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Abstract

A combination of fault and fracture analyses, paleostress reconstructions from calcite twins,
and U-Pb dating of syn-kinematic calcite mineralization provides new insights into the
Cretaceous—-Tertiary tectonic evolution of the Provence fold-and-thrust belt. This approach
helped unravel 90 million years of polyphase deformation in this belt, which represents
the eastward continuation of the northern Pyrenees. Focusing on three main targets along
an NNE-SSW transect oriented roughly parallel to the regional Pyrenean shortening (the
southernmost Nerthe range, the Bimont Lake area, and the northern Rians syncline), we
date a wide range of scales and natures of deformation structures such as stylolites, veins,
mesoscale faults, and major thrust fault zones. The reconstructed long-lasting tectonic
history includes (1) the Durancian uplift and related NNE-SSW extension (~110 to 90 Ma);
(2) the ~N-5S Pyrenean compression related to the convergence then collision between
Eurasia and Iberia and the Corsica—Sardinia block (~80 to 34 Ma); the Oligocene E-W to
WNW-ESE extension related to the West European Cenozoic Rift System (ECRIS) and the
Oligo-Miocene NW-SE to NNW-SSE extension related to the Liguro-Provengal Rifting
(LPR); and a middle-late (?) N-S to NW-SE Alpine compression. We show that the Pyrenean
shortening in Provence occurred during two main phases, 81-69 Ma and 59-34 Ma, coeval
with the inversion of the pre-Pyrenean rift and the main Pyrenean collision, separated by a
tectonic quiescence as described in the Pyrenees. Together with the published literature,
our U-Pb ages also support the overall northward (forelandward) in sequence propagation
of Pyrenean shortening across Provence. Our U-Pb results further allow us to refine
the interpretation of local and regional fracture sets and reveal unsuspected polyphase
development of fractures sharing a common strike. Beyond regional implications, our
study shows that sampling structures of various natures and scales for U-Pb geochronology
is probably the most efficient strategy to encompass the entire time interval of deformation
in fold-and-thrust belts.

Keywords: Provence; Pyrenees; fold-and-thrust belt; faults; fractures; stylolites; calcite
twins; U-Pb calcite geochronology
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1. Introduction

Dating deformation is key to constraining the timing and duration of structural de-
velopment in the Earth’s crust. In orogenic settings, well-constrained ages of individual
structures allow us to address large-scale processes and mechanisms, such as stress trans-
mission in forelands, long-term/short-term rates of deformation, and mode of deformation
propagation (in sequence vs. out-of-sequence, episodic vs. continuous), with implications
for the mechanics of the orogenic wedge and even the reconstruction of plate motions
through time (see [1] for a review).

In fold-and-thrust belts (FIBs hereinafter), the age and duration of thrust activity
and fold growth are usually constrained either indirectly by bracketing between the age
of the younger formation that is thrusted and/or folded and of the older formation seal-
ing the thrust or the fold, or directly by dating syn-orogenic sedimentation, e.g., growth
strata, where preserved. The absolute age of activity of thrusts and associated folds can
alternatively (and complementarily) be constrained by direct dating of fault-generated
materials such as fault gouge, breccia, and cataclasites; mineralized slip surfaces; pseu-
dotachylytes and slickenfibers; and vein fillings (e.g., [2—4]). From this viewpoint, the
recent developments in radiometric dating of brittle structures using K-Ar or Ar-Ar dating
of syn-kinematic illite [5-10] or U-Pb dating of syn-kinematic carbonate mineralizations,
especially calcite [11,12], constitute a major breakthrough.

Structural studies based on orientation and relative chronology of fractures have
long established that the fracture network associated with, for instance, the formation
of a fold consists of fracture sets that developed through successive steps (e.g., early-
folding layer-parallel shortening, LPS; fold growth; late-stage fold tightening, LSFT) [13-15]
encompassed within the recognized large-scale folding and thrusting event. The U-Pb
calcite geochronology of syn-kinematic calcite mineralization associated with such diffuse
fracture networks validates the first-order sequence [15,16] but also reveals that fracture
development might be more complex and more continuous than what this classical view
suggests at first glance [17]. A better appraisal of the local vs. regional tectonic significance
of fracture networks seems to be in reach thanks to geochronology applied to syn-kinematic
mineralization. With enough age data, fundamental concepts such as the onset of stress
build-up associated with LPS or the spatial distribution and sequence of deformation at
various scales (e.g., stylolites, fractures, mesoscale faults, and major fault zones) have been
recently tackled in more detail [17-24]. To date, however, most studies have used radiogenic
data to build a calendar of local tectonics, e.g., [18,25-27], and few have gathered enough
age data on a given structure or in a given area to actually discuss the complexity of the
fracture network and its relation to long-term deformation history and mechanisms [17].

The Provence FTB represents the eastward continuation of the northern Pyrenees. In
the Pyrenees, sedimentological and low-temperature thermochronological studies, as well
as U-Pb calcite dating, indicate that contractional deformation began around ~80 Ma and
persisted until ~20-15 Ma [25,28-32]—see also [33] and references therein—in agreement
with kinematic reconstructions of the motion of Iberia with respect to Eurasia [34-37].
This timing has been recently supported by U-Pb calcite dating of contractional struc-
tures associated with ~N-S shortening in the Pyrenean northern retrowedge [21,23] and
southern prowedge [25,32,38]. In Provence, the overall tectonic history is also well
documented [39—43], but the timing of the initiation of folds and thrusts and the dura-
tion of the tectonic activity remain to be precisely defined at many places in the absence of
a syn-tectonic sedimentary record. Whether the Pyrenean contraction in Provence occurred
as pulses like in the Pyrenees [30] or in a continuous way, and whether the Pyrenean
deformation propagated in sequence northward (forelandward), are still debated questions
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since absolute time constraints based on U-Pb geochronology of syn-kinematic calcite
mineralization associated with brittle structures remain very scarce [17,44,45].

These questions are addressed in the present study, which reports new absolute
chronological constraints on contractional deformation in the Provence FTB along an NNE-
SSW transect roughly parallel to the regional Pyrenean shortening with a threefold aim:
(1) to constrain the paleostress evolution, kinematics and age of various contractional
structures along a transect from a broad syncline (the Rians Basin) to the north, a system of
thin-skinned folds and thrusts (Bimont Lake area) to the southernmost Provengal range (the
Nerthe massif) displaying a complex structure made of several anticlines and thrusts, and a
mixed thin-skinned-thick-skinned tectonic style of deformation, comparing these ages with
the ages of growth strata where preserved; (2) to date a wide range of scales of deformation
features, i.e., from millimeter- to centimeter-scale stylolites to decimeter- to meter-scale
faults and fractures up to hectometric- to kilometric-scale thrusts, in order to evaluate
whether the age of deformation features is scale-dependent in a given place, i.e., whether
deformation is coeval at all scales or if the different scale structures (localized major thrusts
vs. diffuse fracture and stylolite populations) have developed at different times; and (3) to
constrain the sequence of the structural development of the Provence folds and thrusts and
to test the forelandward propagation of Pyrenean deformation related to the collision of
Eurasia with Iberia and the Corsica-Sardinia block [46]. The latter is achieved by comparing
the age of initiation and the duration of deformation in the Nerthe massif (the southernmost
Pyrenean range in western Provence) with folds and thrust structures located further north
(Bimont Lake area and Rians Basin, this study; Mirabeau anticline, [17]) along with the
published literature. Our results yield new time constraints on the long-lasting (>90 My)
Cretaceous-Tertiary polyphase regional tectonic evolution made of alternating extensional
and contractional tectonic phases, as well as new insights into the interpretation of the
complex fracture patterns in the carbonate rocks of Provence. Our results also provide time
constraints on the onset of Pyrenean contractional deformation and show that it developed
during time-restrained paroxysmic periods and spatially propagated northward.

2. Geological Setting

The Provence FTB is located in SE France. It is bounded by the Nimes fault to the
west and by the Alps to the north and east. It consists of the eastern prolongation of the
Pyrenean domain and displays mainly E-W-striking folds and thrusts, extensional basins,
and NNE-SSW- to NE-SW-striking strike-slip faults (Figure 1A).
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Figure 1. (A) Simplified geological map of the southeastern part of France, modified from [17].
Red frames represent the extent of detailed maps presented in Figures 2 and 3. Black lines represent
cross-sections A—A'— B—B’ (C) and X-Y (Figure 2). Insert shows the map in the setting of the
Pyrenees-Provence domain. (B) Crustal-scale cross-section highlighting the main studied structures
and the different structural styles after [40]. (C) Regional stratigraphic column, not-to-scale, modified
after [40,47]. The following numbers are the approximate time intervals of the reconstructed regional
stress fields: (1) the Tethyan Rifting from [48], (2) the Durance uplift from [49,50], (3) the Pyrenean—
Provengal compression from [51-53] (4) the Ligurian—-Provengal rifting from [41,51], (5) the West
European rifting from [51,52], (6) the Alpine compression from [51].

L L
© 7 ®arigues Berre Lake

@ LaFoliewell
[ Miocene
[—_JOligocene
[ late Cretaceous
B Urgonian Fm

I early Cretaceous|

[ Malm % C

[ Dogger 5km
M Triassic

Berre Lake

un g

5km

["] Miocene [ Late Cretaceous (£ Maim I Triassic
[] Oligocene |l Early Cretaceous [F Dogger [ Late Carboniferous - Early Triassic

B Liassic Paleozoic (crystalline basement)
Figure 2. (A) Detailed geological map (simplified) of the Nerthe range, extracted from the BRGM
InfoTerre portal (https://infoterre.brgm.fr, accessed on 20 November 2025). The red line X—Y
partially represents the cross-section presented in (B). Red dots represent the measurement and
sampling sites. Crossed dot represents the La Folie well. (B) Balanced cross-section of the Nerthe
range, where the sampling and measurement sites are projected along the topography. Basement-
cover geometry is derived from [40].
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Figure 3. (A) Detailed geological map of the zone of interest, covering the Bimont Anticline to the
Rians Basin. Compiled from the BRGM InfoTerre portal. Black frames represent the extent of detailed
maps presented in (B) and in Figure 4A. Red dot represents the Jouques well. (B) Detailed map of the
Bimont Lake area. Red-labeled dots represent the sampling and measurement sites. (C) Stratigraphic
column reconstructed from the Jouques well logging reports. (D) Cross-section along A-B (located
in (A)), with a zoom-in on the Sainte Victoire system that the Bimont anticline belongs to. Modified
after [47].

2.1. Meso-Cenozoic Tectonic History of Provence

From the Triassic to the Early Cretaceous, Provence was part of the passive continental
margin bordering the Tethys Ocean [48]. During the Albian—Cenomanian, the region
experienced extensional crustal doming, triggered by diverging movements along the
eastern edge of the Iberia-Eurasia plate boundary [54], a process described as the Durancian
uplift [49,55]. This tectonic event led to the formation of roughly E-W-striking normal
faults and related horsts and grabens [56], regional erosion, and surface exposure that
favored karst processes and bauxite formation due to terrestrial weathering [57] and the
development of a late Cretaceous regional unconformity.

Between the late Cretaceous and the late Eocene, NW-SE convergence of the African
and Eurasian plates [58] resulted in the collision of the Iberian plate and the Corsica—
Sardinia block with Eurasia [30,31,37,43,46,54,59-65]. The resulting stress regime was
either compressional or strike-slip in type, with the principal maximum stress o; oriented
approximately N-S on a regional scale [51-53], but with local orientations from NNE-
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SSW [39,42] to NNW-SSE [47,66]. This compression produced E-W-striking folds and
thrusts, such as the Sainte-Victoire, Bimont, and Nerthe folds and the Etoile and Sainte-
Baume thrusts [43,67-69], as well as left-lateral strike-slip faults striking NNE-SSW to
NE-SW, including the Aix-Middle Durance Fault (AMDEF) system, the Salon—Cavaillon
Fault (SCF), and the Nimes Fault (NF). Although the onset of the Pyrenean compression in
Provence is broadly placed in the late Cretaceous [29,43,53,60,66,70], with a climax during
the Eocene [43,46,71], the precise timing is still debated. Some authors have placed the initial
compression around the Campanian [40,47,72], while others [31,39,73] have argued for a
slightly earlier onset during the Late Santonian-Campanian. Bilau et al. [44] even proposed
that the Pyrenean—Provengal compression started as early as 97-90 Ma, synchronously with
the Durancian uplift. Further west, in the northern Pyrenean foreland, Parizot et al. [23]
reported U-Pb ages of Pyrenean mesoscale contractional structures between 46.7 + 2.9 Ma
and 32.8 £ 2.0 Ma, while Jullien-Sicre et al. [21] reported U-Pb ages between ca. 48 Ma and
30 Ma.

During the latest Eocene (Priabonian) to Oligocene, an E-W-to-WNW-ESE extension
associated with the West European Cenozoic Rift System (ECRIS) was recorded at dif-
ferent places in Provence [51,53], where it caused the formation of the Aix-en-Provence
Basin [47,52], the Manosque basin [74], and the Marseille Basin [41]. The origin of this rift-
ing is not unanimously agreed upon; one hypothesis connects it to the African-Eurasian
convergence and a change in the African plate’s rotation pole [75], while another attributes
it to the development of a thickened European lithospheric root beneath the Alps [76].
This phase was followed by the Liguro-Provencal rifting during the Oligocene-Aquitanian,
resulting from the counterclockwise rotation of the Corsica-Sardinia block [77-80] and the
subduction of the Apennine front [46,81]. The resulting NNW-SSE to NW-SE extension
led to the formation of the Gulf of Lion passive margin and the opening of the Ligurian
back-arc basin [41,82-85], temporarily overprinting the ECRIS-related extension during
the Chattian.

African-Eurasian plate convergence persisted and produced Alpine compression
during the Neogene, dated either to the Burdigalian-Langhian transition near the Salon-
Cavaillon Fault [86] or to the late Tortonian in the eastern Lubéron Range [87]. In Provence,
the Alpine compressional stress was directed NNE-SSW to ENE-WSW [39,51,52,88-90].
The main effect was the reactivation of major E-W trending folds formed in the earlier
Pyrenean-Provencal orogenic phase, including the Lubéron, Alpilles, Trevaresse, and Ven-
toux structures [43,67,72,86,91,92], though overall Alpine shortening in Provence remained
limited [40].

2.2. Tectonic Style of Deformation of Provence

In Provence, tectonic deformation exhibits contrasting styles across the AMDF
[40,43,46,47,55,86,93]. Northwest of this fault system, where the sedimentary pile exceeds
7 km in thickness, the crust is deformed with a thin-skinned style, whereas to the southeast,
thick-skinned deformation prevails, with the sedimentary cover commonly less than 4 km
thick [40] (Figure 1B). During the Pyrenean shortening, the NNE-SSW-to-NE-SW-oriented
AMDE, SCF, and NF functioned as left-lateral transfer zones, accommodating regional
deformation [86]. The activation of these structures, particularly the AMDEF inherited
from the Variscan orogeny [94], has been repeatedly influenced by major tectonic episodes.
During the Triassic to Jurassic, the extension linked with the formation of the Tethyan
margin initiated normal faulting along the AMDF [95]. Notably, the westward-dipping
AMDF led to pronounced differences in sediment accumulation across eastern and western
domains [40,74]. The AMDEF was subsequently reactivated as a reverse and strike—slip
fault zone during the Pyrenean orogeny [91,96], focusing much of the shortening and
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accommodating differential deformation—restricted in the northwest thin-skinned domain
but more pronounced in the southeast [40]. Later, the West European and Liguro-Provencal
rifting phases produced a renewal of normal faulting, followed by further reverse fault
activity during the Alpine orogeny [67,74,86,89-91,96].

Salt tectonics also played a significant role in shaping the geology of Provence. Initiat-
ing in the Early Jurassic and continuing until the late Cretaceous, halokinetic movement was
mainly triggered by variations in sedimentary input on Middle Jurassic strata [73,97,98].
Chronological markers such as growth strata and unconformities within the Jurassic—
Cretaceous formations constrain this activity [97-100]. A second major phase of salt
mobilization, associated with Triassic detachment levels, was initiated by the Pyrenean—
Provencal contraction from the late Cretaceous to late Eocene [97]. Renewed movement of
salt diapirs subsequently coincided with the Oligocene extension and culminated during
the Alpine compressional events [101,102].

2.3. Meso-Cenozoic Sedimentary Succession of Provence

In Provence, the sedimentary record is composed of a variety of rocks, including shales,
carbonates, sandstones, marls, and evaporitic layers notably linked to Triassic Keuper facies.
During the Jurassic and Early Cretaceous, the Tethyan margin subsided and enabled the
accumulation of a carbonate platform about 400 m thick, featuring rudist-rich Urgonian
facies from the Valanginian to Early Aptian [49,103,104]. The Durancian uplift fostered the
widespread development of karst bauxite deposits, which are associated with periods of
subaerial exposure and continental weathering [49,55,57,105,106] (Figure 1C). The sequence
from the late Cretaceous through the Eocene is dominated by continental siliciclastic and
carbonate strata, incorporating organic-rich black limestones of latest Santonian—early
Campanian age and lacustrine/fluvial limestones, claystones, and sandstones from the
Campanian to Maastrichtian, sometimes interbedded with levels of breccia. Conversely,
southeasternmost Provence, nearly unaffected by the Durancian uplift, preserved marine
environments and the deposition of rudist-bearing shallow marine limestones [107]. The
Oligocene rifting phase resulted in the formation of extensional basins like those of Aix-
en-Provence and Marseille, filled with lake- and river-derived conglomerates, limestones,
and shales [41]. The Miocene record is marked by a marine transgression depositing marls
and sands ([108] and references therein) unconformably atop the folded Cretaceous and
Jurassic units of structures such as the Bimont fold and the Sainte-Victoire range. Finally,
the Messinian salinity crisis led to intensified fluvial incision in Provence, particularly by
the Durance River [109].

2.4. The Studied Structures
2.4.1. The Nerthe Range

The Nerthe range is an E-W-trending 25 km long, 8.5 km wide range located in SW
Provence, bounded to the south by the Mediterranean Sea, to the north by the Etang de
Berre, and to the east by the Marseille basin (Figures 1A and 2A). The structure of the
Nerthe range is divided into several tectonic compartments separated by major faults
formed during a complex sequence of compressional and extensional deformation phases.
The northern part of the range consists of a monocline structure dipping northward, made
up largely of early Cretaceous limestones and marls, forming the southern limb of the Istres
syncline. The central region features fault-bounded, small subsiding basins like the Saint
Julien basin, which is filled with Oligocene and Lower Miocene (Burdigalian) lacustrine and
continental deposits, including laminated limestones, marls, gypsum, and conglomerates.
The southern sector of the massif is marked by overthrusting, where Barremian rudist-rich
limestones are tectonically emplaced above younger Aptian and late Cretaceous units, form-
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ing a prominent thrust complex. Observations in the field combined with cross-sectional
analysis indicate southward thrusting within the sedimentary cover along a shallowly
north-dipping ramp, accompanied by minor north-verging thrusts [40,110,111]. The Nerthe
range is positioned above a basement uplift characterized by relatively thin Mesozoic units;
a major E-W-striking, north-dipping normal fault makes the transition to the Istres basin to
the north, which displays a much thicker Mesozoic sequence [40,43,66]. Tempier [43] and
Bestani et al. [40] proposed that this basement high and its associated preexisting normal
fault were cut by a later south-dipping basement thrust located approximately at ~10 km
depth during the Pyrenean-Provengal compressional event.

Most contractional deformation is considered to be Pyrenean (late Cretaceous—Eocene)
in age but remains imprecisely dated; it was followed by the Oligocene extension. The
early Burdigalian marine deposits seal and cover the deformed structures, indicating that
major tectonic activity predated the Burdigalian.

The cross-section of Figure 2B illustrates the mixed thin-skinned and thick-skinned
structural style of deformation, with the basement being involved in shortening at depth,
while the sedimentary cover is decoupled above the Triassic evaporites and is affected by
folds and shallow thrusts. The section also shows that the across-strike structure of the
Nerthe range is characterized by two main E-W-trending anticline structures associated
with north- and south-verging thrusts (e.g., the La Folie-Valapaux fault), later dissected
by E-W-striking normal faults, such as the Valtrede fault and the Laurons-Ensues Fault in
the western and central part of the range [66,111-118]. We investigated a transect roughly
parallel to the section shown as Figure 2B, along which we measured mesostructures of
various orientations in 14 sites, numbered 1N to 17N.

2.4.2. The Bimont Lake Area

The Bimont Lake area is located within the western segment of the Sainte-Victoire
System, northeast of the city of Aix-en-Provence (Figures 1A and 3A,C). The sedimentary
succession in this area begins with approximately 50 m of Rhaetian shales, representing
the only known outcrop of this unit within the Sainte-Victoire System [47]. The Juras-
sic succession comprises roughly 300 m of Liassic breccias, limestones, and black shales,
overlain by a similarly thick Dogger sequence composed of marine black shales and lime-
stones. This is followed by the Malm series, which consists of more than 1300 m of marine
limestones [47,119]. The Early Cretaceous series in the Bimont Lake area is characterized
by massive marine limestones of Berriasian and Valanginian age. In the southern part
of the Bimont Lake, breccia formations, namely the Campanian- to Maastrichtian-aged
“Rognacian” breccias and the Danian-aged “Tholonet” breccias, unconformably overlie
the sub-vertical late Jurassic strata [47]. These syn-tectonic breccia deposits are part of
growth strata that developed in response to the formation of the Sainte-Victoire System [47].
Finally, the sedimentary succession is unconformably overlain by Miocene deposits.

The Bimont Lake area is structured by two ENE- to E-W-striking, N-dipping thrusts,
known as the Bimont and the Reynauds thrust (Figure 3B,D). The northern Bimont thrust
dips ~40° to the north and places Rhaetian units over the overturned, north-dipping late
Jurassic to early Cretaceous strata of the Reynauds unit. The southern Reynauds thrust
dips approximately 30° to the north and places the Reynauds unit over the overturned,
north-dipping late Jurassic strata of Costes Chaudes [47].

2.4.3. The Rians Basin

The Rians Basin is an NW-SE-trending syncline (Figures 3D and 4A) bounded to the
NE by the Vautubiére anticline, in the west by the Concors thrust, and in the south by the
Sambuc anticline. The sedimentary deposition in the Rians Basin is described in [47] from
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the Jouques well data (Figure 3C). The basin is filled by late Campanian (called “lower
Rognacian”) siltstones with interbedded thick amalgamated sandstone beds covered by the
Maastrichtian (called “upper Rognacian”) lacustrine limestones and red fluvial siltstones.
The Cenozoic formations consist of Danian (so-called “Vitrollian”) lacustrine limestones
and siltstones. This sedimentary sequence is the lateral equivalent of syntectonic breccias
in the footwall of the Sainte-Victoire System [39,47,70,120-122].
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Figure 4. (A) Detailed geological map of the area of the Rians Basin compiled from the BRGM
InfoTerre portal. Black diamond represents the Jouques Well presented in Figure 3C; small black
dot represents the sampling site (3R) where core samples were drilled. (B) Location at the outcrop
scale of the core samples. Bedding is represented by dotted line, and some bedding-parallel stylolites
(BPSs) are highlighted in white. The yellow notebook for scale is 16 cm tall. (C) Extracted oriented
core sample, where BPS is pointed, and initial bedding plane is represented by a black dotted line.
(D) Zoom-in on a polished hand —sample showing the petrography and the occurrence of BPSs, veins,
and jogs in the core. (E) Field photograph of left-lateral strike—slip fault. (F) Top: Fracture (mode I)
data projected as poles on a lower-hemisphere stereonet; density contours are calculated from Fisher
density and are represented in red. From the highest density values, an average fracture plane is
represented, with color related to the fracture set described in the text (and presented below). Specific
fractures that were successfully dated by U-Pb calcite geochronology are represented by dotted lines
on the stereonet, and the age (without the uncertainty) is shown in brackets. Bottom: Fault-slip
data in a lower-hemisphere stereonet, with the results of stress inversion using WinTensor software
version 6.0.0 [123], reported as arrows and symbols.
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3. Materials and Methods
3.1. Sampling Strategy and Material

Measurements and sampling sites encompass carbonate lithologies such as Hettan-
gian dolomite and limestones of ages spanning the Bajocian to Miocene. Field data
were collected across the Rians Basin, the Bimont Lake area, and the Nerthe range. By
means of hand sampling and coring, we sampled syn-kinematic calcite mineralizations
associated with fault rocks from the damage or core domains of major thrust zones, as
well as with mesoscale deformation features such as minor striated faults and stylolites
(Supplementary Material Figure S3). We also widely sampled small veins, keeping in mind
that in the case of veins, opening and mineralization may not be perfectly coeval, and that
full calcite precipitation may slightly postdate vein opening. There is coevality between cal-
cite mineralization and deformation, hence, the syn-kinematic character of mineralization
is obvious when calcite precipitates as fibers in opened veins [124]. Blocky calcite indicates
free calcite precipitation from fluids in a void, due either to precipitation occurring after
opening or at a slower rate than the rate of opening. However, even in the case of blocky
calcite opening, mineralization can be coeval if calcite precipitation was directly triggered
by the opening of the veins. In addition, even though calcite mineralization may be delayed
with respect to opening at the scale of an individual vein, one can safely consider that, for
a vein set, precipitation of blocky calcite is coeval with vein opening over the time span
corresponding to the fracturing event forming the set, and is thus syn-kinematic in a broad
sense [1].

Petrographic and microstructural analyses of the collected samples were carried out
by means of X-ray diffraction (XRD) and cathodoluminescence (CL) with the aims of
(1) confirming the calcite nature of the vein filling, fault coating, and matrix; (2) identifying
a single or more generation(s) of calcite infill in a given vein or calcite step; (3) confirming
the opening mode of veins, along with possible re-opening and/or shear reactivation
and (4) constraining the relative chronology between mesostructures (e.g., vein—vein,
stylolite—vein).

In total, 41 thin sections were studied using an optical microscope Zeiss AxioSkop
40 (Carl Zeiss Light Microscopy, Gottingen, Germany) with a Nikon D5100 SLR camera
(Nikon Corporation, Tokyo, Japan) and using cathodoluminescence on an OPEA Cathodyne
(OPEA, Laboratoire Optique Electronique Appliquée, Paris, France) equipped with a cold
cathode. The latter were performed with replicable parameters, 50-60 mTorr vacuum,
15 kV voltage, and 200 pA electron beam. All these analyses were conducted at ISTeP
(Institut des Sciences de la Terre de Paris), Sorbonne Université, France.

3.2. Analysis of Fractures and Stylolites

During fieldwork, we systematically measured (1) the orientation data for veins and
joints, actively looking for evidence of opening modes, such as offsets of pre-existing
fractures or stylolites; (2) the orientation of fault planes and the rake (pitch) of striations,
with the sense of movement consistently inferred from kinematic indicators like calcite
steps; and (3) the orientation of stylolite surfaces and the direction of their peaks, with
particular care to distinguish stylolites from slickolites (see [125]). We paid close attention
to the relative structural chronology among mesostructures, such as abutment and cross-
cutting relationships, both at the outcrop scale and in thin sections.

Significant effort was devoted to identifying calcite jogs linked to bedding-parallel
stylolites. These jogs refer to localized zones of calcite precipitation, typically found in gaps
formed between the tips of two stylolites, generated to accommodate local displacement
perpendicular to stylolite planes [126,127]. Stylolites develop through pressure solution
and recrystallization, wherein insoluble phases (like clays and oxides) become concentrated
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along the stylolite seam [128,129], while soluble minerals, such as calcite, are dissolved and
may locally reprecipitate. Because jogs form and are filled with calcite synchronously with
the growth of the stylolite peaks [127], dating calcite in these jogs constrains the period of
active pressure solution along the stylolite [17].

The orientations of mesostructures, together with the local orientation of bedding, were
compiled for each site and then plotted on Schmidt stereonets (lower hemisphere) using
the Stereonet software version 11 [130] for tensile (mode I) fracture and stylolite peak data
and Win-Tensor [123] for fault-slip data. At each locality, fracture planes were organized
into sets based on shared orientations (either in raw or restored bedding position), similar
relative timing, and common deformation mode (e.g., [131-133]). For each group of mode I
fractures or stylolites, the predominant orientation was defined using Fisher-based density
plots, allowing for a statistically robust determination of dominant fracture directions at
the site scale, even with datasets as small as 20 measurements. We additionally assumed
that mode I fractures formed perpendicular to the minimum principal stress (o3) [134] and
that stylolite peak trends correspond to the orientation of the maximum principal stress oy
during pressure solution along the stylolite [135].

3.3. Inversion of Fault—Slip Data for Tectonic Paleostress

Inversion of fault-slip data for paleostress involves finding the stress tensor that
accounts for the best fit between the observed directions and senses of slip on a large
number of faults displaying a wide distribution of orientations and the theoretical shear
stress induced on these fault planes by this tensor [136-138]. The reconstructed stress
parameters are the orientation of the three principal stress axes, o1, 03, and o3, and the
stress ellipsoid shape ratio, & = (0, — 03)/(01 — 03), with 0 < & <1 and 07 > 03 > 03, and
pressure considered positive. In this work, inversion was carried out using the Win-Tensor
program [123].

3.4. Inversion of Calcite Twin Data for Tectonic Paleostress

E-twins are common microscopic features in calcite deformed at low-pressure and
-temperature conditions [139-141] and have long been used as indicators of paleostress
orientations and magnitudes in various tectonic settings [140,142-150]. Twinning can be
approximated to simple shear in a particular direction and sensed along crystallographic e-
planes. Twinning occurs if and only if the resolved shear stress (RSS), Ts, exceeds or equals
the critical resolved shear stress (CRSS), ta, i.e.,, Ts > 7a [151,152]. The CRSS depends
on grain size and twinning strain but is poorly dependent on temperature (see discussion
in [141]). For each sample, the orientations of twinned and untwinned planes are collected
from three mutually perpendicular thin sections using a U-stage, following the procedure
of [149]. For each sample, the mean grain size and the twinning strain are estimated to
constrain the CRSS value to be adopted for the inversion process. The inversion involves
finding the deviatoric stress tensor—i.e., the orientation of the three principal stress axes;
the stress ellipsoid shape ratio, ®; and the magnitude of the differential stress (07 — 03)—
which satisfies the above inequalities between ts and ta for a set of measured twinned
planes and the whole set of non-twinned planes. In this work, we used the Calcite Stress
Inversion Technique (CSIT-2) [153], which allows for the simultaneous identification and
separation of superimposed deviatoric stress tensors, each of them accounting for part of
the twin data within polyphase samples [154].

3.5. U-Pb Calcite Geochronology

We performed 76 U-Pb calcite geochronology analyses on 45 samples, geographically
distributed as follows: 29 samples from the Nerthe fold, 12 samples from the Bimont Lake
area, and 4 samples from the Rians Basin. Our dated samples can be separated into two
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categories. The first type of sample corresponds to syn-kinematic calcite mineralizations:
27 contain calcite-filled veins, 11 contain calcite samples from thrust fault zone rocks
(hereafter “tectonic contacts”), 3 contain slickenfibers from mesoscale faults, and 4 contain
calcite jogs related to bedding-parallel stylolites. The second type of samples corresponds
to host rock secondary mineralizations (e.g., calcite cements) related to diagenetic processes
(5 samples).

Absolute dating of our samples was conducted through two analytical sessions: a
first session was performed at the Centre de Recherche et d’Enseignement des Géosciences
de I'Environnement (CEREGE), Aix-en-Provence, France, with analyzed field samples
from the Nerthe range and Bimont Lake area, and a second session at the Institut des
Sciences Analytiques et de Physico-Chimie pour 'Environnement et les Matériaux (IPREM)
laboratory in Pau, France, including additional samples or replicates of formerly analyzed
mineralizations, as well as calcite jog samples.

At CEREGE, 37 analyses were carried out on polished 100 pm thick sections or
1-inch-diameter resin plugs using an ESI 193 nm excimer laser ablation system coupled
to an Element XR SF-ICP-MS (detailed methodology and the U-Pb dataset can be found
in the Supplementary Material). Samples were first scanned with a resolution of 3200 dpi
to pre-select the areas of interest in terms of mineralogy, i.e., consisting of calcite vein
from the same diagenetic phase or calcite steps from fault planes (Figure 4C,D). Then,
samples were screened to identify locations with the highest U-Pb ratio variability and
to thus target the best spots to perform the analyses [155]. After data acquisition and
processing, ages for each selected calcitic component were derived from Tera—Wasserburg
diagrams obtained using the IsoplotR software [156]. WC1 was used as a primary standard
to correct 238U /200PD fractionation [12] and AUG-B6 as a secondary standard [157] to check
for reproducibility. Ages are quoted at a 95% confidence interval, including the propagation
of systematic uncertainty by quadratic addition of 2.5% on WC1 age and an extra 3.5%
to account for the long-term excess variance in AUG-B6, which is still under evaluation
through an inter-laboratory comparison. Overall, this procedure offers great robustness in
terms of sample throughput and data accuracy.

At IPREM, 40 analyses were carried out using a 257 nm femtosecond laser ablation
system (Lambda3, Nexeya, Bordeaux, France), operating at 500 Hz and a spot size of 15 um.
The ablation was performed in a specific atmosphere composed of helium (600 mL/min)
and nitrogen (10 mL/min) before being mixed with argon in the ICPMS. The ablation
system is coupled to an Element XR SF-ICP-MS equipped with a jet interface. Similar
to CEREGE, samples were first screened to identify locations most amenable to dating.
However, the ablation strategy used at IPREM for obtaining ages is based on isotopic map-
ping of U, Pb, and Th elements obtained through a continuous ablation pattern [155,158].
Ages were calculated from the isotopic maps using a virtual spots approach [159,160].
WC1 was used as a primary standard to correct 233U /2%Pb fractionation [12], and Duff
Brown Tank [161] and AUG-B6 [157] as secondary standards. Ages calculated in the Tera—
Wasserburg space using IsoplotR version 6.8 are quoted at the 95% confidence interval.
Following [159], they include the decay constant uncertainty of 233U (0.1%), the 233U /20Pb
ratio uncertainty of WC-1 (2.7%) [12], and the long-term excess variance in the NIST 614
standard (about 2.0%). Uncertainties are propagated following the recommendations
of [162]. A complete description of the analytical acquisition, along with the raw data, is
provided as Supplementary Material (Tables S1-53).
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4. Results

4.1. Orientations of Fractures, Stylolites, and Faults
4.1.1. The Nerthe Range

Site 1IN is located at the northernmost part of the Nerthe massif (Figure 2A) and
corresponds to an abandoned quarry, which provides a good exposure of the Urgonian
rudist-bearing limestones. The bedding strikes E-W and dips 45° to the north. Mesostruc-
tures consist of two sets of sub-vertical fractures oriented N-S and E-W in a raw position,
bedding-parallel stylolites, and tectonic stylolites with NE-SW-oriented peaks. Sites 3N and
4N are in Valanginian limestone and are located along a dextral strike—slip fault segment
that acts as a relay between two sections of the Valtrede fault (Figure 2A). Deformation at
site 3N is characterized by two sets of sub-vertical veins oriented NE-SW and NW-SE to
NNW-SSE in a raw position (Figure 5). Site 4N displays a set oriented NE-SW, with the
occurrence of NNW-SSE veins that, given the spatial proximity between sites 3N and 4N
(separated by only a few meters), can be related to the NW-SE set of site 3N.

The Laurons-Ensues Fault is an E-W-striking and north-dipping normal fault that is
located 2 km south of the Valtrede fault, with Valanginian limestones in the hanging wall
and Tithonian limestones in the footwall (Figure 2A). Sites 10N and 11N, located in the
hanging wall, both exhibit sub-vertical NNE-SSW- to NE-SW-oriented vein sets (Figure 5).
Sub-vertical ENE-WSW- and NW-SE-oriented vein sets were identified exclusively at
site 11N (Figure 5). Site 5N, located in the footwall, displays NE-SW- and E-W-striking
sub-vertical vein sets (Figure 5). Abutment and cross-cutting relationships unambiguously
indicate that the E-W veins predate the NE-SW veins (Figure 6B).

In the northern section of the La Folie-Valapaux Fault Zone, the Tithonian limestones
are thrust southward onto late Cretaceous (Turonian to Santonian) limestones (Figure 7A).
Site 8N, located in the hanging wall of the thrust, exhibits N-S-, NNE-SSW-, and E-W-
striking veins. A few meters south, site 7N is located within the damage zone of the thrust
(Figure 7A), showing darker, highly fractured, and anastomosed carbonate layers, locally
containing NE-SW calcite veins, the dip of which is perpendicular to bedding (Figure 5). Ap-
proaching the fault core, deformation intensifies, giving way to a lighter-colored, cataclastic
zone where the rock is more finely crushed, although isolated centimetric clasts are still
preserved. The sharp transition between these two domains is clearly visible in Figure 7A.
Samples Z132 and Z133 were collected from the cataclasites. In contrast, darker zones under
natural light with very weak luminescence, typically occurring as blocks, were identified
as the deformed carbonated host rock. At site 6N, located in the footwall of the thrust,
two facing outcrops show the deformation of the late Cretaceous carbonates (Figure 8A).
The carbonate strata are intensely folded and faulted; they exhibit reverse, strike-slip, and
normal faults in the current attitude of bedding, as well as bedding-perpendicular fractures
consistently oriented NNE-SSW to NE-SW after unfolding (Figures 5 and 8).

Further south, site 14N exposes the southern section of the La Folie-Valapaux Fault
Zone, an E-W-striking, north-dipping thrust with Hauterivian limestone in the hanging
wall and Barremian limestones (so-called Urgonian facies) in the footwall (Supplementary
Material Figure S2). At the outcrop scale, the fault zone consists of a several-meter-thick
cataclasites. N-S-, E-W-, and NW-SE-oriented sub-vertical vein sets were also measured at
this site (Figure 5).
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Figure 5. Fracture (mode I), stylolite, and striated fault data projected as poles (mode I and stylolites)
and planes with rake (faults) on a lower-hemisphere stereonet for each site in the Nerthe range.
For mode I fractures and stylolites, density contours are calculated from Fisher density and are
represented in red for mode I fractures and in blue for stylolites. From the highest density values, an
average fracture plane is represented, with color related to the fracture set described in the text (and
presented below). Specific fractures that were successfully dated using U-Pb calcite geochronology
are represented by dotted lines on the stereonet, and the age (without the uncertainty) is shown in
brackets. “n” stands for the number of measured data per stereonet. For each site and when relevant,
the results of the inversion of calcite twins for stress are presented as the orientations of o7 (red), oy
(blue), and o3 (green) axes with corresponding arrows representing horizontal compression (red) or
extension (green). The site’s bedding is represented as a dashed line, and the veins from which calcite
twin measurements were taken are represented by a star. Stress ratio @ values are reported below
the stereonets. All data are presented in the current strata attitude (noted as R), where bedding is
represented by a red dashed line and in an unfolded strata attitude (noted as U). Fault-slip data from
site 9N are from [82]; for computed paleostress orientations please refer to the key of Figure 4.
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Figure 6. (A,B) Interpreted field photographs of vein network as observed in the field, where rel-
ative chronological relationships are reported as 1 (oldest) and 2 (youngest). For each studied site
((A) 8N, (B) 5N), the corresponding stereonet is reported from Figure 5 in an unfolded strata attitude.
(C-G) Photomicrographs in microscopy (natural light) and under cathodoluminescence of repre-
sentative mode I veins (C,D) and pore-filling calcite cement (E-G). The blue frames represent the
approximate position of the laser ablation that was conducted in order to date the calcite. (H) Tera—
Wasserburg concordia diagrams of calcite mineralizations corresponding to (C-G), where the vein set
is shown in a stereonet of the current strata attitude. The color of the fracture relates to the vein sets
presented in Figure 5.

Site 9N is an abandoned quarry exposing south-dipping Urgonian rudist-bearing
limestone strata (strike N060, dip 38°, Figures 5 and 9). There, two sets of sub-vertical veins
oriented NNE-SSW and NE-SW can be observed, as well as NNE-SSW-striking right-lateral
strike—slip faults and bedding-parallel faults. In addition to widespread bedding-parallel
sedimentary stylolites, site 9N also displays bed-perpendicular tectonic stylolites with
sub-horizontal peaks oriented NNW-SSE in an unfolded position. Going southward, we
observed an angular unconformity between the folded Urgonian limestones and the sub-
horizontal Miocene strata (site 15N), in which a sub-vertical vein set oriented ENE-WSW
was recognized.

About 10 km east lies the locality of Jas de Rhodes, where sample site 17N is lo-
cated, providing a lateral checkpoint for the transect we focused on. This area is char-
acterized by numerous normal and reverse faults oriented ENE-WSW to NNE-SSW
(Figure 2A). The thrust fault zone displays Kimmeridgian dolomite in the footwall and
Bajocian—Bathonian marly limestones in the hanging wall. At site 17N, we sampled an
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ENE-WSW-striking and south-dipping thrust fault zone in the Kimmeridgian dolomite
formation (Supplementary Material Figure S1).
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Figure 7. (A) Field photograph of the La Folie-Valapaux Fault Zone damage zone (top) and its
interpretation (bottom) at site 7B, highlighting the tectonic contact between the Tithonian forma-
tion to the north and the Turonian-Santonian formation to the south. (B) Microphotographs of
a clast (sample Z133) from the cataclasite zone, shown in cross-polarized light (top) and under
cathodoluminescence (bottom). (C) Close-up view of the outcrop within the Turonian-Santonian
formation, with microphotographs of a clast (sample Z132) in cross-polarized light (top) and under
cathodoluminescence (bottom). White circles represent the laser ablation spots used for U-Pb absolute
dating. (D) Tera-Wasserburg concordia diagrams for samples Z133 and Z132. Sample Z133 yields
two distinct age populations, here referred to as Z133a and Z133b.
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Figure 8. (A) Interpreted field photograph of highly deformed Turonian—Coniacian-Santonian
series from two facing outcrops, the eastern outcrop (top) and the western outcrop (bottom). These
photographs exhibit the sampling location of samples Z121, Z126, and Z128. (B) Close-up of the
sampling location of a slickenfiber sample (Z126) associated with an ENE-WSW-striking reverse fault.
(C) Scan of sample Z126 thin section and (D) microphotograph under cathodoluminescence with
white circles representing laser ablation spots for U-radiochronology. (E) Scan of a thin section of
slickenfiber sample (Z128) from an N-S-oriented strike—slip fault (dextral) and (F) microphotograph
under cathodoluminescence with white circles representing laser ablation spots for U-radiochronology.
(G) Tera-Wasserburg concordia diagrams for samples Z128, Z126, and Z121.

To sum up, we identified six main vein sets that can be found at the scale of the Nerthe
massif (Figure 5), given by their occurrence and with respect to their current attitude: set
JN-A comprises bed-perpendicular joints and veins striking N040 (read N040°E) to N060
(sites 9N, 5N, and 6N); set JN-B comprises bed perpendicular joints and veins striking
NO020 (sites 8N, 9N, 10N, 6N, and 14N); Set JN-C comprises bed perpendicular joints and
veins striking N090 (sites 1N, 14N, 8N, and 5N); set JN-D comprises vertical joints and
veins striking N135 and perpendicular to the strike of the strata (sites 3N, 11N); set JN-E
comprises vertical joints and veins striking ~N-S and perpendicular to the strike of the
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strata (sites 1N); and set JN-F comprises vertical joints and veins striking ~N045, oblique
to the strike of the strata (Sites 3N, 4N, and 11N). Other minor sets are encountered in
some parts of the massif only, including bed parallel veins (site 11N), and veins oriented
NO070-40°S, oblique to bedding (site 10N). This fracture network is completed by sets of
tectonic stylolites, of which peaks strike N020£20°, roughly parallel to the bedding (sites
1IN and 9N), and N000-00° in the current strata attitude (site 9N). A limited population
of striated faults (sites 6N and 9N) includes sub-vertical dextral strike—slip faults striking
N020 and south-dipping reverse and normal faults striking NO60.
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Figure 9. (A) Panoramic view of the Boumandariel carry (site 9N). The white lines show the bedding.
(B) Interpreted photograph showing a close-up of the outcrop and the location of the Figure 8C
image. (C) Interpreted photograph of the bedding (white lines), bedding-parallel stylolites (BPS),
and tectonic stylolites (St) highlighted by brown thin lines. (D) Interpreted photograph of an NNE-
SSW-oriented strike-slip fault. The black dot corresponds to the sampling location of slickenfiber
sample Z155. (E) Microphotograph of NE-SW-oriented vein sample Z142 (JN-A) in natural light
(left) and under cathodoluminescence. (F) Microphotograph under cathodoluminescence of sample
Z155. (G) Interpreted photograph of a vein (in green) in relation to a BPS. (H) Microphotograph of
vein sample Z154 in natural light (left) and under cathodoluminescence (right). (I) Tera-Wasserburg
diagrams of samples Z142, Z155, and Z154.
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4.1.2. The Bimont Lake Area

Several sampling and measurement sites are located along the shores of Bimont
Lake. Sites 14B, 15B, and 16B are situated to the south of the lake, with site 14B located
within the Tithonian limestones and sites 15B and 16B within the Kimmeridgian limestones
(Figure 3B). At sites 14B and 15B, two distinct fracture sets were identified within sub-
vertical, E-W-striking strata: (1) sub-vertical, N-S-striking fractures at both locations (set
JB-A), and (2) a set of E-W-striking fractures dipping 50° to 70° toward the south (set
JB-B) (Figure 10). Along the Imoucha trail at site 16B, structural observations were made
possible through the analysis of drill cores from E-W-striking vertical limestone strata.
The same two vein sets and two stylolite populations were identified within the cores
(Figures 10 and 11). Stylolites were classified into two populations according to their
orientation: (1) sub-vertical bedding-parallel stylolites and (2) sub-vertical N-S-oriented
tectonic stylolites with E-W peaks. Cross-cutting relationships between vein sets and
stylolite populations are illustrated in Figure 11. These observations reveal that E-W-
striking veins (set JB-B) are cut by N-S-striking veins (set JB-A). Figure 11 also shows that
BPSs affect both vein sets (JB-A and JB-B). Specifically, one BPS dissolves a portion of the
E-W vein on the left side of Figure 11C and offsets another E-W vein toward the center,
and this same BPS cuts across the N-S vein on the right side of the image. Calcite jogs can
also be observed in association with BPSs (Figure 11C). Finally, field observations indicate
that N-S veins and BPSs are affected by N-S-striking stylolites with E-W-trending peaks
(Figure 11B).

Site 18B is located within Kimmeridgian limestones and corresponds to a place where
Lacombe et al. [53] reported highly dipping, N-S-oriented normal faults affecting sub-
vertical, E-W-striking bedding (Figure 10). Site 19B is located on the western shore of
Bimont Lake and is subdivided into two distinct zones. The first zone, referred to as 19B-
Contact, corresponds to the Reynauds thrust fault zone between the Bathonian and Toarcian
formations (Figure 12). Deformation at site 19B-Contact is characterized by the presence of
centimeter-scale rock clasts embedded within a finely crushed matrix (Figure 12H). The
samples collected from this area include both veins preserved within the intact rock clasts
and powder samples extracted from the finely crushed matrix. The second zone, referred
to as 19B-Cave, is a cave within the Toarcian marly limestones situated a few meters above
the first zone (Figure 12). Brittle structures there consist of NW-SE-striking reverse faults,
with average dips of ~45°N in a raw position, and a network of anastomosed brittle shear
zones with well-developed C-S structures (Figures 10 and 12A,E).

Site 20B is located at the tectonic contact between the Bathonian-Bajocian marly
limestone and Kimmeridgian limestone, along the Reynauds thrust, in which we measured
5-C planes (Figure 10) and sampled associated calcite mineralizations.

4.1.3. The Rians Basin

In the Maastrichtian (so-called “Rognacian”) limestones of the Rians Basin, three
distinct fracture sets were measured, striking N-S (set JR-A), ENE-WSW (set JR-B), and NW-
SE (set JR-C) in a raw position, all being sub-vertical in flat-laying strata (site 3R, Figure 4).
Strike-slip faulting is also documented with WNW-ESE-oriented right-lateral strike—slip
faults and an NE-SW-oriented left-lateral strike—slip faults (Figure 4F). Horizontal drill
cores were collected from the Rians outcrop within sub-horizontal layers. These cores
enabled sampling of N-S-striking sub-vertical veins in a raw position, as well as BPSs.
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Figure 10. Fracture (mode I), stylolite, and striated fault data projected as poles (mode I and stylolites)
and planes with rakes (faults) on a lower-hemisphere stereonet for each site in the Bimont anticline.
For mode I fractures and stylolites, density contours are calculated from Fisher density and are
represented in red for mode I fractures and in blue for stylolites. From the highest density values, an
average fracture plane is represented, with color related to the fracture set described in the text (and
presented below). Specific fractures that were successfully dated using U-Pb calcite geochronology
are reported in dotted lines on the stereonet, and the age (without the uncertainty) is shown in

"

brackets. “n” stands for the number of measured data per stereonet. For each site and when relevant,
the results of the inversion of calcite twins for stress are presented as the orientations of o1 (red), oy
(blue) and o3 (green) axes with corresponding arrows representing horizontal compression (red) or
extension (green). The site’s bedding is represented by a dashed line, and the veins from which calcite
twin measurements were taken are represented by a star. Stress ratio ¢ values are reported below the
stereonets. All data are presented in the current strata attitude (noted as R), where bedding is reported
as a red dashed line and in an unfolded strata attitude (noted as U). Labels a and b corresponds to
the results of the inversion of fault-slip data for stress (stereodiagrams and characteristics of stress
tensors), a: site19B—Cave, b: site 18B (data from [53]). For computed paleostress orientations please

refer to the key of Figure 4.



Geosciences 2025, 15, 463

21 of 47

* as tecionic BPS
fte (NSpeaks) —
i

TS
pe ] &'\fu"

i U-Pb laser ablation area

<]

BIM_21_C8-03| @ [ o ] "N

= S100Ma £ 11| S | T— 3w M »

=1 60) MSWD=1.22, A )
- Q BIM 21 C82 o BIM_21_C8-3 | N BIM_21_C8-1
£3 ) Age=57.2Ma2413 S Age=202Ma+3131 | S S Age = 185 Ma£0.119.1
g < (n=160) MSWD=1.11 (n=104) MSWD=0.86 BIN 124_E5-11 o D058
aq 3 3 |l | Age=964Max33146 |« (6=125) MSWD=0:58
&z A S 3 (=143 MsWD=1  [© AT,
8 g AN ~ W

3 h ect 9 tectonic BPS o a AYEAW El L

= extensional te« in vertical strata ] extensional tect. BPS

T 20 3 4 5 6 6 2 4 6 & 1 12 ¢ § 1 15 2 r I R ) 74 6 § 1 1

238 206p,

Figure 11. (A) Unconformable attitude of the Miocene formation on the vertical late Jurassic limestone
strata as observed in the Bimont anticline, notebook used for scale. (B) Close view of the fracture-
stylolite network in the vertical late Jurassic strata. (C) High-resolution photograph of a slice of the
core sample C8, where the fields of view for the (D-F) microphotographs are represented by frames on
the left-hand side. On the right-hand side, the photograph is interpreted with relative chronology and
absolute age obtained from U-Pb calcite geochronology. (D-F) Microphotographs of jog structures
(D,F) or veins (E) that were analyzed by LA-ICP-MS for calcite geochronology (blue frames represent
the laser ablation extent). For the jogs, U/Pb ratio maps were produced following the approach
described in [159] and are presented as figures (G-I). (J) Corresponding Tera-Wasserburg concordia
diagrams obtained from core sample C8.
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Figure 12. (A E,H) Detailed photographs of the Reynauds thrust fault zone in the Bimont Lake area
(Site 19B). (B,C) Two-dimensional scan and microphotograph under cathodoluminescence of sample
7211 (B,C), sample Z212 (F-I), and sample Z207 (K,L); blue frames represent the extents of the laser
ablation used for U-Pb calcite geochronology, of which results are presented as Tera-Wasserburg
concordia diagrams (D,G,J,M,N).

4.2. Petrographic Observations

Most vein samples exhibit mode I openings, supported by observations of structural
offsets on either side of the veins, as illustrated in Figures 6 and 7. With some exceptions,
most vein fillings consist of a single generation of blocky calcite, which shows light-colored
zones under natural light and light orange areas under cathodoluminescence.

In some instances, host rocks include cement that seems to be related to the subaerial
continental environment (Figure 6), showing nonfibrous crystals, either being isopachous
(2161), of extincted luminescence (Z159), or related to carbonate dissolution along stylolite
(Z093) or to karstification parallel to the local thrust zone (Z190b). In all cases, these cements
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likely witness freshwater-dominated subaerial environments, and they were analyzed and
dated in order to better constrain the emersion of the strata during the tectonic history of
the Nerthe range.

4.3. Paleostress Orientations from Calcite Twin Inversion

In the Nerthe massif and Bimont Lake area, the calcite grains from the analyzed veins
present thin (<1 pm) and straight twins [139]. Twinning strain was roughly estimated to be
~2% based on thin section observations. Several samples reveal two or three superimposed
stress tensors, with each of them explaining part of the twinned planes and most of the
untwinned planes. The complete results are shown in Table 1. Hereinafter, the stress tensor
axes are described in their current orientation.

In the Nerthe massif (Figure 5), calcite twin inversion from the set JN-A vein (sample
7142, site 9N) revealed a compressional stress tensor with an NE-SW-oriented oy (tensor
N1). Calcite twin inversion of the set JN-B vein (sample Z135, site 8N) revealed (1) a
compressional-strike—slip stress tensor with an NE-SW-oriented o7 (tensor N1), (2) a com-
pressional stress tensor with an N-S-oriented o (tensor N2), and (3) a strike—slip stress
tensor with an NW-SE-oriented o1 (tensor N3, Figure 5). Calcite twin inversion from the
set JN-D vein (sample Z101, site 3N) revealed an extensional stress tensor with an NNE-
SSW-oriented o3 (tensor N4) and a compressional stress tensor with an NW-SE-oriented o
axis (tensor N5). Calcite twin inversion of a set JN-E vein (sample Z088, site 1N) revealed a
strike-slip stress tensor with an NNE-SSW-oriented o7 (tensor N6) and a strike—slip stress
tensor with an N-S-oriented oy (tensor N7).

In the Bimont Lake area (Figure 10), calcite twin inversion from set ]B-B (sample Z075-2,
site 16B) revealed an extensional stress tensor with an E-W-oriented o3 (tensor B1) and a
compressional stress tensor with an N-S-oriented o7 (tensor B2). Calcite twin inversion
from set N-S (JB-A, sample Z079-2, site 16B) yielded a strike-slip stress tensor with an NE-
SW-oriented o7 (tensor B3) and a compressional stress tensor with an NNE-SSW-oriented
o7 (tensor B4).

Table 1. Results of calcite twin inversion using CSIT-2. TP/UTP stands for twinned planes/untwinned
planes. Penalization function, Min RSS: see details in [153]. Stress axes: Trend (Tr) and plunge (P1) in
degrees. Italics: Unfolded stress axes. Bold: Stress axes used for interpretations. Grain size in um.

i i % Sigma 1 Sigma 2 Sigma 3 . Nb In- Nb
Vein . Nb Grain Nb gm: 8! m: Penal. Stress Min
Sample Site . . Tensor Comp. . comp. Comp.
Set Grains Size TP/UTP iy T Pl T PI T Pl Funct. Ratio RSS UTP P
Bl 52 192 68 360 21 91 4 073 013 0.02 9 100
500~
2075-2 JB-B 168 79 1100 193/44 . 5 178 71 54 11 321 16 072 029 0.02 9 104
359 18 103 36 246 49
B3 " 238 41 148 1 57 49 1.02 035 015 12 82
o 4 2 274 144 22
20792 JBA 168 68 o 196/74 3 58
B4 40 204 1 301 33 97 55 0.98 058 0.19 11 78
N6 ” 33 42 193 46 294 11 153 0.81 0.06 9 54
z088  IN-E N P B m 2 4 8 s 207 !
N7 46 181 13 47 71 274 13 045 071 0.17 8 44
N5 58 312 14 49 27 197 59 054 022 0.09 8 72
400~
Z101 IN-D 3N 72 1000 125/34 N4 - 132 64 285 23 20 10 070 0.66 0.08 8 62
51 69 293 10 201 19
2 0 193 30 88 24 326 50 1.10 038 0.09 11 75
11 21 107 13 225 65
7135 IN-B SN 75 5006 180/36 N3 40 322 10 97 76 230 10 0.97 042 0.12 11 72
115
NI % 233 36 338 19 90 48 0.92 0.14 0.05 9 82
218 0 310 66 129 24
1400~ 5 41 14 309 5 200 76 0.24 0.20 0.10 4 25
7142 IN-A 9N 19 2600 50/10 N1 50 52 » 303 37 165 P

4.4. U-Pb Ages of Deformation

The success rate of absolute U-Pb dating varies significantly across the three studied
localities. In the Nerthe range, 34 analyses out of 50 yielded reliable ages, corresponding to
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a success rate of 68%. The Bimont Lake area shows the highest success rate with 13 suc-
cessful analyses out of 16 (81%), whereas the Rians Basin presents 4 calcite mineralizations
successfully dated out of 10 (40%). Overall, across all three localities, 51 analyses out of
76 provided reliable U-Pb ages, representing a mean success rate of 67%. The complete
results are shown in Table 2 and in the Supplementary Material (Figures S4 and S5). Most
of the presented ages can be considered robust. Specifically, the technique based on isotopic
mapping of U, Pb, and Th elements used at IPREM deals with images corresponding to
very small rock surface areas, so multi-generation or mixed signals are unlikely, and if they
do occur, the mixed ages can be separated and refined [159]. In addition, very few samples
display low U/Pb ratios and, therefore, high uncertainties (e.g., samples NRT_22_Z159,
BIM_22_7211, and BIM_22_C8-1); these uncertainties were considered in the interpretations
(see also discussion in [17]).

Table 2. U-Pb calcite geochronology results.

Structure/ Uncertainties

Sample Site Formation Vein Set Age (Ma) (Ma) MSWD U (ug/g) Pb (ug/g)
NRT_22_Z093-cem2 IN Barremian Diag. cement 67.3 +0.912.5 1.67 - -
NRT_22_7093-cem1 1IN Barremian Diag. cement 71.7 +3.614.3 1.8 - -

NRT_22_7096-1 3N Valanginian JN-D 92.8 +1.713.5 1.75 - -
NRT_22_7096-2 3N Valanginian JN-D 93.1 +1213.3 1.36 - -
NRT_22_7103-1 3N Valanginian JN-D 108.7 +0311.6 5.7 5-0.3 <0.2
NRT_22_ 7105 AN Valanginian JN-D 929 +1.313.3 3 - -
NRT_22_7107 5N Tithonian JN-A 43.6 +111.8 1.93 - -
NRT_22_7118b 5N Tithonian JN-C 110.1 +0.5 0.83 - -
NRT_22_7121 6N Turonian~ IN-A 784 +1119 0.89 2-0.3 <05
Santonian
NRT_22_7126 6N Turonian- Minor fault 75.5 £1.1129 18 1.5-0.1 0.7-0.1
Santonian
NRT_22_7128 6N Luronian— Minor fault 36.8 +£0311 33 0.7-0.1 <01
Santonian
NRT_22_7132-C 7N Suronian— Fault rock 72.7 +13 1 3002 0.2-0.03
Santonian
NRT_22_7Z133a 7N Tithonian Fault rock 70.4 +1.4124 29 - -
NRT_22_7133b 7N Tithonian Fault rock 33.4 +13125 3 - -
NRT_22_7136-1 8N Tithonian JN-C 75.9 +112.7 1.79 - -
NRT_22_7137-1 8N Tithonian JN-B 78.1 +0.812.3 9.6 - -
NRT_22_7137-2 8N Tithonian JN-C 74.5 +1.713 1.31 - -
NRT_22_7137-3 8N Tithonian JN-B 75.9 +0410.7 2.6 - -
NRT_22_7142 9N Barremian JN-A 79.6 +0511.1 4.4 - -
NRT_22_7154 IN Barremian JN-B 81 +13123 3 - -
NRT_22_7155 IN Barremian Minor fault 79.7 +0.310.6 3.7 - -
NRT_22_ 7159 IN Barremian Diag. cement 43.4 +24124 1.13 - -
NRT_22_7161 IN Barremian Diag. cement 28.7 +0411 3.38 - -
NRT_22_7169-2 10N Valanginian JN-B 78 +112.8 0.81 - -
NRT_22_7170 11N Valanginian JN-D 108.4 +111.1 1.5 3-0.6 <0.05
NRT_22_Z181 11N Valanginian Mmg;"em 745 +0611 32 3-0.1 0.2-0.005
NRT_22_7189_1a 14N Barremian JN-B 77.8 +1.612.8 1.12 - -
NRT_22_7189_1b 14N Barremian JN-B 70.2 +1.812.6 2.38 - -
NRT_22_7189_2a 14N Barremian JN-C 73.5 +0.711.8 1.75 - -
NRT_22_7189_2b 14N Barremian JN-C 20.2 +2315.2 4.7 - -
NRT_22_7190-a 14N Barremian Fault rock 71.7 +0.73 0.25 - -
NRT_22_7190-b 14N Barremian Diag. cement 18.6 +9.6 1.6 - -
NRT_22_ 7203 17N Kimmeridgian Fault rock 55.2 +9.119.3 0.79 5-0.3 <0.2
RNS_21_27002 3R Maastrichtian JR-B 33.1 +111.6 2.4 0.8-0.01 0.07-0.01
RNS_21_7B2-J1 3R Maastrichtian jog 454 +1.712 0.85 - -
RNS_21_7ZB3-1 3R Maastrichtian JR-A 359 +0511.7 1.14 - -
RNS_21_7B4-1 3R Maastrichtian JR-A 32.7 +0.611.3 1.09 - -
BIM_22_7206 19B- Bathonian- Fault rock 57.2 415139 18 0.3-0.01 <0.05
Contact Bajocian
BIM_22_7207 198- Bathonian- Fault rock 47.1 455157 0.75 - -

Contact Bajocian
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Table 2. Cont.
. . Structure/ Uncertainties
Sample Site Formation Vein Set Age (Ma) (Ma) MSWD U (ug/g) Pb (ug/g)
BIM_22_7211 éz‘]i Toarcian Minor fault 57.4 +12.6112.7 0.74 - -
BIM_22 7212a Clz\]f; Toarcian Minor fault 71.1 +1.112.7 5.4 - -
BIM_22 7212b Clz‘]i; Toarcian Minor fault 33 +6 0.45 - -
BIM_22_7215 20B Kimmeridgian Fault rock 58.6 +4.114.5 1.14 - -
BIM_22_ 7216 20B Kimmeridgian Fault rock 25.9 +0911.3 3.3 2-0.01 <0.1
BIM_22_C8-1 16B Kimmeridgian JB-A 18.5 +9.119.1 0.59 - -
BIM_22_C8-3 16B Kimmeridgian JB-A 29.2 +313.1 0.86 - -
BIM_22_C8-J1 16B Kimmeridgian jog 96.4 +3.314.6 1 - -
BIM_22_C8-J2 16B Kimmeridgian jog 57.2 +2413 1.11 - -
BIM_22_C8-]3 16B Kimmeridgian jog 109 +1.113.8 1.22 - -
BIM_21_7071-2 14B Kimmeridgian JB-A 27.4 +111.3 0.87 - -

4.4.1. The Nerthe Range

U-Pb dating of a vein from the JN-D set from site 3N, located along the relay between
the two segments of the Valtrede fault (Figure 2A), yielded three ages, 92.8 + 3.5 Ma,
93.1 + 3.3 Ma, and 108.7 £ 1.6 Ma, corresponding to samples NRT_22_Z(096-1, Z096-2, and
Z103-1, respectively (Figure 5, Table 2). U-Pb dating of a vein from the JN-F set at site
4N did not yield interpretable ages, whereas sample Z105 from a vein from the JN-E set
returned an age of 92.9 &+ 3.3 Ma (Figure 5, Table 2).

In the hanging wall of the Laurons-Ensueés Fault, an NE-SW-oriented vein from
the JN-B set from site 10N (sample Z169-2) yielded an age of 78 £ 2.8 Ma (Figure 5).
Additionally, a sub-horizontal vein at site 11N provided an age of 74.5 & 1.0 Ma (sample
7181, Figure 5). In the footwall, samples Z118b and Z107 from site 5SN—from a vein from
the JN-C set and a vein from the JN-B set, respectively—yield ages of 110.1 £ 0.5 Ma and
43.6 £ 1.8 Ma (Figure 6). In site 8N, among the two vein sets measured, set JN-B veins
exhibit ages of 78.1 &+ 2.3 Ma (Z137-1) and 75.9 £ 0.7 Ma (Z137-3), and set JN-C veins
exhibit ages of 75.9 &+ 2.7 Ma (Z2136-1) and 74.5 &= 3 Ma (Z137-2) (Figures 5 and 6, Table 2).

In site 7N, samples Z133 and Z132C were extracted from the La Folie-Valapaux fault
zone (Figure 7). Sample Z133 exhibits distinct domains from which different ages were
obtained: 70.4 + 2.4 Ma (Z133a) and 33.4 £ 2.5 Ma (Z133b). Sample 132C yields an age
of 72.7 £ 1.3 Ma. Located a few tens of meters further south, site 6N provided three
dated samples: a vein from JN-A set (Z121), a syn-thrusting NE-SW-striking reverse fault
(Z2126), and a late N-S-striking vertical right-lateral strike—slip fault (Z128) (Figure 8). These
samples yield ages of 78.4 & 1.9 Ma, 75.5 + 2.9 Ma, and 36.8 £ 1 Ma, respectively.

In site 14N, a vein from JN-C set (Z189-2) yielded two distinct ages: Z189-2a is dated
at 73.5 £ 1.8 Ma, and Z189-2b is dated at 20.2 &= 5.2 Ma (Figure 5 and Table 2). In a vein
from the JN-B set (Z189-1), the outer cement along the walls is dated at 77.8 & 2.8 Ma,
whereas the inner cement at the center of the vein is dated at 70.2 £ 2.6 Ma (Figure 5). In
the same site, a microbreccia from the thrust fault zone yields an age of 71.7 £ 0.73 Ma
(Z190a). In site 9N, the two vein sets have been dated at 79.6 £+ 1.1 Ma for the JN-A set
(Z142) and 81 + 2.3 Ma for the JN-B set (2154) (Figure 9). Additionally, sample Z155,
from an NNE-SSW-striking right-lateral strike—slip fault, gives an age of 79.7 £ 0.6 Ma
(Figures 5 and 9). Finally, in site 17N (Jas de Rhodes), the E-W-striking thrust zone between
the Kimmeridgian and the Bajocian-Bathonian formations (sample Z203), yields an age of
55.2 £ 9.3 Ma (Table 2).

Summarizing, in the Nerthe massif, the U-Pb ages of thrust fault zones and mesoscale
structures (veins and minor striated faults) can be grouped into four distinct periods:
(1) 6 ages obtained from veins consistent with an NNE-SSW extension fall between
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108.7 £ 1.6 Ma and 92.8 £ 3.5 Ma, i.e., Albian-Cenomanian; (2) 17 ages obtained from
structures consistent with N-5- to NE-SW-directed compression fall between 81 + 2.3 Ma
and 70.2 £ 2.6 Ma, i.e.,, Campanian—-Maastrichtian; (3) 4 ages obtained from structures
also consistent with N-5- to NE-SW-directed compression fall between 55.2 4+ 9.3 Ma and
33.4 + 2.5, i.e., Paleocene-latest Eocene; and (4) 1 age from a vein consistent with NNW-
SSE extension at 20.2 = 5.2 Ma, i.e., Oligo-Miocene. Interestingly, the ages obtained from
set JN-C (~E-W-oriented veins) are highly contrasted and fall within three groups: early
Cretaceous (~110 Ma, period 1), late Cretaceous (~74 Ma, period 2), and even Miocene
(~20 Ma, period 4).

Some of the calcite cements that fill the porosity at various stages of the diagenetic
history of the strata were successfully dated as well (Figure 6 and Table 2). These cements,
likely related to subaerial environments, were dated to 43.4 £ 24 Ma (Z159), 28.7 = 1.0 Ma
(Z161), 67.3 £+ 1.5 Ma (Z2093-cem 2), 71.7 + 4.3 Ma (Z2093-cem1), and 18.6 & 9.6 Ma (Z2190Db).

4.4.2. The Bimont Lake Area

In the Bimont Lake area, N-S-oriented JB-A veins yield ages of 27.4 &= 1.3 Ma (Z071-2,
site 14B, Figure 10), 18.5 £ 9.1 Ma (C8-1, site 16B), and 29.2 &+ 3.1 Ma (C8-3, site 16B)
(Figure 11). Calcite jogs associated with bedding-parallel stylolites in the E-W-striking
vertical Tithonian strata yielded ages of 109.0 & 3.8 Ma (C8-J3, site 16B), 96.4 £ 4.6 Ma
(C8-J1, site 16B), and 57.2 & 3.0 Ma (C8-]2, site 16B; Figures 10 and 11).

Slickenfibers from NW-SE-oriented, north-dipping reverse faults in site 19B-Cave
yielded ages of 71.1 &+ 2.7 Ma (Z212a), 57.4 £ 12.7 Ma (Z211), and 33 £ 6 Ma (Z212b)
(Figure 12). At site 19B-Contact, in the thrust fault zone between the Bathonian and Toarcian
formations, the finely crushed thrust fault zone material yielded ages of 57.2 &+ 3.9 Ma
and 47.1 £ 5.7 Ma (samples Z206 and Z207, respectively; Figure 12). At site 20B, at the
tectonic contact between the Bathonian—-Bajocian and Kimmeridgian formations, sample
7215 (S-plane) was dated at 58.6 & 4.5 Ma, while sample Z216 (C-plane) yielded an age of
25.9 &+ 1.3 Ma (Figure 10 and Table 2).

4.4.3. The Rians Basin

Absolute dating of vein samples from site 3R in the Rians Basin successfully con-
strained the ages of two out of three vein sets measured and identified within the Maas-
trichtian strata (Figure 4). A NE-SW-striking vein (sample Z002) from set JR-B yields an
age of 33.1 £ 1.6 Ma, while N-S-striking veins (samples ZB3-1 and ZB4-1) from set JR-A,
collected from drill cores, yield ages of 35.9 &+ 1.7 Ma and 32.7 & 1.3 Ma, respectively.
The vein set JR-C provided no reliable age. Additionally, a calcite jog sample (ZB2-J1)
associated with BPS development yielded an age of 45.4 £ 2.0 Ma, representing the oldest
age recorded at this site (Figure 4).

5. Interpretation of Results: Timing of Deformation and
Paleostress Evolution

5.1. Sequence of Deformation in the Nerthe Range

Considering the whole dataset of structures (stylolites, joints and veins, mesoscale
faults, and major thrusts), stress tensors computed from the inversion of calcite twins, and
striated faults and absolute U-Pb ages of syn-kinematic calcite and calcite cements, we can
reconstruct a rather continuous history of deformation that affected the Nerthe range from
the Albian until at least the Burdigalian. The integration of these independent data helped
refine the fracture sequence, which sets were previously defined based on their orientation
and attitude with respect to host strata only.
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5.1.1. Pre-Pyrenean Extension (Albian-Cenomanian, 110-93 Ma)

The pre-contractional fracture development history of the Nerthe range is marked by
a complex fracture pattern that gathered ~N-S (set JN-E), E-W (set JN-C), and N135 (set
JN-D) veins. U-Pb dating indicates that the ages of these veins fall roughly at ~110 Ma
and ~93 Ma, suggesting that they developed roughly coevally. Calcite twin inversion
from the set JN-D vein in site 3N revealed a pre-folding extensional stress tensor with an
NO020-oriented o3, consistent with the opening of the set JN-D and JN-C veins. We propose
that this pattern relates to the regional uplift known as the Durancian uplift and associated
NNE-SSW extension [49,54,55]. This interpretation is in good agreement with the work
of [45], who provided a U-Pb age of ~90 Ma for the N070°-striking Castellas normal fault
~15 km north of the Nerthe range.

5.1.2. Pyrenean Compression (81-67 and 59-34 Ma)

The onset of the Pyrenean contractional event is characterized by the development
of bed-perpendicular vein sets JN-A, JN-B, and JN-E, oriented N-S to NE-SW. They are
interpreted as the result of a strike—slip stress and/or a compressional stress regime asso-
ciated with a 07 oriented ~N-S (stress tensors N2, N6, and N7) to NE-SW (stress tensor
N1). This interpretation is supported by the occurrence of pre-tilting tectonic stylolites with
~N-S peaks. The wide distribution and the consistent pre-folding orientation and dip of
these vein sets across the massif support their interpretation as being overall related to N-S-
to NE-SW-oriented layer-parallel shortening (LPS). In more detail, at site 9N, calcite twin
analysis from a vein from the JN-A set reveals a strike—slip stress tensor characterized by an
NE-SW-trending o7 (tensor N1), consistent with the opening of the vein. Since U-Pb ages
indicate that set JN-B vein developed around 81 + 2.3 Ma under a strike-slip stress regime
with oq-oriented N-S to NNE-SSW slightly predating set JN-A vein (79.6 & 1.1 Ma), we
conclude that o7 evolved from an ~N-S to an NE-SW trend, causing not only the opening
of set JN-A veins but also the development of NNE-SSW-striking, right-lateral strike—slip
faults dated at 79.7 £ 0.6 Ma. Interestingly, these two sets, JN-A and JN-B, have been
interpreted previously by [72] in site 15N (Boumandariel) as being formed in response to
burial based on their mutual cross-cutting relationships with sedimentary, bedding-parallel
stylolites. However, the record by a vein of the JN-A set of a stress tensor with a horizontal
o1 parallel to the vein supports its tectonic origin, which is further confirmed by the age
of the calcite filling the vein. As a result, one can propose that parts of veins from sets
JN-A and JN-B possibly formed during burial prior to the Pyrenean contraction but that
some with the same orientations also formed during LPS. This allows us to very accurately
constrain the timing of the onset of LPS at ~81 Ma, with the development of the related
JN-B tectonic veins occurring at the maximum burial depth before the host strata were
progressively exhumed by folding and thrusting.

The samples from the La Folie-Valapaux fault zone (site 7N) yield three ages,
72.7 £1.3 Ma, 70.4 &+ 2.4 Ma, and 33.4 & 2.5 Ma, indicating two distinct periods of thrust
activity around ~72-70 Ma and ~33 Ma. These two deformation phases are further sup-
ported by the U-Pb age of slickenfibers from a syn-thrusting NE-SW-oriented mesoscale
reverse fault (Z126, site 6N) that yielded an age of 75.5 £ 2.9 Ma. In the same site, a verti-
cal, N-S-oriented right-lateral strike—slip fault, which geometry supports a post-folding
development, is dated at 36.8 = 0.5 Ma (Z128). The thrust bounding the pop-up structure
to the north, which developed at the south of the La Folie-Valapaux fault zone (site 14N),
shows evidence of activity at around ~72 Ma, in line with the first phase of activity of the
La Folie-Valapaux Fault Zone.

In the central, southern part of the range, some N090-striking fractures, dipping
perpendicular to the local bedding (set JN-C), also yield ages of 73.5 &= 1.8 Ma, 74.5 &+ 3.0 Ma
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and 75.9 £ 2.7 Ma, suggesting a local bed-parallel extension perpendicular to fold axis as
a response to strata curvature during folding (e.g., sites 14N and 8N). Finally, post-tilting
contractional stress tensors with o oriented N-S revealed by calcite twins (Site 1N, site
8N), along with the occurrence of N040-striking, sub-vertical fractures (set JN-F), and the
occurrence of post-tilting tectonic stylolites with horizontal peaks striking ~N-S, can be
interpreted as being the expression of the continuing NNE-SSW Pyrenean shortening after
strata tilting (late-stage fold tightening, LSFT) by the latest Eocene.

Summarizing, all of the above-mentioned structures can be interpreted as related to
alternating strike—slip or compressional stress regimes with o; roughly oriented NNE-
SSW (in more detail, likely oscillating between N-S and NE-SW through time). These
structures, whatever their scale, developed in two time periods, during the late Cretaceous
(~81-67 Ma) and during the Eocene (~59-34 Ma). However, since most ages are related to
the first period, we propose that Pyrenean shortening in the Nerthe massif mainly occurred
during the latest Cretaceous, causing exhumation of folded strata and favoring fluid flow.
Indeed, from the time thrusts were active in the Nerthe range, there are clear markers of
subaerial environments (71.7 Ma) that persisted until the Miocene (9.6 Ma), suggesting
that the range was close to emersion as soon as its structure was developing. The second
period likely corresponds to a late, minor component of renewed Pyrenean contraction and
reactivation of earlier structures. This is in line with the results of [45], who reported that
the E-W-striking Castellas normal fault was reactivated as a left-lateral strike-slip fault at
~50-35 Ma.

5.1.3. Post-Pyrenean Extension (Oligo-Miocene, 33-20 Ma)

Few post-Eocene ages related to the development of tectonic structures were obtained.
In the southern Nerthe range, at site 14N, one vein from set JN-C (E-W-striking) exhibits
two generations of syn-kinematic calcite with distinct ages. While the first calcite generation
reveals a vein opening at 75.9 Ma (Z189-2a) during the Pyrenean shortening, the second
calcite generation, dated at 20 Ma, supports reopening of the vein during the Oligo-Miocene
NNW-SSE extension. This Oligo-Miocene extensional reactivation is further supported by
the occurrence of ENE-WSW-striking fractures affecting Burdigalian strata at site 15N and
is consistent with the normal faults that dissected the Nerthe range (see also Figure 5 [82]),
including the Valtréde fault and the Laurons-Ensueés fault, which bound the Saint Julien
extensional basin.

5.1.4. Post-Pyrenean (Miocene?) Compression

Calcite twin analysis from veins from sets JN-B and JN-D revealed post-folding com-
pressional (stress tensor N5) or strike—slip (stress tensor N3) with an NW-SE-trending oy
(Figure 5). This late stress state is compatible with the right-lateral strike—slip reactivation
of the major normal faults, such as those bounding the Saint Julien basin, and the Folie—
Valapaux fault zone. In the absence of any time constraints, we tentatively propose that
this NW-SE compression is related to Alpine compression, which would be associated with
a negligible amount of shortening.

This sequence of deformation at the scale of the Nerthe massif is summarized in the
Figure 13, where we present a step-by-step restoration of the cross-section of Figure 2B at
four key periods: (1) end Miocene-present, representing the end of the Oligo-Miocene ex-
tension related to the Liguro-Provengal rifting; (2) end-Eocene, representing the end of the
second (presumably very minor) stage of the Pyrenean shortening; (3) end-Maastrichtian,
representing the end of the presumably first and main stage of the Pyrenean shortening
in the Nerthe massif as supported by the pool of late Cretaceous U-Pb ages from various
tectonic structures (from veins to thrust fault zones; see discussion in Section 6.2); and
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(4) the Santonian, representing the pre-contractional stage. It is interesting to notice that our
U-Pb ages, therefore, help refine the timing of the restoration of the previously proposed
Nerthe cross-section [40,82]. Also, in line with the conclusions of [40], our restoration
reveals that both the Pyrenean shortening and Liguro—-Provengal rifting have significantly
reactivated Mesozoic (and Paleozoic?) extensional structures, which reflect the importance
of Mesozoic (and Paleozoic?) structural inheritance and weaknesses during the subsequent
Cenozoic contractional and extensional tectonic events.

X

End Miocene -Present-day

wy s

=ca.0.2km
-+ End Eocene ,,,,. i

Time

ca.6.3km
’ End Maastrichtian

72.7-70.4 Ma 71.7 Ma

@ - Santonian
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[ Oligocene [ | Malm
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Figure 13. Sequential restoration of the cross-section across the Nerthe range (located in Figure 1A as
X=Y) at 3 key periods starting from end-Miocene - present day (A): at the end of the Eocene (i.e., at
the end of the second minor pulse of Pyrenean shortening) (B), at the end of the Maastrichtian (i.e.,
at the end of the first major pulse of Pyrenean shortening) (C) and in the Santonian (i.e., before the
onset of the Pyrenean shortening (D). For each section, the active faults are highlighted in red, and
the future faults appear as dashed lines. The complete shortening estimated from the restoration
during the Pyrenean shortening (ca. 6.3 km) is reported along with the estimated Oligo—Miocene
extension (ca. 0.2 km). The pin represents the stable line used for these estimates.
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5.2. Sequence of Deformation in the Bimont Lake Area

Like for the Nerthe range, we propose a sequence of deformation based on the integra-
tion of structural observations and U-Pb ages of syn-kinematic calcite mineralizations. The
reconstructed tectonic evolution is summarized in Figure 14.
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Figure 14. Evolutionary diagrams of the southern flank of the Bimont anticline, where the strati-
graphic and structural evolution is reported with time. The mode I fracture colors are related to the
sets described in Figure 10. At each step of the evolution, the reconstructed stress tensor is reported.
The different steps of the tectonic history are associated with the various deformation stages.

5.2.1. Pre-Pyrenean Extension (Albian-Cenomanian, 110-93 Ma)

In the Bimont Lake area, dated tectonic structures did not yield any age consistent
with the Durancian uplift and associated ~NNE-SSW extension as recognized in the Nerthe
range. However, the occurrence of a regional uplift in an extensional setting by Albian—
Cenomanian time and subsequent aerial exposure in northern Provence is supported by the
erosion of pre-Campanian strata, with the oldest Campanian breccia resting unconformably
on early Cretaceous and even late Jurassic strata in the Bimont area (Figure 3B). This is
in line with the work by [163] who reported calcite cement ages of 96.7 and 90.5 Ma in
Barremian limestones, associated with a phase of late cementation resulting from meteoric
fluid circulation during subaerial exposure related to the Durancian uplift.

The calcite jogs dated at ~110 and ~96 Ma indicate active pressure solution along BPS
under a vertical principal stress o1 at that time. Because regional uplifting and erosion of
strata are poorly consistent with coeval burial-related pressure solution along sedimentary
BPSs, we alternatively propose that the BPSs associated with these jogs likely developed as
tectonic stylolites under a vertical o; related to Albo-Cenomanian extension, hereinafter
referred to as extensional tectonic BPSs to distinguish them from the classical view of
tectonic stylolites related to horizontal shortening.

5.2.2. Pyrenean Compression (71-33 Ma)

In sites 14B, 15B, and 16B, vertical to slightly overturned E-W-striking Kimmeridgian
strata show widespread bedding-parallel stylolites and two sets of veins (Figures 10 and 11).
The first vein set consists of E-W-striking veins with variable dips in a raw position in sites
14B and 16B (Figure 10) but have consistent dips of approximately 40°N after unfolding
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(JB-B set). The second set corresponds to N-S-striking vertical veins (JB-A set, Figure 10).
Cross-cutting and abutment relationships indicate that JB-B veins predate JB-A veins.
Because the attitude of the JB-A veins is not affected by unfolding, they might have
developed when strata were horizontal (LPS), at any time of tilting or after tilting (LSFT).
Calcite twin inversion reveals that JB-A veins recorded a pre-tilting and post-tilting NE-SW-
and NNE-SSW-oriented o7 (tensors B3 and B4, respectively), which indicate that they
developed under a compressional strike-slip stress regime likely related to the Pyrenean
shortening. A pre-folding N-S compression is also recorded in the JB-B veins (tensor B2),
which confirms (1) the chronology between the E-W and N-S veins and (2) that both the
JB-A and JB-B veins developed in response to an N-S to NNE-SSW compression.

After unfolding, BPSs are horizontal with vertical peaks; such stylolites are usually
interpreted as forming under a vertical o7y, either related to burial (sedimentary stylolites) or
to an extensional state of stress (extensional tectonic BPS). However, the relative chronology
between the BPS and the vertical N-S-oriented veins remains ambiguous, with mutual
cross-cutting relationships. Since N-S veins have a tectonic origin and are likely related to
the Pyrenean compression, this means that some BPSs which are vertical in their current
attitude and bear horizontal, N-S trending peaks may be of tectonic origin and may have
formed within vertical strata in response to continuing N-S compression. The likely
occurrence of at least two generations of BPSs—the first one developing under a vertical
01 when strata were still horizontal and the second developing under a horizontal ~N-S-
trending oy after the strata were folded into their current vertical attitude—is confirmed
by the two highly contrasting ages yielded by the associated calcite jogs: 109.0 & 3.8 Ma
and 96.4 + 4.6 Ma on the one hand and 57.2 & 3.0 Ma on the other hand. While the
first age reveals a pre-folding origin (see Section 5.2.1), the second age indicates tectonic
BPS development in response to LSFT. This indicates that folding was over at ~57-55 Ma
but that the N-S compression was still prevalent. The kinematic scenario of Figure 14
suggests that Pyrenean LPS initiated under a compressional stress regime (formation of
JB-B veins), subsequently evolving into a strike-slip stress regime (formation of JB-A-veins
and possibly conjugate strike-slip faults [53]), with o7 oriented N-S to NNE-SSW. During
folding, the former structures were progressively tilted until the strata became vertical.
After strata tilting, the Pyrenean compression still prevailed and caused the development
of bedding-parallel tectonic stylolites during the LSFT. Folding at Bimont was therefore
over at ~57-55 Ma, which is in good agreement with the growth strata comprising syn-
tectonic breccias that support folding occurred roughly between ~80 Ma (base of the
oldest Campanian—so-called “Begudian”—breccias) and ~55 Ma (top of the youngest
Dano-Montian—so-called “Tholonet”—breccias) [47].

West of the Bimont Lake, U-Pb ages of the fault zone rocks at site 19B-Contact indi-
cate that the Reynauds thrust was active at 57.2 & 4 Ma and at 47.1 £ 5.7 Ma (Figure 12).
Slickenfibers along NW-SE-striking, shallowly N-dipping reverse faults from the anasto-
mosed shear zones of site 19B-Cave located in the Kimmeridgian formation yielded ages
of 71.1 = 2.7 Ma (Z212a), 57.4 & 12.7 Ma (Z211), and 33 + 6 Ma (Z212b). This means that
the northern branch of the Reynauds thrust zone was active during the late Cretaceous,
mainly during the Paleocene—early Eocene and at the Priabonian—-Rupelian transition, i.e.,
during the latest Eocene considering uncertainties. The Paleocene—early Eocene period of
the Reynauds thrust activity is confirmed by the 58.6 &= 4.5 Ma age of the fault rocks at site
20B, located on its likely southern splay.

Combining all the data from the Bimont Lake area, we propose that Pyrenean deforma-
tion there started by the Campanian (~71 Ma) and was mainly active by the late Paleocene
(59-56 Ma), giving birth to the Reynauds thrust and the Bimont fold. While folding at
Bimont was likely achieved by ~57-55 Ma, thrusting was still active—but probably in a



Geosciences 2025, 15, 463

32 of 47

minor way—by the middle Eocene (~47 Ma, Ypresian-Lutetian) and latest Eocene (~33 Ma,
Priabonian-Rupelian transition), before the stress regime evolved from N-S compression to
E-W extension. Again, the timing of deformation revealed by U-Pb geochronology on syn-
kinematic calcite is well in line with the timing formerly established from the sedimentary
record, with the development of the nearby Sainte-Victoire range occurring between 83 Ma
and ~43 Ma [47].

5.2.3. Post-Pyrenean Extension (Oligocene, 33-23 Ma)

U-Pb ages obtained from JB-A veins are 29.2 £ 3.1 Ma, 274 + 1.3 Ma, and
18.5 = 9.1 Ma (Figures 10 and 11). These mostly Oligocene ages (considering uncertainties)
are much younger than expected for the N-S veins that started to develop during Pyrenean
LPS (Section 5.2.2). As a result, we can propose that these veins formed in response to
Oligocene E-W to WNW-ESE extension, which implies two distinct generations of N-S
veins sharing the same current attitude (Figure 4F). This E-W extension is supported by (1)
the record of a post-folding stress tensor with vertical o; and horizontal o3 trending E-W
(tensor B1) by the pre-folding E-W veins (Figure 10), (2) the nearby Aix-en-Provence fault
(part of the AMDF) bounding the Oligocene Aix-en-Provence basin to the east (Figure 3A,B),
and (3) by the normal faults described in the Sainte-Victoire range just to the east [47,53].
The similar recent age at 25.9 &= 1.3 Ma obtained from the nearby southern splay of the
Reynauds thrust could indicate either a late Oligocene thrust activity (which would be
at odds with the extensional stress regime prevailing regionally at that time) or, more
probably, some fluid flow across the fault zone during the Oligocene extension leading to
new calcite precipitation.

5.2.4. Post-Pyrenean Alpine Compression (Miocene, 15?—? Ma)

The observation on the Bimont core (Figure 11) that E-W-striking BPSs cut across
Oligocene N-5 veins supports that pressure solution along the earlier formed BPSs likely
resumed during the Miocene under late ~N-S compression. Also, the N-S-striking tectonic
stylolites with E-W-oriented peaks may have developed when the strata were still horizon-
tal, during or after folding, since their attitude is not affected by unfolding. However, they
affect N-S veins, which supports a post-Pyrenean/post-Oligocene stress regime dominated
by ~E-W-oriented horizontal o1. As a result, our data document two likely Miocene minor
compressions, oriented ~N-S and ~E-W, but the exact timing of which, unfortunately,
cannot be constrained.

5.3. Sequence of Deformation in the Rians Basin

The absolute dating of the jog associated with the sedimentary BPS (ZB2-]J1) at
45.4 £+ 2 Ma in the sub-horizontal strata of the Rians Basin (site 3R) demonstrates that
pressure solution along the BPS was still active at that time under a vertical o;. Conse-
quently, we infer that the Rians Basin was still experiencing ongoing burial until at least
the middle Eocene and that the Pyrenean shortening did not start before this date. This
is consistent with the oldest age (35.9 & 1.7 Ma) obtained from an N-S vein of set JR-A,
consistent with N-S compression, which suggests that the Pyrenean shortening likely oc-
curred between ~45 Ma (at the earliest) and 36 Ma and weakly affected the Rians Basin.
The younger age obtained from the JR-A vein (32.7 & 1.3 Ma) and the age of the JR-B
vein (33.1 + 1.6 Ma) support that these veins were (re?)opened or newly formed during
the Oligocene E-W to WNW-ESE extension. Interestingly, the U-Pb ages support that, as
in Bimont, N-S-striking vertical veins may have formed both during the N-S Pyrenean
compression and during the subsequent Oligocene extension. Finally, the occurrence of
strike—slip faults and JR-C veins consistent with an NW-SE compression (Figure 4F) is
interpreted as a late Alpine tectonic imprint.
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6. Discussion
6.1. Unlocking >90 My of Complex Compressional and Extensional Deformation in Provence

The U-Pb ages of calcite mineralizations collected from tectonic structures of various
scales (from a few millimeters—jogs associated with stylolites—to kilometer-scale thrust
fault zones) span ~110 to ~20 Ma, thus unraveling at least 90 Ma of tectonic activity
in Provence. Combined with paleostress reconstructions, these U-Pb ages show that
the Cretaceous—Tertiary tectonic evolution of Provence is related to successive regional
compressional and extensional deformation events: the Albian—-Cenomanian Durancian
uplift and associated NNE-SSW extension, the late Cretaceous—Eocene ~N-S Pyrenean
contraction, the E-W to WNW-ESE Oligocene extension related to ECRIS, the NW-SE to
NNW-SSE Oligo-Miocene extension related to LPR, and possibly N-S to NW-SE Alpine
shortening (even though no supportive ages were obtained for the latter). Our study,
therefore, reveals the potential of the combination of structural and geochronological
approaches on multi-scale tectonic structures precisely placed into the broader structural
setting to unravel a long-lasting, polyphase regional tectonic evolution.

In more detail, the reconstructed tectonic history starts with the regional Durancian
uplift and related NNE-SSW extension. The synthetic chart of Figure 15, together with data
from the literature, indicates that this event occurred everywhere by Albian—-Cenomanian
times. The Durancian uplift was followed by a Pyrenean ~N-S shortening event between
~81 Ma and ~34 Ma (~45 My) related to the convergence followed by collision of Eurasia
with Iberia and the Corsica—Sardinia block. This Pyrenean contraction is responsible for
most of the E-W-striking folds and thrusts in Provence, such as the Bimont and Nerthe folds
and the Etoile, Sainte-Baume, and Ventoux thrusts [40,43,47,67-69]. While the Pyrenean
contraction may have lasted until ~20-15 Ma in the Pyrenees [25,30,32], the onset of the
Oligocene extension at ~34 Ma marks roughly the end of the Pyrenean shortening in
Provence. This extension related to ECRIS affected the northern Provence, where it is
responsible for the renewed development of N-S-striking veins in the Bimont Lake area
and Rians Basin, for normal faulting described in the Sainte-Victoire range just to the
east [47,53], and at a larger scale, for the normal kinematics of the NNE-SSW-striking
AMDF [55] and the related development of the Oligocene Manosque and Aix-en-Provence
basins. In contrast, in the Nerthe range, the U-Pb ages from ~E-W-striking veins (Figure 15),
as well as the development of newly formed ENE-WSW-striking veins in the Burdigalian
formation close to the Mediterranean coast (Figures 2A and 5), document an Oligo-Miocene
NNW-SSE extension expressed at a larger scale by the development of E-W-striking normal
faults that dissect the Pyrenean folds and thrusts in the Nerthe range (Figure 2B; see also
Figure 5, data from [82]). This extensional event attributed to the LPR [41,85] appears to
have affected mainly the southern part of Provence, like the Nerthe range or the Marseille
Basin [41].

In the Nerthe range, calcite twin inversion revealed a post-folding NW-SE compression,
which would explain the right-lateral reactivation of the Oligocene—early Miocene E-W
normal faults dissecting the Nerthe massif. A similar NW-SE compressional trend was
formerly reported there by [66]. A few kilometers to the north, in the Rians Basin, we also
document a strike-slip stress regime with an NW-SE-oriented 0. In the Mirabeau fold,
Zeboudj et al. [17] reported a post-Pyrenean compressional stress regime with a WNW-
ESE-oriented o0;. In the Bimont Lake area, our observations support the occurrence of two
post-Oligocene compressional trends, ~N-S and ~E-W. Although the exact timing of these
compressions could not be precisely constrained by U-Pb geochronology, we propose that
the NW-SE to N-S compressional trends reflect deviations of the regional NNE-SSW to
ENE-WSW middle-late Miocene Alpine compression [39,51,89,90,164] in the vicinity of
major faults (e.g., the AMDE). In contrast, the ~E-W compression at the Bimont Lake area,
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together with the ENE-WSW to WNW-ESE compression recognized from calcite twins
south of the nearby Sainte-Victoire range [53], would be of very local significance only. The
precise characterization of the trend of the Alpine compression in Provence would require
more extensive field and geochronological works; however, it must be noted that this late
compression is associated with little shortening [40].
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Figure 15. Spatialized time chart that reports the absolute U-Pb age of calcite (along with uncertainty,
sample name, and site name) obtained in this study, whether it is syn-kinematic or related to
diagenesis, compared to the U-Pb ages available for the Mirabeau fold [17]. For each tectonic data, the
analyzed fracture set is reported on a lower hemisphere stereonet in the current attitude of the strata
and in colors respecting the ones presented in Figure 4, Figure 5, and Figure 10. Symbols represent
the nature of the studied microstructure. On the left-hand side, the main regional tectonic events and
related stress field are reported; see Figure 1 for the references. The pink, blue, purple and yellow
colors highlight the main periods of regional tectonic activity /diagenetic evolution.

6.2. Timing and Evolution of the Pyrenean—Provengal Shortening

The ages obtained for the various structures related to N-S (NNE to NNW) Pyrenean
shortening range from 81 £ 2.3 Ma to 33 &= 6 Ma (Figure 15). The oldest age matches very
well with the generally accepted onset of the Pyrenean compression in Provence, as well as
with the onset of Iberia—Eurasia convergence and inversion of pre-Pyrenean extensional
basins, estimated to be late Cretaceous [25,28-31,37,39,40,47,53,70,73]. This contrasts with
recently obtained ages as old as 97-90 Ma in the subalpine FIBs that were tentatively
related to a very early onset of Pyrenean contraction—coeval with the Durancian uplift and
related extension [44]—but are best explained by other causes, such as gravitational sliding
of the cover as in the Devoluy subalpine belt [165] or, more probably, by salt tectonics (see
discussion in [17]).

In detail, in the Nerthe range, our study highlights moments within the 81-34 Ma
time interval for which the density of age data for syn-kinematic (and diagenetic) calcite
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mineralizations is higher than others (Figure 15), corresponding to two particular periods,
81-67 Ma and 59-34 Ma (Figure 15). The first period gathers 19 ages, i.e., 80% of the
U-Pb ages obtained from Pyrenean structures, whereas the second period gathers 5 ages,
i.e.,, 20% of the U-Pb ages. This gathering of U-Pb ages could be interpreted in three
different ways. The first way is a bias of sampling and dating of Paleocene structures
within a continuous Pyrenean compression from 81 to 34 Ma. The second way is to consider
that more fluids flowed and precipitated calcite at these particular times and that the
physicochemical conditions (e.g., fluid composition) were more prone to incorporating
uranium into the calcite lattice then. In this case, U-Pb dating of deformation structures
would only document parts of the continuous deformation history. As the governing
factors allowing a calcite to be successfully dated remain debated [155,166], it would be
interesting to obtain a more statistical approach to U-Pb dating for tectonic structures, as it
might help us know whether U-Pb age data density might be used as a proxy for either
deformation intensity or fluid system reconstructions, or both. The third way is that the
two specific periods represent time intervals when rock damage was maximal, favoring
coeval fluid circulation and calcite mineralization. In this case, the age distribution would
suggest that the Pyrenean shortening occurred in two distinct phases: a paroxysmal phase
of damage during the late Cretaceous (81-67 Ma) and a less intense phase during the late
Paleocene-Eocene (59-34 Ma), separated by a phase of tectonic quiescence between 67 and
59 Ma. In this case, U-Pb geochronology would have captured the full range of deformation
ages related to Pyrenean compression, and the absence of U-Pb ages would simply reflect
the decrease or the absence of deformation during this interval. In the Bimont Lake area,
among the 7 ages obtained within the 81-34 time interval, a single one, i.e., 15% of the U-Pb
ages, is late Cretaceous (first phase), while the other 6 ages, i.e., 85% of the U-Pb ages, are
late Paleocene and middle-late Eocene, hence belonging to the second phase defined in the
Nerthe range. Finally, a single late Eocene age (second phase) has been obtained from the
Rians Basin (Figure 15).

It is striking that the inferred two shortening phases recognized in Provence in the
third scenario fit well with two phases of Pyrenean deformation recognized by [30] in the
Pyrenees, which were ascribed to the inversion of the pre-Pyrenean rift (84-66 Ma) and to
the main Pyrenean collision (59-34 Ma), separated by a period of tectonic quiescence during
the Paleocene (66-59 Ma [21,34]). The Paleocene quiescent period could be explained either
by the low convergence rate between the Eurasian and Iberian plates at that time [35,64],
by the redistribution of shortening within the surrounding plates (e.g., [33]), or even by a
change in the deep structure of the orogen as it evolved into full collision. Interestingly;,
the coevality between the periods of clustered U-Pb ages in Provence and the shortening
phases recognized in the Pyrenees from independent geological observations [30] support
that there may be some causal link between periods of intense tectonic rock damage
and more abundant fluid circulation and, hence, calcite mineralization. However, we
acknowledge that there is no systematic direct link between the number of U-Pb ages
obtained for a tectonic episode and the related amount of shortening/rock damage since
the dating ability of calcite depends primarily on its chemical composition and, therefore,
on the fluid composition so that not all calcites are suitable for dating and that assuming
that the chemical conditions behind calcite crystallization would be constant over time is
obviously wrong.

Our dataset also suggests that the late Cretaceous deformation phase was likely
paroxysmal in the Nerthe range and that deformation intensity decreased with time there,
the second phase being associated with very minor shortening (Figure 13); ~15 km north
of the Nerthe range, along the E-W-striking Castellas fault (formed at 90 Ma during the
Durancian uplift), a single event of (wrench) reactivation at 5040 Ma was documented [45].
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In the northernmost folds (Bimont and Mirabeau) and basins (Rians), very few deformations
appear to be dated to the late Cretaceous, suggesting that the local paroxysmal damage there
was shifted toward younger times. Our dataset, therefore, supports an overall younger age
of the onset of the main phase of shortening going northward, accompanied by a likely
northward decrease in deformation intensity in the sedimentary cover. The ages of the
onset of the main phase of Pyrenean-Provencal shortening at ~81 Ma in the Nerthe range,
~71 Ma and mainly ~59 Ma in the Bimont Lake area, ~50 Ma in the Mirabeau fold [17], and
between 46 Ma (the age of the dated sedimentary BPS) and ~36 Ma in the Rians syncline,
combined with age data from the literature, support that the Pyrenean deformation likely
propagated northward (forelandward) across the Provence FTB (Figure 16) as already
suggested by [17,39].

In contrast, most of the U-Pb ages in the northern Pyrenean belt produced by [21],
as well as those reviewed by the same authors for the stable northern Pyrenean foreland
cluster between 55 and 30 Ma. This led Jullien-Sicre et al. [21] to propose that the Pyrenean
orogen, as well as the entire intraplate domain, deformed synchronously between 55 and
30 Ma, i.e., during the second phase of Pyrenean tectonic activity. It is, however, surprising
that the age dataset produced by [21] from the North Pyrenean zone and the sub-Pyrenean
zone, i.e., the northern Pyrenean belt, a setting very similar to Provence, lacks the widely
expected late Cretaceous ages corresponding to the first period. The discrepancy with
our results could be explained by the fact that [21] used only calcite slickenfibers along
mesoscale faults for U-Pb dating. Our results show instead that the first deformation phase
(80-67 Ma) is widely recorded by veins and thrust fault rocks, which emphasizes that
sampling structures of various natures and scales (stylolites, veins, mesoscale faults, and
major thrust fault zones) is probably a more efficient strategy to encompass the entire time
interval of deformation.

5°10 5°20 5°40
T ==
N 0
A pU SR
——" S~

N

’

4 Valensole

i Plateau

-/

s/ &
/S

/

s

43°60

V4

8U8003 81e[-8|PPIN

43°40
N@’% |
009\?) !

>

Buiualioys ueauaikd jo
uonebedoid piemyriou ||eI3AQ

-
'

43°20
snosoejRI)
s

Beausset,
basin

ﬁ? U-Pb dating of syn-kinematic calcite mineralizations
[] Dating of syn-kinematic breccias / growth strata

Durance Uplift and related extension / Pyrenean-Provence shortening / Outliers

Figure 16. Map view summarizing the ages of the onset of the main phase of shortening in the
Provengal FTB (modified after [17]). Reported data derive from U-Pb absolute dating (stars) and from
relative dating of syn-kinematic breccias or growth strata, associated with the Durance uplift (purple)
and Pyrenean—Provencal shortening (red). 1: [43,100,167]; 2: [97,168], 3: [39], 4: [168], 5: [47], 6: [39],
7:[169], 8,b: [17], 9, c: [45],10: [170], 11: [44], a: [163]. Spots 12 and d12 correspond to this study.



Geosciences 2025, 15, 463

37 of 47

6.3. Lessons from Applying U-Pb Calcite Geochronology at Multiple Structural Scales

Numerous studies have refined the tectonic history of an area by using the geochronol-
ogy of syn-kinematic calcite mineralizations at a given structural scale, whether it is at the
scale of the diffuse fracture network [15-17,171] or seismic-scale faults [11,32,172,173]. Few,
however, discuss the consistency of absolute ages between diffuse fractures and localized,
larger-scale structures. Lacombe and Beaudoin [1] build on previously published studies
and suggest that studying seismic scale thrust zones grants only partial access to the de-
formation history, primarily restricted to the seismic activity of the studied faults, which
can evolve laterally (e.g., [5,174,175]. The contractional deformation in the Provence FTB
is marked, on the one hand, by large-scale (hectometric to kilometric) tectonic structures
and, on the other hand, by mesoscale (centimetric to metric) structures that reflect the
distribution of (brittle) strain between, or close to, the major faults. Our study shows that
the tectonic analysis and U-Pb dating of both major fault zones and mesoscale faults and
veins, and even of sedimentary and tectonic stylolites, allow us to capture, with confidence,
the entire deformation history, whether continuous or made of tectonic pulses [1].

Indeed, studying the mineralization filling diffuse fracture networks usually returns a
large range of ages, more regularly populated, suggesting that this approach could grant
access to a more continuous history of deformation than the dating of major faults only.
The current study of the Nerthe range and Bimont Lake area reports a comprehensive
and multi-scale record of the timing of mineralizations assumed to be syn-kinematic. In
that case, the consistency of ages in a given deformation stage between mode I fracture,
sub-seismic scale faults, and major thrusts is striking. For instance, the pre-tilting multi-
scale expression of the ~N-S compression in the central part of the Nerthe range returns
consistent ages clustering around 75 Ma (within uncertainty) from veins (sample Z137-3),
reverse mesoscale faults (sample Z126), and large-scale thrusts (sample Z132-C). This
consistency between the different scales of tectonic structures suggests that deformation
occurred either at the same time across scales within a given fold /range or in a sequence
spanning too short a time to distinguish them using U-Pb dating. Also, the consistency
we observe between veins, mesoscale faults, and large thrust faults here validates that the
calcite filling the veins, even of the blocky type, is in a vast majority of cases syn-kinematic,
indeed, at least at the scale of the deformation event. Obviously, some calcite fillings may be
younger than others despite being found in the same fracture set; thus, a reopening, filling,
or dissolution/precipitation process needs to be investigated by an in-depth petrographic
study before any conclusion can be made on the tectonic history of the studied fracture
sets. In any case, the fact that most calcite precipitated coevally with the opening of the
veins, even without showing the diagnostic stretched texture [124], supports that blocky
calcite is likely to relate to the time of vein development, within the uncertainty of the
radiochronology method. In other words, the time gap between vein development and
subsequent filling is less than the accuracy of the radiogenic methods.

The use of geochronology may either simplify or sometimes increase the apparent
complexity of the fracture network reconstruction. As defined in [134], a fracture set is
defined as encompassing fractures that share a similar orientation, mode of deformation,
and relative chronology with respect to other fracture sets. In the present study, U-Pb
dating validates the first order of the classically established fracture sequence, similar to
other studies [15-17]. However, the close range of U-Pb ages obtained on some fracture sets
strongly suggests that this sequence is, in fact, simpler. For instance, the classical, statistical
approach led to defining sets JN-A and JN-B in the Nerthe range, JN-B striking closer to
NO020, and JN-A striking closer to N45. The fact that calcite fillings belonging to these sets
returned nearly the same ages rather supports that both sets developed nearly at the same
time, or in a time range lower than a few My. This should question the range of directions
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that we allow a fracture population to have in order to define a set. In this case, we propose
an interpretation with sets JN-A and JN-B developing in the same deformation step under
a slightly evolving o trend. Such a grouping means that a fracture set striking N045, itself
an average that includes fractures striking up to N060, is “similar” to a fracture set striking
NO020, averaging fracture strikes that go as low as NOOO. If it would be wrong to suggest
that N-5- and N060-striking mode I fractures can develop under the same stress conditions,
we argue that the timing coevality of fractures with large directional variability could either
result from a combination of local stress variation at the scale of the strata and at the larger
scale, i.e., next to a major fault [176], or question the perfect stability of the direction of the
maximum principal stress.

In contrast, absolute dating can, in some cases, complicate the interpretation of the
deformation history, particularly when multiple distinct ages are obtained from fractures
belonging to the same set. This is exemplified by the JN-C vein set (E-W-striking veins),
which yields three distinct age clusters: 110 Ma, 73.5-75.9 Ma, and 20 Ma. It is important
to note that several fractures matching the geometric criteria of specific sets, such as the
E-W veins (JN-C in the Nerthe range) or the N-S veins (JN-B in the Nerthe range, JB-A
in the Bimont Lake area), exhibit petrographic and microstructural evidence of at least
two distinct phases of fluid flow and mineral precipitation (e.g., samples Z189-1 and
7Z189-2). This suggests that these structures were either partially reactivated during later
deformation events or that the fracture network was locally densified through the formation
of new, parallel fractures. One possible interpretation of the observed age data is that in
the Nerthe range, the JN-C set initially formed around 110 Ma during the Durancian uplift
and subsequently experienced reactivation or densification during Campanian folding (ca.
73-76 Ma). Veins from this set also may have been reactivated or newly formed under the
NNW-SSE Oligo-Miocene extension (~20 Ma).

Another example of interpretative complexity in fracture sequence analysis is illus-
trated by the JB-A set (N-S-striking veins) located in the Bimont Lake area. Based on
structural criteria and relative chronology, we can constrain the development of set JB-A
as postdating set JB-B (E-W-striking veins), while calcite twin analysis indicates that veins
from set ]B-B recorded a pre-tilting Pyrenean compressional stress tensor B2 and that veins
from set JB-A recorded a pre-tilting Pyrenean strike-slip stress tensor B3 and a post-tilting
Pyrenean compressional stress tensor B4. Thus, since the orientation of set JB-A veins was
not affected by bedding rotation, an interpretation of these fractures as pre-tilting appears
to satisfy all the criteria presented above. However, absolute dating of three veins from this
set reveals ages ranging between 29.5 and 18.5 Ma. It is important to note that the vein used
for calcite twin inversion yielded no absolute age. The interpretation of pre-folding fracture
opening, followed by later calcite infilling, would be incompatible with the record of tensor
B4 within the already-filled vein. As a result, our dataset demonstrates that the veins from
the JB-A set developed in response to both the Pyrenean-Provengal N-S compression and
the subsequent Oligocene E-W extension. The U-Pb vein ages further constrain the age of
some BPSs and of the N-S striking stylolites as post-Oligocene. These results demonstrate
that multiple phases of development of parallel veins occurred through time, which would
not have been undoubtedly recognized without the U-Pb dating approach.

7. Conclusions

In order to discuss the long-lasting complex tectonic evolution of the Provence FTB,
this study focuses on the Nerthe range, extending north to the Bimont Lake area and the
Rians Basin. It presents an integration of structural and microstructural data, together
with stress inversion from calcite twins and striated faults, and absolute U-Pb dating of
syn-kinematic calcite mineralizations conducted on a range of structures. The results high-
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light a >90 My polyphase history of deformation throughout the Provence FTIB. In the
Nerthe range, the strata were deformed during the Durancien uplift and related extension
(112-92 Ma); during the Pyrenean compression, which affected the strata as soon as 81 Ma
up to 34 Ma; and during the Oligo-Miocene extension related to LPR and possibly during
a late Alpine Miocene compression. Further north, in the Bimont Lake area, most of the
deformation related to the Pyrenean compression occurred between 59 and 33 Ma before
seeing the effect of the Oligocene extension. In the Rians Basin, some contraction-related
fractures suggested that the Pyrenean contraction affected the area during the late Eocene
(~36 Ma, possibly between 46 and 36 Ma), before the onset of the Oligocene extension.
Beyond this regional canvas of deformation, our study sheds light on how U-Pb calcite
geochronology can help refine tectonic reconstructions. This is the first study where U-Pb
calcite geochronology was applied to such a wide range of deformational features, from
the stylolite jog to the crustal-scale thrust. All scales returned consistent ages, suggesting
that, within methodological uncertainties, most deformation occurs coevally at these dif-
ferent scales, yet a more complex and detailed deformation history arises as more various
structures are analyzed. On top of that, our study supports that the Pyrenean contractional
deformation in Provence developed during time-restrained paroxysmic periods and spa-
tially propagated (continuously?) in sequence forelandward, questioning the way orogenic
stress is transmitted into the foreland.

Supplementary Materials: The following supporting information can be downloaded at https:
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