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Thermochronology of the Western Alps (Pelvoux Massif)
Reveals the Longterm Multiphase Tectonic History of the
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Abstract The Variscan and Alpine long-term thermal evolution of the European paleomargin in the external
Western Alps is still unknown, although important for reconstructing the geodynamic evolution of this orogen.
Here we combine zircon fission track and apatite fission track and U-Pb double dating analyses of the Pelvoux
massif in the Western Alps. Apatite U-Pb ages of <310 Ma and >320 Ma define a bimodal age distribution that
reflects differential cooling across the East Variscan Shear Zone. QTQt thermal history modeling reveals a two-
stage rifting evolution on the European paleomargin, initiated with the Alpine Tethys rifting episode during the
Early Jurassic and reactivated during the Cretaceous Valais rifting event, leading to peak temperatures of
~350°C at 90 Ma. The subsequent cooling records a pre-Priabonian phase of exhumation between 80 and 50 Ma
that is related to N-S oriented Pyrenean shortening. It is followed by Alpine collision-related burial of the
Pelvoux massif from below the foreland basin and the Penninic Frontal Thrust at around 30-25 Ma.

1. Introduction

The tectonic structure and thermal properties of rifted margins exert a well-established influence on the temporal
and spatial distribution of shortening, exhumation, and thermal evolution of orogenic belts (e.g., Bellahsen
et al., 2014; Beltrando et al., 2014; Célini et al., 2023; Jammes & Huismans, 2012; Jourdon et al., 2019; Man-
atschal et al., 2021; Masini et al., 2012; Mclntosh et al., 2013; Mesalles et al., 2014; Mohn et al., 2014;
Mouthereau et al., 2013, 2014, 2021; Vacherat et al., 2014). In case of continental margins that have recorded
multiple thinning events, identifying the specific effects of a given rift event on collisional evolution can prove
challenging. The lithosphere of Western Europe is a good example of multiple rifting events. It was stretched
since the Permian-Triassic through the Jurassic and Cretaceous periods, leading to the opening of the Neo-Tethys,
Alpine Tethys and Bay of Biscay (e.g., Mouthereau et al., 2021) and in Neogene times, with the opening of the
Western Mediterranean Sea (e.g., Boschetti et al., 2023). These Mesozoic rifting events led to the fragmentation
of Western Europe into the north Iberia-Ebro and Adria microplates (van Hinsbergen et al., 2020). From the
Middle to Late Cretaceous, the convergence of the Iberia-Ebro and Adria microplates relative to Europe, which
was initially oblique, became orthogonal, resulting in the Pyrenean and the Alpine collision (van Hinsbergen
etal., 2020; Angrand & Mouthereau, 2021). The Alpine arc (Figure 1) is the result of the subduction of the Alpine
Tethys, followed by the accretion of the paleomargins of Adria during the Late Cretaceous period (e.g., Handy
et al., 2010; Schmid et al., 2004; van Hinsbergen et al., 2020), and of Europe mostly during the Cenozoic (e.g.,
Dumont et al., 2012, 2022; Lagabrielle et al., 2015; Lanari et al., 2014; Schmid et al., 1996, 2004; Simon-Labric
et al., 2009; Wiederkehr et al., 2009). The north-north-west oblique movement of the Adriatic plate relative to the
European plate resulted in the inversion of the Variscan basement currently exposed in the Western Alps as the
External Crystalline Massifs (ECMs) (Figure 1), which originally formed the hyper-extended and necking do-
mains of the European rifted margin (e.g., Lemoine et al., 1986; Ribes et al., 2019). Seismic tomography data
show that the deep root of the collisional wedge is partly underthrusted below the subduction wedge (e.g.,
Schwartz et al., 2024). Geochronological constraints reveal that this process was associated with the development
or reactivation of major shear zones around 34-30 Ma (Cenki-Tok et al., 2014; Gasquet et al., 2010; Leloup
et al., 2005; Rolland & Rossi, 2016; Sanchez et al., 2011; Simon-Labric et al., 2009) followed by the exhumation
of ECMs since ca. 20 Ma. Exhumation of ECMs results from a combination of frontal thrusting, which propagates
in the frontal fold and thrust belt after 16 Ma (Bilau, Bienveignant, et al., 2023; Mai yung Sen et al., 2025) and
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Figure 1. Simplified geological map of the south west Alpine belt. The
studied area is identified by a red frame, which correspond to the Pelvoux
massif. ECM: External Crystalline Massifs: GR: Grandes Rousses; PFT:
Penninic Frontal Thrust.

extensional unroofing along the PFT (Bilau et al., 2021, 2025). This exhu-
mation appears to be diachronous from north to south, with younger zircon
fission track (ZFT) thermochronological ages recorded in the Mont Blanc
ECM (ZFT ages of 11.5 Ma), and older ages is in the South Belledonne ECM
(ZFT ages of 29 Ma) (Fugenschuh & Schmid, 2003; Girault et al., 2022;
Glotzbach et al., 2008; Seward & Mancktelow, 1994). Whereas the most
recent post-30 Ma collision-related exhumation events of the ECMs are well
understood, especially in the Mont-Blanc and Belledonne massifs (e.g.,
Mercier et al., 2023; Rolland et al., 2009), these existing geochronological
and thermochronological constraints fail to resolve the details of the thermal
evolution of the European margin during the transition from the Variscan
chain, Mesozoic rifting to the Alpine subduction collision. Therefore, it is yet
unclear how the pre-Alpine tectonic events have been distributed on the
European paleomargin and how they have impacted the architecture and the
tectono-thermal evolution of the Western Alps. In the southern part of the
Pelvoux and NW part of the Argentera massifs, ZFT ages are more complex
and seem to preserve an older Cretaceous thermal event (Beucher et al., 2012;
Bigot-Cormier et al., 2000, 2006; Bogdanoff et al., 2000; Seward et al., 1999;
van der Beek et al., 2010). Moreover, there is stratigraphic evidence that at
least parts of the Pelvoux massif were exhumed to the surface before the
Alpine collision. This is illustrated by the pre-Priabonian unconformity at the
contact between the Variscan basement and the onlapping Priabonian flyschs
(e.g., Dumont et al., 2012). Below the unconformity, EW-directed and south-
vergent folds reveal a deformation event that coincided in time and direction
with the so-called Late Cretaceous to Eocene “Pyrenean” shortening phase
(e.g., Bilau, Rolland, et al., 2023; Ford, 1996; Lazarre, 1997; Sue et al., 1997).

The pre-Alpine ZFT ages observed in the Pelvoux massif indicate a maximum
burial temperature of 250°C during the Oligocene collision (Seward
et al., 1999). This agrees with studies on fluid inclusions or chlorite ther-
mometry that indicate a maximum Alpine burial temperature of 250°C below
the Penninic Frontal Thrust (PFT; Seward et al., 1999; Tricart et al., 2001,
2007; Simon-Labric et al., 2009; Potel & Trullenque, 2012). These ZFT-

derived maximum burial temperatures contrast with temperatures of 300-350°C resolved in inverted Jurassic
basins of the ECMs using Raman Spectrometry on Carbonaceous Material (RSCM) (Balansa et al., 2022; Bel-

langer et al., 2015; Célini et al., 2023). These maximum burial temperatures have been interpreted to result from

Alpine burial by several authors (Balansa et al., 2022; Bellanger et al., 2015), although they could alternatively be

pre-Alpine due to heating (and burial) during the Jurassic and Cretaceous rifting phases, as identified in the
Vocontian basin, now structurally inverted in the Digne Nappe (Célini et al., 2023). The lack of more precise
constraints on the temperature-time evolution limits our understanding of the timing of pre-Alpine peak tem-

peratures, pre-alpine exhumation, and their related processes. Here, we use new ZFT analyses, for tracing the

timing of exhumation of the Pelvoux massif before it was involved in the Alpine deformation. The initial pre-

Alpine geometry of the Variscan basement of Europe is also a matter of debate as some authors propose a

continuity between the Southern Maures-Tanneron and Sardinia basements (e.g., Carosi et al., 2012; Corsini &
Rolland, 2009; Simonetti, Carosi, Montomoli, Corsini, et al., 2020; Simonetti, Carosi, Montomoli, Cottle, &
Law, 2020), or significant post Variscan lateral displacements and rotations (e.g., Edel et al., 2018). To connect

this history with a pre-Mesozoic post-Variscan temperature evolution in comparison to the Maures-Tanneron

massif and the younger Alpine Cenozoic exhumation event we also carried out apatite fission track (AFT) and

U-Pb double dating analyses on crystalline rocks of the Pelvoux massif. Inverse modeling of thermochronological
data was then undertaken to reconstruct the thermal history.

2. Geological Setting

The basement of the Pelvoux massif consists of different metamorphic and igneous rocks (Figure 2a), including
gneisses, amphibolites, migmatites, and anatectic granites of Precambrian to Carboniferous age that were
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Figure 2. (a) Geological map of the Pelvoux Massif with the location of dated samples. Previous ZFT data are from Seward
etal. (1999), van der Beek et al. (2010), and Girault et al. (2022). (b) North-south geological cross-section with depicting the
north-south pre-Priabonian shortening. (c) Position of major structural blocks (blocks 1, 2, 3, 4, 5, and 6).

deformed and metamorphosed during the Variscan orogeny (Fréville et al., 2022; Guillot et al., 2009; Jacob
et al., 2022). Permian sediments and magmatic rocks are not present in the Pelvoux massif, a feature that is shared
by the majority of the ECMs (e.g., Ballevre et al., 2018). The Mesozoic sediments rest upon the crystalline
basement, with an erosional surface that is related to the dismantling of the Variscan chain during Permian to
Triassic times (e.g., Barféty, 1985). The Pelvoux massif can be structurally divided into several blocks bounded
by major faults (Figures 2b and 2c). These major faults were involved first during the Variscan cycle and then
during the Jurassic rifting and compressional tectonic inversion that affected the European margin (e.g., Schwartz
et al., 2024). North-South segmentation was first developed during the late stages of the Variscan orogeny, along
the East Variscan Shear Zone (EVSZ, Carosi et al., 2012; Corsini & Rolland, 2009; Guillot et al., 2009; Simonetti,
Carosi, Montomoli, Carosi, et al., 2020; Simonetti, Carosi, Montomoli, Cottle, & Law, 2020). Block 1 is
delimited by the Bourg d’Oisans Jurassic normal fault in the east, the Grandes Rousses massif in the north and the
Valjouffrey valley in the south. The southern block 2 is bounded by a major south-vergent thrust where the
basement overrides the Liassic sediments. Block 2 is separated from block 3 by the “Aiguille de Morge” reverse
fault. Block 3 is delimited to the north by the Olan reverse fault, which is the southern boundary to block 5. The
blocks 4 and 5 are separated by the “La Grave” and “Saint Christophe” reverse faults. Finally, block 6, which is
the closest to the PFT, is separated from block 5 by the Combeynot reverse fault.

The onset of the Alpine cycle is argued by marine incursion and deposition of Late Triassic dolostones associated
with basaltic flows (“spilites’; Laurent, 1992). The syn-rift extension leading to Alpine Tethys opening is shown
by the development of fault bounded basins filled with Early and Middle Jurassic shallow to deep-marine sed-
iments (Barféty, 1985; Lemoine et al., 1986). Then, two different compressive phases affected the massif. The
first one is related to the Cretaceous-to-Eocene pre-Alpine Pyrenean-Provence phase of deformation. This
deformation corresponds to a north-south shortening, leading to east-west-trending, south-verging folds in the
Pelvoux massif. The second one corresponds to the Late Eocene-Early Oligocene Alpine phase marked by the
deposition of “Gres du Champsaur” flysch (Figure 2b) (Dumont et al., 2008; Ford, 1996; Lazarre, 1997; Sue
et al., 1997). The Alpine phase is associated with north-west south-east oriented shortening (e.g., Ford &
Lickorish, 2004), as the PFT propagated toward the foreland (Dumont et al., 2008, 2012). During this phase, the
Pelvoux massif was partially tectonically buried under the PFT from 34 to 31 Ma (Bellanger et al., 2015; Ceriani
et al., 2001; Simon-Labric et al., 2009), and shows reactivation of east-west faults in a strike-slip mode within the
massif (Simon-Labric et al., 2009), whereas the north-south faults show compressional reactivation. The meta-
morphism related to this burial phase did not exceed the greenschist facies conditions (280°C, Simon-Labric
et al., 2009). The last stage of exhumation is documented by AFT and (U-Th)/He analyses showing cooling
below 200°C between 28 and 5 Ma (Beucher et al., 2012; Seward et al., 1999; Van der Beek et al., 2010). The

BOSCHETTI ET AL.

3 0of 18

85US017 SUOWILLOD dA 181D 3|dedl|dde a3 Aq pousenob a.e sapile O Bsh JOS3|N. 10} AriqiauljuO A1 UO (SUONIPUCD-PUE-SLLIBY /WO A3 1M ALeIq1BU1UO//:SdNY) SUORIPLOD PUe SWS | 81 35S *[Se0e/20/8T] uo Arigiauliuo AB|IM ‘DX E Ad 86v8000 1¥202/620T OT/10p/uiod A3 1M Ateuqputuo'sgndnfe//sdiy woy papeojumod ‘¢ ‘5202 ‘YETeYY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2024TC008498

cB2302 N
A [ ] sedimentary cover
Crystalline basement
- Block 1

- Block 2

[ Block3

64.1+8.4

lock 4
330011825 F Bloc
Block 5
] Block 6
v,
_@ﬁ]@uﬁ] ] 1“ I internal zones
izl —
‘m —A—  Reverse major fault
a1 Normal major faults
- 2065 £ 4.2 .
A 3 €] Ages from this
@ study (Ma)
- U=PhIApatite
SaAkAE2l0) | [339:216.4
Ages from

o literature (Ma)

Seward et al., 1999
Van der Beek et al., 2010

Block 2 Block 3 1700
Distance from L
reverse fault

CB2301
CB2303

BA2201 ALF2202

BA2202 ALF2201
80
U
(ppm)

|I'E
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low-temperature metamorphic conditions associated with the formation of the collisional prism precluded a
uniform thermal resetting of low-temperature thermochronometers at the scale of the massif. In the northern
central part of the Pelvoux massif (Meije zone in Figures 2a and 3) show full resetting of ZFT and AFT ages with
clear Alpine cooling ages ranging from 13.7 £ 1.6 to 3.2 + 0.4 Ma (van der Beek et al., 2010). In the southern part
of the massif, however, ZFT apparent cooling ages are partially reset or unreset, as indicated by mixed pre-Alpine
ZFT ages ranging from 81 £ 15 to 38 £+ 6 Ma to (Figures 2a and 3) (Seward et al., 1999). Interestingly, the RSCM
derived temperatures estimates show a uniform distribution of the maximum burial temperature of Jurassic
sedimentary strata, ranging from 250 to 300°C across the massif and its peripheral basins (Balansa et al., 2022;
Bellanger et al., 2015; Célini et al., 2023), whereas the pattern of partially reset and unreset ZFT low-temperature
cooling ages indicate that maximum burial temperatures may be less than 250°C in some parts of the massif
during the Alpine orogeny and RSCM temperatures could therefore be inherited from former pre-alpine thermal
events.

3. Methods
3.1. Sampling Strategy and Sample Preparation

Twenty samples were collected from granitoids of the Pelvoux massif (Figure 2a; Table 1). To account for
variable zircon and apatite fertility we selected two rock samples from slightly different lithologies in each
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tectonic block. Samples were prepared at the ISTerre Geo-ThermoChronology (GTC) platform, Université
Grenoble Alpes, France. The 160-80 pm fraction was separated with standard magnetic and heavy liquid sep-
aration techniques. Eighteen samples yielded sufficient zircons for fission track analysis and 16 were selected for
AFT analysis and apatite U-Pb geochronology.

3.2. Zircon Fission Track Dating

ZFT analyses were done at the ISTerre GTC fission-track laboratory. Zircon aliquots were mounted in Teflon®
sheets, polished and etched between 13 and 41 hr in a NaOH-KOH melt at 228°C in a laboratory oven. Then,
Teflon® mounts were covered with muscovite sheets as external detectors and irradiated at the Oregon State
University together with IRMMS541 (50 ppm U) dosimeter glasses and Fish Canyon Tuff age standards (Naeser
et al., 1981). After irradiation, the mica detectors were etched at 20°C for 18 min in 48% hydrofluoric acid
revealing induced fission-tracks. Samples were analyzed and fission tracks were counted using an Olympus BX51
optical microscope at 1250x magnification with the FTStage 4.04 system (Dumitru, 1993). The Zeta factor
calibration (Hurford & Green, 1983) was employed to determine the individual fission track ages.

3.3. Apatite Fission Track and U-Pb Double Dating

All AFT analyses were performed at the GeOHeLiS platform, University of Rennes, France. FT and U-Pb data
were acquired simultaneously during laser ablation, using an ESI NWR193UC Excimer laser coupled to an
Agilent 7700x Q-ICP-MS. We employed an energy of 3.9 J/cm? and a repetition rate of 5 Hz with a 40 mm round
spot. Analytical details are provided in Supporting Information S1. Prior to LA-ICP-MS analysis, track etching
was performed with a 5.5 M HNOj at 21°C for 20s. The grain mounting and etching are similar to the protocol
described by Donelick et al. (2005). Spontaneous fission track counting was carried out using a Zeiss Axio Imager
M1 equipped with an automated stage system using the TrackWorks software at a magnification of 1000x. Dpar
values were measured to be used as kinetic indicators in the subsequent inverse modeling (see Section 3.4). The
FT dating used the £ protocol of Cogné et al. (2020). ICP-MS machine drift was corrected using the artificial glass
NIST 612 (Jochum et al., 2011) and Durango apatite shards (McDowell et al., 2005) analyzed during a primary
session were revisited to calculate the fractionation factor. The age calculation was implemented using an in-
house python script and produced single grain ages as well as both central (Galbraith & Laslett, 1993) and
pooled ages, P(x2) and age dispersion for the dated sample. The same script produced the radial plots (Gal-
braith, 1990). The Madagascar apatite (Thomson et al., 2012) was used as primary standard to calculate U-Pb
ratios. An in-house python script was used for U-Pb age calculation and Tera-Wasserburg plots. The best fit
regression line (and its uncertainty envelope) for the population of 2°’Pb/2°Pb and **®U/*Pb ratios was
calculated with the York et al. (2004) algorithm. The lower intercept of this line with the Concordia in the Tera-
Wasserburg space (and its uncertainty) was calculated using the approach of Ludwig (1980). McClure Mountain
apatite (Schoene & Bowring, 2006) was used as secondary standards for both U-Pb and AFT dating (Cogné
et al., 2024). Durango apatite used for the { protocol was also used as secondary quality control material for U-Pb
dating. Fish Canyon Tuff apatites (Gleadow et al., 2015) were also dated for AFT during the first analytical
session.

3.4. Thermal History Modeling

To constraint the thermal history of the rocks sampled, we performed inverse modeling of ZFT and AFT data
using the version v5.8.0 of the QTQt software (Gallagher, 2012). The inversion procedure uses a Bayesian
“Markov chain Monte Carlo” (MCMC) algorithm to determine the best time-temperature path that reproduces our
data through a large number, in our case about 300,000 on average, comprising burn-in and postburn-in, of
MCMC tested solutions. This implies that a model is generated by modifying a parameter of the existing model
for each novel solution. Apatite U-Pb ages were incorporated as prior parameter in the model as a first box
constraint, with 320 £ 10 Ma from our data and 450°C + 50 (Kirkland et al., 2018) to start the sample path. As an
output, QTQt proposed several temperature-time paths: (a) the “Max Likelihood model,” which most closely
reproduces the data but is highly complex, (b) the “Max Posterior model”, which is a simpler model and a better fit
to a coherent geological history, but fits the data less well, (c) the “Max Mode Model”, which represents the
probability peaks in 1D over the entire distribution of the model produced and, finally, (d) the “Expected model”,
which is the preferred single model in which all previous models are considered. QTQt incorporates kinetic
models for diffusion in apatite crystals that account for radiation damage production and annealing. The AFT
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multi-kinetic annealing model of Ketcham et al. (2007) was used to invert the AFT data (ages and lengths) using
Dpar as kinetic indicator. For ZFT, the data annealing model of Tagami et al. (1998) and Yamada et al. (2007) was
applied for crystalline zircons very low amount of accumulated radiation. The closure temperature for these
zircons is estimated to be about 340°C (Rahn et al., 2004; Reiners & Brandon, 2006). The temperature required
for a total or partial annealing of fission tracks in zircon depends on the hold time at given temperature and the
amount of accumulated radiation damage, which is influenced by the uranium concentration of the zircon. For
naturally damaged zircons the temperature of the zircon partial annealing zone is about 238—180°C for a 10 Myr
hold time within this temperature range (Brandon et al., 1998; Reiners & Brandon, 2006). The Pelvoux massif
grains are variably metamict due to a large amount of accumulated radiation damages and QTQt does not provide
a suitable annealing model for this type of grain. Nonetheless, we choose to adopt the annealing model of Tagami
et al. (1998) and treated our results with caution as the modeled maximum temperature may be overestimated.
Two time-temperature constraint boxes were chosen based on geological data. These constraint boxes are
assumed to represent: (a) the surface temperature conditions (10 £ 10°C) achieved during deposition of Triassic
to Jurassic (Toarcian) continental to shallow marine units that were deposited on the Variscan basement (Barfety
et al., 1970; Barféty & Gidon, 1983; Lemoine et al., 1986; Roux et al., 1988; Rudkiewicz, 1988) and (b) the
Priabonian, when the Champsaur flysch were deposited on the Pelvoux crystalline basement at 37 + 2 Ma.
Geological structures define different tectonic blocks in the massif, and thus potential different thermal histories.
Therefore, each block was modeled separately.

4. Results
4.1. Apatite U-Pb Data

598 U-Pb analyses were performed on apatite grains obtained from 16 samples with an average number of grains
of 37 grains per sample (Table 1; Figure S1 in Supporting Information S1). They show lower intercept age in the
Tera-Wasserburg diagram ranging from 339.1 = 7.5 to 303.2 + 3.6 Ma (Figures 1 and 3, Table 1). An east-west
trend can be observed in the distribution of U-Pb ages: (a) older samples in the western blocks (blocks 1 and 2),
with U-Pb ages greater than 330 Ma and an average of 338.2 £+ 7.5 Ma for block 1 and 326.8 & 5.5 Ma for block 2,
(b) intermediate U-Pb ages in block 3 with mean age of 314.5 £ 4.9 Ma and (c) the youngest ages in the eastern
blocks (block 5 and 6) with ages <310 Ma and a mean age of 306.7 £+ 4.2 Ma for block 5 and 306.9 + 3.8 Ma for
block 6 (Figure 3a).

4.2. Apatite Fission Track Data

Central ages range from 11.57 + 1.1 to 4.63 + 0.93 Ma (Table 1; Figure S2 in Supporting Information S1) and all
of them show a p(x?) > 0.05 denoting a likely single age population per sample (Galbraith, 2005). Sample
CB2301 contains 5 grains with very low U contents that have not been considered for age calculation. Only few
track lengths could be measured due to the young ages and thus low track density. All but one is >13.5 um,
denoting a relatively fast cooling through the Partial Annealing Zone (PAZ, define between 120 and 60°C,
Gallagher et al., 1998). Dpar values are mostly <2 pm except for V22-3 and AUP23-1, denoting fast annealing
flour apatites (Donelick et al., 2005). An age-elevation plot reveals a faint trend across the massif, with older ages
at higher elevations (Figure S3 in Supporting Information S1).

4.3. Zircon Fission Track Data

ZFT analyses were performed on 18 samples with central ages ranging from to 158.5 + 31.35 to 38.9 =+ 8.65 Ma.
14 samples (LA2202, VD2301, VD2302, ALF2201, ALF2302, BA2201, CB2303, V2202, 2203, V2204, V2205,
V2206, VAJ2301, VAJ2302) yield between 18 and 31 grains per sample (Table 1; Figures 3a and 3b; Figure S4 in
Supporting Information S1). Four samples containing between 7 and 10 grains (LA2201, BA2202, CB2301,
AUP2301) did not yield sufficiently constrained ages and were further considered in this study. In block 1, central
ages are around 131.5 £ 19.1 Ma in the hanging wall of the Villard-Notre-Dame fault and of 98.8 + 13.7 Ma in the
footwall part. This younging trend toward the thrust contacts of the adjacent block is observed in each block. In
block 2 ages range between 154.4 + 24.3 and 64.5 + 8.5 Ma, with ages getting younger in the hanging wall toward
the east when approaching block 3 (Figure 4). We observe the same trend in block 3 and block 5, with ages
ranging from 118.3 + 18.2t0 40.6 + 6.6 Ma and ages from 62.2 + 9.9 to 48.1 + 6.2 Ma, respectively. We note that
in block 5, ZFT ages are distinctively younger than in the other blocks.
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Figure 4. E-W directed geological cross section of the Pelvoux massif and low-temperature thermochronological ages from this study (see location and legend on
Figure 2A). Ages in red are from Seward et al. (1999).

4.4. Thermal History Modeling

Block 1 is represented by granite samples VD2301 and VD2302 (Figures 3a and 5a). Model results show that
block 1 recorded an initial cooling stage from temperatures compatible with granite formation at 340 Ma to
surface temperatures at 200 Ma as the Triassic strata were deposited on top of the granite. Despite some thermal
paths indicating burial/tectonic heating during the Mesozoic, the most likely paths remain close to surface
temperature. This period lasted until the heating to temperature of 300°C following the deposition of the Pria-
bonian flysch and PFT activation (Figure 5a). Final cooling to the surface occurred around 30 Ma (Figure 5a). The
complexity of the trajectories calculated during the Mesozoic reflects the annealing behavior of the different
zircon populations, whose apparent cooling ages are nevertheless correctly reproduced by the model (Figure S5 in
Supporting Information S1). The same applies to the following blocks.

Block 2 is represented by granite samples V2304, V2305, V2203, VAJ2301, VAJ2302, and V2306 (Figures 3a
and 5a). Computed thermal paths show that this block recorded a maximum mean temperature of approximately
300°C at around 110 Ma. This thermal peak is followed by cooling from the middle Cretaceous to the Priabonian.
The second rapid heating event to temperatures up to 200°C followed the deposition of the Priabonian flysch, and
final cooling occurred at 30 Ma.

Block 3, defined by samples V2202 and LA2202 (Figures 3a and 5c), exhibits thermal paths similar to block 2 but
with a first heating stage reaching slightly higher temperatures of ~350°C at 90 Ma, followed by cooling from the
Late Cretaceous until the Priabonian. The second heating event after the Priabonian shows maximum temperatures
of approximatively 200°C, reached at 20 Ma and followed by rapid cooling to surface temperatures (~9.5°C/Ma).
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Figure 5. Thermal histories reconstructed for the Pelvoux massif. Results are show for each studied tectonic block (A to D; see location in the insert). Red line: Max
Likelihood model; Green Line: Max Posterior model; Black line: Expected model; White line: Max Mode Model. Comparison of predicted and observed AFT and ZFT
ages is shown in Figure S3 in Supporting Information S1.
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The block 5 thermal history represent granite samples BA2201, BA2202, ALF2201 and ALF2302 (Figures 3a and
5d). After the Triassic, most of the computed paths reveal slow heating up to 300°C during the Jurassic and
Cretaceous until cooling occurred at ~80 Ma. After deposition of the Priabonian flysch, a second heating phase
reveal that granite of block 5 reached temperature of ~220°C at 30 Ma.

The easternmost block 6 thermal modeling of granite samples CB2301 and CB2303 (Figures 3 and 5e), shows a
mixed pattern of thermal paths, not well constrained due to variable sensitivity of ZFT to temperature depending on
the variability of accumulated radiation. It includes paths that suggest the sampled rocks remained at surface
temperature during the Jurassic-Cretaceous, and those that indicate heating up to 300°C around 75 Ma. The heating
phase is followed by arapid cooling (7.25°C/Ma) until surface temperatures at 35 Ma and a second heating phase up
to approximatively 220°C and final cooling starting at 30 Ma, in agreement with results from other blocks.

In summary, inverse modeling resolves a well-constrained Cenozoic heating phase in each block between 30 and
20 Ma to temperatures ranging between 200 and 350°C. The first Jurassic-Cretaceous heating event is less well
constrained due to less understood ZFT annealing. The good reproducibility of observed ZFT ages by our inverse
thermal models (Figure S5 in Supporting Information S1) reveals the annealing parameters used in our study are
well adapted and lead to geologically meaningful results. We note that the higher the temperature reached during
the second Cenozoic heating event, the greater the probability of having paths remaining close to surface tem-
perature during the first thermal event. This is particularly well depicted when the temperature of the second
heating stage is above 300°C, temperatures associated with the first heating stage are close to surface tempera-
tures, indicating enhanced annealing of fission tracks during the latest thermal event (Figure 3b). On the other
hand, if temperatures are below 200°C during the second heating phase, the thermal paths are generally better
constrained during the Mesozoic phase of heating. Higher temperatures reached during the second heating stage
also result in younger observed (Figure 3b) and predicted ages from 100 to 70 Ma (Figure 5).

5. Discussion
5.1. Late Paleozoic History of the Pelvoux Massif as Inferred From U-Pb Apatite Ages

Our apatite U-Pb ages range between 300 and 340 Ma (Table 1 and Figure 3a). They agree with zircon UPb ages
in gneiss and granites of the Pelvoux massif, that are interpreted as metamorphic ages according to the dated
thermal peak of Variscan collisional decompression metamorphism estimated at 800-870°C between 337 and
294 Ma (Fréville et al., 2022; Jacob et al., 2022). Apatite U-Pb ages could also reflect thermal resetting associated
with upper amphibolite facies conditions related to cooling and decompression stages following the thermal peak.
The trend of apatite U-Pb ages, with ages >320 Ma in the western blocks and <310 Ma for the eastern blocks
agrees with a major Variscan structure related to a N-S vertical strike-slip shear zone corresponding to the Olan
fault (Figure 3a). A similar segmentation is observed on both sides of the Grimaud fault in the Maures-Tanneron
massif, where it is interpreted as a differential exhumation of rigid blocks (Morillon et al., 2000). This seg-
mentation is highlighted by amphibole and mica *°Ar/*’Ar ages corresponding to a temperature range of 350—
600°C, somehow similar to that of apatite U-Pb (375-600°C, Kirkland et al., 2018). The western compartment of
the Grimaud fault in the Maures massif is characterized by similar amphibole “°Ar/*’Ar ages as our obtained
apatite U-Pb ages in the western Pelvoux blocks, with ages ranging from 329.9 + 2.1 to 328.1 & 1.2 Ma. A similar
cooling history occurs in the eastern in Maures massif as in the eastern Pelvoux blocks, with amphibole *°Ar/*°Ar
ages of 317.4 + 2.4 t0 307.9 = 1.2 Ma, in the range of the obtained apatite U-Pb ages. In the Maures massif, this
difference in amphibole *°Ar/** Ar ages on both sides of the Grimaud fault is interpreted as distinct cooling events
between 330 and 300 Ma along this major Variscan fault, which acted as a transtensional to transpressional
boundary to the Variscan belt (Gremmel et al., 2023; Rolland et al., 2009). This scenario is supported by monazite
geochronology of the Cavalaire fault, which is the southern prolongation of the Grimaud fault (Simonetti, Carosi,
Montomoli, Corsini, et al., 2020; Simonetti, Carosi, Montomoli, Cottle, & Law, 2020) and of the Posada-Asinara
and Porto Vecchio shear zone in Corsica-Sardinia (Carosi et al., 2012; Giacomini et al., 2008). The Ferriere-
Moliere shear zone (FMSZ) in the Argentera massif (Figure 6) is also regarded as a transpressive shear zone
active at 340 Ma under amphibolite facies conditions (Carosi et al., 2016; Simonetti et al., 2018). This fault system
stretching between Argentera and Maures-Tanneron massifs, is regarded as an anastomosing component of the
East Variscan Shear Zone (EVSZ) (e.g., Simonetti, Carosi, Montomoli, Corsini, et al., 2020; Simonetti, Carosi,
Montomoli, Cottle, & Law, 2020; Simonetti et al., 2023). This study shows that the Eastern part of the Pelvoux
massif exhibits the same trend of exhumation rate as the internal Maures-Tanneron massif during the same period
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which is also related to the activity of the anastomosed branch of the EVSZ. In
this context, the present-day Olan (Pelvoux) and Grimaux/Cavalaire
(Maures-Tanneron) faults are considered to belong to two branches of the
EVSZ. Moreover, the recent paleomagnetic data (Brunsmann, 2023), imply
that the European basement (Pelvoux, Argentera, Maures-Tanneron) has not

Cavalaire undergone significant counterclockwise rotation since Permian times.

Consequently, the present position and orientation of the Olan, the Ferriere-

Moliére and the Grimaud/Cavalaire faults can be interpreted as inherited from

Internal Zone the late Variscan tectonics along an anastomosed fault system comprising two
% antithetic branches associated to EVSZ (Figure 6). The Variscan exhumation
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& b - 0/6[ cooling related to the dismantling of the Variscan orogen mainly during
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5.2. Time-Temperature Evolution of the Pelvoux Massif
5.2.1. Pre- “Alpine” Evolution of the Massif

Our thermal models predict that the Pelvoux massif recorded a protracted
period of heating from the Early Jurassic toward the end of the Early
Cretaceous, followed by cooling between 110 and 70 Ma (Figure 7). This
N result indicates that the duration of heating, which is commonly associated to
rift-related burial and subsidence during the Early Jurassic (e.g., Barf-
éty, 1985; Mohn et al., 2012) and is widely expressed in the field by tilted

50 km blocks of the European margin (Lemoine et al., 1986; Figure 7), lasted longer

Figure 6. (a) Map of south Alpine External Crystalline Massifs showing the
three considered EVSZ branches. (b) The proposed position of the East
Variscan shear zone at larger scale, considering paleogeographical
reconstruction of Ferriere et al. (2022) for the northern ECMs.

than previously thought.

The Pelvoux massif is regarded as having recorded several kilometers of burial
beneath deep-sea sediments (e.g., Barféty, 1985; Manatschal et al., 2021;
Mohn et al., 2012). Célini et al. (2023) also placed the Pelvoux massif in the
necking domain of the European margin at the transition to the hyper-extended
or oceanic domains of the Valaisan basin to the East. In the Pelvoux massif, the
Callovo-Oxfordian sediments are commonly considered to mark the end of the rifting event (Barféty, 1985).
According to the thermal model of McKenzie (1978), this post-rift period should correspond to thermal relaxation/
cooling in the lithosphere, not heating. It has been noted however that sediment burial in extremely thinned domain
can contribute to keeping the margin hot for several tens of millions of years after break-up (Pérez-Gussinyé
etal., 2024). These recent models confirm what has been documented previously for example, in the Pyrenees rift,
that crustal geothermal gradients can be kept high due to high sedimentation rates during the post-rift phase (e.g.,
Lescoutre et al., 2019; Vacherat et al., 2014).

In the Western Alps the post-rift phase related to oceanic spreading in the Alpine Tethys is dated at 180-160 Ma.
However, as shown by Célini et al. (2023), even though the Early Jurassic syn-rift subsidence was significant in
the Vocontian basin, and that contribution of post-rift sediment burial should be accounted for, they were not
sufficient taken together to explain the measured temperatures achieved in the Early Cretaceous. A second stage
of heating was therefore proposed corresponding to the Early Cretaceous (ca. 100 Ma, Aptian-Albian) phase of
rifting that is recorded by mafic rock crystallization at 90 Ma in the Valaisan rift domain (e.g., Liati et al., 2005;
Loprieno et al., 2011). We suggest the Early Cretaceous thermal event recorded in the Pelvoux massif reflects a
second thinning event on the European paleomargin.

The Mesozoic thermal event recorded in our ZFT data suggests a rise in temperature up to ca. 300°C, which is in
agreement with the high temperature (300-350°C) obtained with RSCM by Bellanger et al. (2015) for the Pel-
voux Jurassic basins and by Balansa et al. (2022) and Célini et al. (2023) for the Digne Nappe and the Remollon
Dome, which are part of the Vocontian basin (Figures 7 and 8). We propose that the Pelvoux massif was buried
below sedimentary successions on the European paleomargin until the late Early Cretaceous, which coupled with
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Figure 7. Tectonic interpretation to the time—temperature history of the Pelvoux massif based on block 2 thermal evolution. The numerals 1, 2a, 2b, 3, and 4 are used to
identify each phase set out in the conclusion.

a high geothermal gradient, allowed the thermal peak recorded by RSCM analysis to be reached (Figures 7 and
9a). Average geothermal gradients observed for extended crusts are on the order of 50-75°C/km (Kolawole &
Evenick, 2023). A sedimentary burial of 4-7 km is therefore required during the Jurassic to the late Early
Cretaceous to reproduce the temperatures reached in our models. This estimate is consistent with the preserved
thickness of 3—-5 km for the Jurassic and Cretaceous strata (Debrand-Passard et al., 1984).

The Mesozoic heating phase ends with rapid cooling to surface temperatures before deposition of the Priabonian
trilogy, including the Nummilitic limestone, Globigerina marls and Champsaur flysch (Féraud et al., 1995;
Mulder et al., 2010) (Figure 7). The pre-Priabonian exhumation, most likely Late Cretaceous in age, conforms
with compressional deformation of the Mesozoic cover and basement that is documented in the southern part of
the Pelvoux massif (Dumont et al., 2008, 2012; Ford, 1996; Lazarre, 1997). This exhumation agrees with the D1
shortening phase associated with the Pyrenean deformation described in the Western Alps (Ceriani &
Schmid, 2004; Dumont et al., 2008, 2022) and in the Provence (e.g., Bilau, Bienveignant, et al., 2023; Bilau,
Rolland, et al., 2023). It is further consistent with the beginning of the fall in relative sea level and lower sediment
accumulation contemporaneous to folding in the Vocontian basin (e.g., Cairanne et al., 2002; Ford & Sta-
hel, 1995; Grosheny et la., 2017; Schreiber et al., 2011), which might have occurred during the Turonian-
Coniacian as indicated by the angular unconformity in the Devoluy massif (Debelmas, 1989; Glangeaud &
d'Albissin, 1958). Our results indicate that the north-south shortening was widespread in SE France over a dis-
tance of about 200 km from the Provence to the Pelvoux massif during the Late Cretaceous period (Figure 9b),
which is also supported by the greater crustal thickness in the Pelvoux massif than in other ECMs to the north
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et al. (2010), and Girault et al. (2022) and burial depths inferred from AFT (Jourdan et al., 2013; Labaume et al., 2008;
Schwartz et al., 2007).

(Schwartz et al., 2024). Because the Mesozoic heating period is better preserved into the south of the Pelvoux
massif, it can be suggested that the structure of the Pelvoux massif inherited from rifting/necking processes was
more pronounced in the south than in the north of the massif. The question then arises as to whether this Late
Cretaceous shortening from 110 to 70 Ma is linked to the Pyrenean collision sensu stricto that is thought to have
started after the Turonian-Coniacian between Iberia-Ebro and Europe (Angrand & Mouthereau, 2021), or to the
convergence between Europe and Adria, which initiated at around 110 Ma (e.g., Handy et al., 2010). The
paleogeographic reconstruction at 80 Ma (Figure 9b), reveals that Ebro-Iberia, Adria and Europe could have been
in contact at this period. The distributed deformation associated with the onset of collision between the micro-
plates renders the definition of a plate boundary obsolete in this complex region. The Late Cretaceous “Pyrenean”
deformation could well mark the onset of an “Eo-Alpine” collision between Adria and Europe in the southern
Alps. Further studies will be needed to address this issue.

5.2.2. Post-Priabonian “Alpine” Thermal Evolution

Our inverse models define a heating period starting at 30-25 Ma, with maximal temperatures reaching 200-300°C
depending on the blocks (Figure 5). Block 1 shows the highest temperature of 300°C acquired in the Pelvoux
massif during the Alpine event at 35-25 Ma. Such temperature should lead to the full annealing of the fission
tracks in zircon. However, thermal modeling from this block predicts partial annealing of the ZFT ages of 131.5
and 94.8 Ma (see also Figure S5 in Supporting Information S1). The considerable variability in temperature
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estimates between the Max likelihood model and the Max posterior model at 100 Ma suggests that our data do not
permit to choose between the two possibilities (annealing or not) (Figure 5a). This lack of resolution can be
attributed to the absence of apatite track length data for these samples. However, the maximum predicted tem-
perature agrees with published RSCM data, indicating that temperature of approximatively 330°C have been
reached in the northern part of the Pelvoux massif (Bellanger et al., 2015) (Figure 8). This is also in accordance
with thermos-paleomagnetic data from the Emparis and Bourg d’Oisans basins (blocks 1 and 4), that indicate
cooling from temperatures as high as 335°C after 24 Ma (Crouzet et al., 1999, 2001; Ménard & Rochette, 1992).
These temperatures have been previously interpreted as related to the Alpine tectonic burial for the entire massif
beneath Penninic units (Bellanger et al., 2015). However, new low-temperature thermochronological data and
thermal models show that the maximum post-Priabonian “Alpine” temperature are significantly lower in the
southern part of the Pelvoux massif. They are of 200 and 180°C in blocks 2 and 3, respectively, and of 220°C
toward the east in blocks 5 and 6, closer to the PFT (Figure 5). These temperatures are consistent with previous
studies that estimated a maximum peak temperature of 250°C, corresponding to blocks 5 and 6, beneath the PFT
(Figure 8) (Potel & Trullenque, 2012; Seward et al., 1999; Tricart et al., 2007). These authors also indicated that
burial temperature toward the southwest of the Pelvoux massif, in the region corresponding to block 2 and 3, were
close to 180°C. This estimate agrees with a 6 km burial under tectonic nappes and/or Priabonian to Oligo-
Miocene sedimentary deposits estimated to the south of the Pelvoux massif and at the border of the Argentera
massif (Labaume et al., 2008) (Figure 8). The temperature difference of 40-70°C between block 2 and block 6
appears to be controlled by the distance relative to the PFT, as the burial heating increases close to PFT
(Figure 3b). It can also be argued that within block 6, the temperature and burial were greater toward the north in
agreement with previous estimates of burial temperatures in the northern ECMs by Bellanger et al. (2015), who
however only considered tectonic and not sedimentary burial. This degree of Alpine heating can also explain the
complex pattern of Mesozoic heating based on the partially reset ZFT ages. This partial reset, which resulted in
younger apparent cooling ages, is more significant toward the east and the north due to the increasing burial of the
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Pelvoux massif, which results in less well constrained time/temperature models in these parts of the massif, as
observed for blocks 5 and 6 and the total annealing of ZFT ages of block 1 (Figures 6d and 6e).

6. Conclusion

This study highlights the potential of multi-method thermochronology to unravel the complex polyphase tectonic
and thermal histories of a low-grade metamorphic terrain. Our analyses in the Pelvoux massif, which lies at the
intersection of the Alpine and Pyrenean-Provence orogens, reveal the succession of four main tectono-thermal
events (Figure 7):

1. The first one is related to differential exhumation between 340 and 300 Ma during the late Variscan meta-
morphic event associated with crustal-scale vertical strike slip fault activity, leading to the anastomosed East
Variscan shear zone.

2. The following Mesozoic heating event reflects Early Jurassic and Early Cretaceous rifting episodes related to
the opening of the Alpine Tethys (a) and Valaisan/Vocontian domains (b), respectively. Temperatures up to
350°C were reached in the Pelvoux massif at the end of the Early Cretaceous as a result of continuous crustal
thinning and depositional burial (Figure 9a).

3. Cooling and exhumation that occurred from the Late Cretaceous to the Priabonian were contemporaneous with
north-south Pyrenean-Provence shortening, in a context of rift inversion. This deformation could be a far-field
effect of onset of an “Eo-Alpine” collision between Adria and Europe (Figure 9b).

4. The Pelvoux massif then recorded heating during the Oligocene (35-25 Ma) caused by deposition of the Late
Eocene to Oligocene Flysch in the Alpine foreland, and underthrusting beneath the PFT in the eastern part of
the massif. This heating event was unevenly recorded in the massif. In the north, the Mesozoic rift-related
event was overprinted by Alpine collision-related temperatures of more than 300°C, while it was preserved
to the south due to temperatures of maximum 250°C during Alpine burial.
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