cross sections. Such approaches may implicitly assume later-
ally uniform depositional conditions and may therefore overlook local
controls on anomalously thick or thin sediment accumulation, such as
fault-controlled depocenters or subsequent tectonic modification. Sec-
ond, our results raise questions about the fate of the eroded material in
terms of mass balance and about the relative importance of carbonate
dissolution versus physical erosion during periods of uplift, particularly
under subaerial conditions and in a warm, humid climate such as that
prevailing during the Durancian uplift. Further investigations are
required to fully test and establish the robustness and broader applica-
bility of our new approach.

7. Conclusions

In this study, we use syn-kinematic calcite mineralization associated
with a wide spectrum of structures (large-scale thrusts, veins, mesoscale
faults, and stylolite jogs) to reconstruct (1) the nature, temperature, and
origin of the fluids present during the tectonic evolution of Provence,
and (2) to constrain in a novel way the depth-temperature—
deformation-time evolution of these strata.

First, the fluid system appears to have varied substantially between
successive tectonic events. A significant imprint of meteoric water is
documented during the ‘mid’-Cretaceous Durancian uplift and associ-
ated extensional deformation. In contrast, the fluid system appears to
have remained semi-closed during the Late Cretaceous-Eocene Pyr-
enean shortening, with mixing between marine and meteoric fluids
occurring to varying degrees depending on the deformation substage
(LPS, folding-thrusting stage, LSFT) and the scale of the structures
investigated (mesostructures versus major fault zones). Although con-
strained by only a limited number of data, the fluid system associated
with the subsequent Oligocene and Oligo-Miocene extensional events
also appears to have differed significantly from those of the preceding
tectonic stages.

Second, we propose an original workflow that integrates structural,
geochemical, paleopiezometric and geochronological constraints to
reconstruct quantitative depth-temperature-deformation-time anchor
points, with the aim of deriving burial-time curves for the Late Jurassic
and Early to Late Cretaceous carbonate host rocks of Provence. This
workflow involves the selection of relevant structural objects and
associated syn-tectonic calcite mineralization, ensuring that the miner-
alizing fluid was at, or close to, thermal equilibrium with the host rock,
while the timing of mineral precipitation is independently constrained
by U-Pb geochronology. This approach provides an alternative to con-
ventional subsidence-uplift models based on backstripping of strata
from well logs and outcrops, combined with structural geometries
derived primarily from balanced cross-sections previously published for
Provence. Comparison between our burial-time models and previously
published subsidence-uplift histories indicates that the burial depths
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reconstructed using a geochemistry-assisted structural geology
approach are substantially greater than previously estimated. This
discrepancy challenges the previously proposed regional picture of
vertical strata movements.

Beyond the regional implications, this preliminary case study illus-
trates how the integrated study of deformation and geochemical pro-
cesses, when embedded within a fully time- and depth-calibrated
framework, can provide a powerful and transferable approach for better
constraining the large-scale geological evolution of fold-and-thrust belts
and sedimentary basins.
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