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Abstract

Collisional shortening in the extzrn.! Western Alps was first accommodated by internal
(distributed) deformation in i~ External Crystalline Massifs (ECM) and then on frontal
crustal ramps (localized d=tu.~ation). However, the timing of transition between these two
periods is still under-custrained, mainly because the available dataset is incomplete in the
Western Alps. We here provide new zircon and apatite fission-track (ZFT and AFT) and
zircon (U-Th-Sm)/He (ZHe) data that constrain the early stages of cooling hence exhumation
of the external Alpine wedge, as well as new Raman Spectroscopy of Carbonaceous Material
(RSCM) data from the Belledonne massif. ZFT ages mainly range between 15 and 20 Ma,
ZHe ages between 5 and 12 Ma, AFT ages between 2 and 10 Ma. Those data are integrated
within HeFTy (inverse and forward) thermal models along with literature data to constrain the

late Oligocene-Miocene cooling history and suggest that exhumation of the Belledonne and



the Pelvoux massifs may have started as early as ca. 27 Ma. This early exhumation was rather
slow (~ 50 m.Myrs™ + 2 m.Myrs™) and may date the transition between the distributed and
the localized mode of shortening, i.e., the initiation of the crustal ramps below these massifs.
Further north, in the Mont Blanc and Aiguilles Rouges massifs, exhumation was active
around 18 Ma, and started possibly earlier, around 20-25 Ma. From this time on (18 Ma),
exhumation rates increased in all external massifs (~ 500 + 40 m.Myrs™, both North and
South). This age most likely corresponds to the end of the transition period between
distributed and localised shortening with localisation along th= tr ntal crustal ramps and the
rapid associated exhumation, then cooling of the hanging va.' (even considering that cooling
may start a few Myrs later than exhumation if isoterms are advected). This timing notably
corresponds to a transition between the two molass2 1.,°ega-sequences in the foreland basin

(Lower Marine/Freshwater Molasse and Uppe” N’ ari.ie/Freshwater Molasse).

1. Introduction

The collision stage of convergence i: ciw.-acterized by crustal accretion of tectonic units under
Barrovian metamorphic conditicns and formation of molasse basins related to both the
erosion in the wedge and flexu-al subsidence in peri-orogenic domains. Collisional wedges
deform either by distrib.ted deformation and/or by more localized deformation along large
thrusts. However, if it = frequently observed that one of these deformation modes largely
dominates (e.g., Schmid et al., 1996; Burkhard and Sommaruga, 1998; Bellanger et al., 2015),
the amount and timing of the distributed deformation is usually poorly documented mainly
because of the lack of markers in the internal orogens and/or the lack of deformation ages on
brittle/ductile shear zones developed under greenschist metamorphic conditions (with rather
small metamorphic minerals). The foreland basins usually develop as a consequence of crustal

thickening, associated flexural subsidence and wedge erosion. However, the effect of mode of



wedge shortening (distributed vs. localized) during the overfilled period (Sinclair et al.) on the

basin dynamics is much less constrained.

In the European external Western Alps, two modes of shortening have been characterized
(Bellahsen et al., 2014): an early phase of distributed deformation documented in the External
Crystalline Massifs (ECM, Fig. 1) and attested by the occurrence of distributed reverse shear
zones (e.g., Rolland et al. 2003; Leloup et al., 2005; Bellanger et al., 2015) along with vertical
structures in a transpressional mode (e.g., Simon-Labric et a . 2009, Sanchez et al., 2011;
Herwegh et al., 2020), and a later localized phase associatcd w'th the activation of frontal
ramps below the ECMs (Deville et al., 1994; Philippe =t 2al.. 1998). The transition between
these two phases seems to corresponds to the initiaton ¢ © both the subalpine fold-and-thrust-
belt (Burkhard and Sommaruga, 1998; Deville .. Chauviere, 2000; Bellahsen et al., 2014)
and the onset of the exhumation of the E~M ‘Boutoux et al., 2016; Herwegh et al., 2020;

Berger et al., 2020).
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Figure 1: Tectonic map of the western Alpine arc (modified after Bousquet et al., 2012).

Studies on exhumation of the ECMs using low-temperature (LT) thermochronological
constraints, showed that exhumation of the northern ECMs (i.e., Mont Blanc and Aiguilles

Rouges massifs: Rahn, 1994; Seward and Mancktelow, 1994; Fligenschuh and Schmid, 2003;



Leloup et al., 2005; Glotzbach et al., 2008, 2011; Boutoux et al., 2016; Aar massif: Herwegh
et al., 2019; Berger et al., 2019) started around ca. 18-20 Ma although it has been showed that
it may have initiated around 20-25 Ma (Schlunegger et al., 1998; von Eynatten et al., 1999;
Spiegel et al., 2000), whereas exhumation in the western ECMs, in the Pelvoux and Grandes
Rousses massifs, started earlier, at around 27 Ma (e.g., Crouzet et al., 2001; Rolland et al.,
2008; van der Beek et al., 2010), although the supporting data are scarce. Thus, the onset of
exhumation in the ECM seems to be diachronous from south to north, but this trend remains
to be documented due to the lack of LT thermochronol~aicc! data, especially in the

Belledonne ECM.

The overfilled basin dynamics started during early Oligoc2ne times and they are characterized
by two transgressive-regressive mega sequences ‘e.g., Sinclair, 1997; Kempf et al., 1997,
1999). The transition between the two cequences is dated at around 18-20 Ma. Some
contributions have discussed the timing v~tween the collisional wedge evolution and the
foreland basin (Mosar, 1999; Allen = 2., 2001; Willett and Schlunegger, 2010; Schlunegger
and Kissling, 2015; Erdos et al., 201<), but none of these was specifically concerned with the
impact of exhumation of the “Ciis within the orogenic wedge on the foreland basins. More
generally, it is notewort!y ti at the North Alpine Foreland Basin is much developed (both in
width and thickness) than the West Alpine Foreland Basin (from Chambery to Mediterranean
Sea). No explanation for such first order feature has been reported and it is unclear whether or
not the style of shortening and the timing of exhumation may control this along strike

difference.

The aim of this contribution is twofold. First, we provide new LT thermochronological data to
better constrain exhumation of the ECM in the Western Alps. These data are coupled with
new RSCM-based temperature estimates in the sedimentary cover and additional data from

the literature to process thermal modeling. These results provide new insights into the



exhumation onset and rates at the scale of the whole external Western Alps. Second, we
discuss the links between foreland basin evolution and wedge exhumation, and in particular
how the overfilled (molasse) basin evolves during the transition from distributed to localized
shortening, along the frontal crustal ramp. A new interpretation of a seismic profile in the
molasse basin allows us to define the geometries of sedimentary units and helps discussing

the relationships between deformation along the Alpine front and foreland basin evolution.
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Figure 2: Geological map of the Belledonne, Grandes Rousses and Pelvoux massifs with
thermochronological data from this study (Blue dots used in Figure 3 and black dots) and
literature (Grey diamond-shaped; North Belledonne: ZFT and AFT: Seward and Mancktelow,
1994; Fugenschuh and Schmidt, 2003. Central Belledonne: ZFT and AFT: Lelarge, 1993;

Flgenschuh and Schmidt, 2003. South Belledonne: ZFT and AFT: Sabil 1995; Bernet et al.,



2001. Pelvoux: ZFT, ZHe and AFT: van der Beek et al., 2010). RSCM data are represented

with yellow square and Twax temperatures in degrees.

2. Geological setting

2.1. The Alpine collision

The Western Alps resulted from subduction of the Ligurian Ocean since the Late Cretaceous,
followed by continental subduction and collision of the Europzan margin during Eocene and
Oligo-Miocene times (e.g., Chopin, 1987; Stampfli et al., 2007. & icner et al., 2004; Ceriani &
Schmid, 2004; Dumont et al., 2012). Continental collisicn b.tween the European proximal
margin and the proto-orogenic wedge (ccasu‘ued by a nappe stack of
Briangonnais/Ligurian/Austroalpine units) led to ~rustal trickening in the External Zone (e.g.,
Burkhard and Sommaruga, 1998; Leloup et !, z005; Dumont et al., 2008; Sanchez et al.,
2011; Bellahsen et al., 2012 ; Herwegh o al., 2020), resulting in the deformation of the
ECMs, the initiation of crustal ram=z a7 the subalpine belts during Oligo-Miocene times
(Fig. 1) (e.g., Bellahsen et al., 20)1- and the attainment of greenschist facies metamorphic
conditions (e.g., Gratier et al., 1573; Rolland et al., 2003; Challandes et al., 2008; Sanchez et
al., 2011 Cenki-Tok et -u., ”0L4; Egli et al., 2016, 2017). Finally, the Miocene activity of
frontal crustal thrusts (Be'lahsen et al., 2012, 2014; Bellanger et al., 2014, 2015; Boutoux et

al., 2016; Girault et al., 2020) combined with erosion led to exhumation of the ECMs.

2.2. The External Crystalline Massifs

The ECMs consist from north to south of the Aar, Aiguilles Rouges and Mont Blanc,
Belledonne, Grandes Rousses and Pelvoux and Argentera massifs (Fig. 1). Their Triassic to
Early Cenozoic sedimentary cover, in which several asymmetric syn-rift basins of Liassic to

Dogger age are preserved (e.g. Lemoine and al., 1986), was also shortened (e.g., Lemoine et



al., 1986; Burkhard and Sommaruga, 1998; Bellahsen et al., 2012; Bauville et Schmalholz,

2015; Boutoux et al., 2016; Lafosse et al., 2016; Kiss et al., 2020; Figs. 1 and 2).
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Figure 3: Cross sectior, m () the Beaufort massif and (b) the Belledonne massif. The location

of the cross section is shown in Figs. 1 and 2. Cross-section (a) displays projected LT

thermochronological data (dashed blue circle).

The ECMs consist of various early Paleozoic metamorphic, plutonic and migmatitic rocks
(e.g., von Raumer, 1984, 1998; von Raumer and Bussy, 2004), and late Paleozoic non-
metamorphic sedimentary and volcanic series (Figs. 1, 2 and 3). In detail, the study area, i.e.,
the Belledonne (BD) and Grandes Rousses (GR) massifs, can be divided into different

tectonic units delimited by strike-slip faults, namely the Synclinal Median dextral strike-slip



Fault (SMF) and the Rivier Belle Etoile Fault (RBEF) (Figs. 2 and 3) (e.g., Bordet and
Bordet, 1963; Simeon, 1979; Bodelle and Goguel, 1980; Guillot and Ménot, 2009; Brillant et

al., 2015; Fréville et al., 2018; Ballévre et al., 2018).

The Belledonne massif can be separated into an external and an internal domain (Figs. 2 and
3), whose limit strikes west of the SMF. The external domain consists of medium
metamorphic-grade micaschist series called the Série Satinée (Barfety et al., 1972, 2000;
Ballévre et al., 2018). In the internal domain (Figs. 2 and 3), tl e central unit, located between
the SMF and RBEF, SW of the BD is characterized by a pre- Alpine nappe stack of late
Devonian to Early Carboniferous age (Fernandez et a'., 20r,2), including the Chamrousse
Ophiolite, amphibolite facies metamorphic rocks, ard the Visean volcano-sedimentary series
(Menot, 1988; Barfety et al., 2000; Debon and '_c mmet, 1999), dated at 332 £ 13 Ma (Sept-
Laux granite; zircon U-Pb dating, Debor =t oI, 1994) and ca. 352 Ma (Rioupéroux unit;
zircon U-Pb dating, Freéville et al., 2018). 1.>= eastern part of the internal domain (Figs. 2 and
3) consists of Variscan granites anc 1.:*aniatites with rare eclogitic relics (Bordet et Bordet,

1963; Paquette et al., 1989; Men~t, 1538; Ballévre et al., 2018; Fréville et al., 2018).

The GR and BD massifs aic senarated by an inherited Liassic half graben, named the Bourg
d’Oisans half graber v at .2 controlled by the Ornon fault (Fig. 2). The GR massif consists of
different lithologic units including granites (i.e., Alpetta granite and Roche Noire — La Fare
granite), carboniferous deposits, amphibolites, orthogneiss and migmatites (e.g., Bogdanoff et

al., 1991; Debon and Lemmet, 1999) that are separated by N20-N30 striking faults.

Alpine P-T metamorphism recorded in the sedimentary cover of the GR massif is estimated to
have reached temperatures between 320 °C and 350 °C (Bellanger et al., 2015) and pressures
around 2.3 to 2.5 kbar, with a K/Ar age on phyllites of around 26.5 Ma +/- 0.2 Ma from the

Dauphinois Lias of Bourg d’Oisans (Nziengui 1993). Furthermore, chlorite geo-thermometry



in the basement of the Pelvoux massif provided maximum Alpine temperatures between 240
and 300 °C interpreted as the temperature of shear zone activity between ca. 33 and 25 Ma
(Simon-Labric et al., 2009; Bellanger et al., 2015). In the cover, the maximum temperature is
apparently higher (RSCM data, 330 °C, see Bellanger et al., 2015 for a discussion). Cooling is
constrained by paleomagnetic analyses with age/temperature couples between 24.1 Ma /
302 °C and 20.2 Ma / 182 °C (Crouzet et al., 1999, 2001) and by few AFT data indicating

apparent cooling ages between 5.1 and 9.3 Ma (Sabil, 1995; Figs. 2 and 3).

Alpine P-T metamorphism is not well constrained in the [3D \1assif but it is most likely
similar to that of the GR massif. Alpine reverse shear zone: wi.h top-W and top-E shear sense
were described and interpreted as Oligo-Miocene in a7e ( Aarquer et al., 2006). Cooling of the
BD massif is constrained by LT thermochronr.cgical data with ZFT ages ranging in the
northern part between 7.5 and 10.6 Ma /Fugenschuh and Schmid, 2003), and AFT ages
ranging between 1.6 and 10.3 Ma (Lelarge, *993; Seward and Mancktelow, 1994; Sabil 1995;
Figenschuh and Schmid, 2003; Fiys 2 and 3). Surface uplift of the BD massif can be
attributed to the crustal ramp cctneciad to the detachment bellow the massif (e.g., Philippe,

1995; Bellahsen et al., 2014).

2.3. Alpine Forelanc 2as:

We term the foreland as the whole of the foreland basin and the Subalpine chains. It
comprises the Subalpine chains (Chartreuse, Bauges, Bornes-Aravis) and foreland basins
which includes basins deformed in the Subalpine chains, and less deformed ones in a more
external position, namely the North Alpine Foreland Basin (NAFB) from Geneva and beyond
Zurich and the West Alpine Foreland Basin (WAFB) south of Geneva (Figs. 1 and 2) (e.g.,

Homewood et al., 1986; Sinclair, 1997; Allen et al. 1991; Sissingh, 2001, Ford et al., 2006).



The sedimentary succession of the NAFB and WAFB consists of four lithostratigraphic
groups (Matter et al., 1980) and can be divided in two transgressive-regressive mega-
sequences (e.g., Sinclair, 1997; Kempf et al., 1997, 1999; Kuhlemann and Kempf, 2002). The
first mega-sequence comprises from bottom to top, the Lower Marine Molasse (UMM) and
the Lower Freshwater Molasse (USM) deposited from the late-Rupelian to the late Aquitanian
(i.e., 34-21 Ma). The base of this sequence corresponds to the flysch-to-molasse transition.
The second mega-sequence consists of the Upper Marine Molasse (OMM) overlain by the
Upper Freshwater Molasse (OSM) deposited from Upper A~uncnian to Serravalian times
(i.e., 21-10 Ma) and corresponds to a filled to overfillea (-ansition. Sedimentation in the

foreland basin continued up to ca. 10-5 Ma.

During Oligocene-Miocene times, thrusting wit%..> ECM basement led to crustal thickening
along the ECM belt and caused the def~rn.ction of a peripheral foreland basin and the
Subalpine Chains through a series of several deformation stages. First, a sub-brianconnais
nappe (Sulens Klippen; Fig. 2) was o rusied over the Bornes massif and on to the NAFB
(Préalpes sub-briangonnais and oria.connais nappes). Second, during the Burdigalian, the
subalpine fold-and-thrust-bei. iniiated above their decollement, activated by crustal ramps
rooted below the ECMs anu then propagated underneath the molasse basins along Triassic
evaporite layers and defor med the NAFB and WAFB basins (Becker, 2000; Bellahsen et al.,
2014; Burkhard and Sommaruga, 1998; Deville and Sassi, 2006; Gorin et al., 1993; Laubscher
1961). Similarly, during late Miocene times the Jura fold-and-thrust-belt was formed (Becker,
2000; Looser et al., 2021). Finally, Pliocene uplift (Cederbom et al., 2004, 2011) resulted in

erosion of the NAFB.

3. Methodology
Nineteen samples were collected for LT thermochronology analyses (zircon and apatite

fission-tracks and zircon (U-Th-Sm)/He in the BD and GR massifs, along 3 vertical profiles



(Figs. 2, 3 and Table 1). Eight samples were collected in the northern part of the BD massif
(three samples from the internal part and five samples from the external part). Six samples
were collected in the southern part of the BD massif, and three samples in the GR massif
(Figs. 2, 3 and Table 1). In each vertical profile the horizontal distance between all samples is
less than 2,5 km except for BD-17-16 and BD-17-02 which are, respectively, at 5 km and 5,5
km horizontal distance from the other samples, and no fault is mapped between the samples.
Apatites and zircons were separated from bulk rock after crushing, sieving (75-250 pm
fraction) and shaking table concentration, and using stand=ra heavy-liquid density and
magnetic separation techniques in CRPG (Nancy, France) unu S lerre (Grenoble, France).
Furthermore, 14 samples for RSCM thermometry analv/si. were collected from the Jurassic to

Eocene metasedimentary cover of the northern part of t1.o BD massif (Figs. 2, 3 and Table 2).

3.1. Raman spectroscopy on carbonaceo’'s n.~terial

The sampled metasedimentary rock. contain some carbonaceous material (CM), which
permits the assessment of the maimum temperatures attained by these rocks during
metamorphism. During burial te . ~peratures increase and organic matter is progressively
transformed into graphite. This process is irreversible and thus records the maximum
temperature (Tmax) <neiiciced by the rock (Beyssac et al.,, 2002a, 2002b). The RSCM
method is based on the quantitative determination of the degree of graphitization of
carbonaceous material, measured from Raman Spectra (RS). In a spectral window, the RS can
be divided into a graphite band (G) and several defect bands (D1, D2, D3, D4). The relative
area of these bands reflects the degree of graphitization (see Beyssac et al. 2003 and
references therein). Beyssac et al. (2002b) proposed an empirical thermometer, which links
the R2 parameter defined as the relative area of the main defect bands (R2 = D1/(G + D1 +
D2)) to Tuax for a temperature range of 330 °C to 640 °C with an intrinsic calibration error of

+ 50 °C and relative uncertainties on temperature in the range of 10-15 °C (Beyssac et al.,



2004). At lower temperatures in the range of 220-330 °C, Lahfid et al. (2010) estimate Tmax
by using the RA1 parameter (RAl = (D1 + D4)/(G + D1 + D2 + D3 + D4)), with an intrinsic
calibration error of £ 25 °C (Lahfid et al., 2010). Below 220°C, the temperature is poorly
defined by these authors, therefore we do not display the absolute T value of samples whose
calculated T lies below 220° C, and we only show that they are < 220 °C.

We used a Renishaw InVIA Reflex microspectrometer (IMPMC, Paris) with a 514.5 nm
DPSS Cobolt laser in circular polarization for data acquisition. Focus on the sample was done
using a DMLM Leica microscope with a 100x objective (NA = 0.C5) yielding a spot size of ~
1 um and measurements were performed on polished thi'i sc~tions, following the analytical
procedures described in Beyssac et al. (2002b, 200?) «~d Lahfid et al. (2010). For each
sample, 15-20 spectra were generally recorded and ther nrocessed using the software Peakfit
3.0 (Jandel Scientific). As the sampled rock: e."~rienced peak temperature in the overlap
range of the two calibration ranges des.*ib~.d above, Tuax Was determined for each sample

from the mean peak ratio (R2 or RA1) v.*th the procedure giving the best fit.

3.2. Apatite and zircon fission-:-ack analysis

Apatite and zircon grains .rer2 hand-picked and analysed at the Geo-thermochronology
laboratory of ISTerr¢ " Invversité Grenoble Alpes, France). Zircon aliquots were mounted in
Teflon sheets, polished and etched with NaOH-HOH at 228 °C between 9 to 36 hours. Apatite
aliquots were mounted in epoxy resin, polished and etched with 5.5 M HNO; for 20 sec. at 21
°C. Grain mounts of both mineral aliquots were covered with muscovite sheets as external
detectors (Gleadow et al., 1976) and irradiated together with dosimeter glasses IRMM 540R
for apatite and IRMM 541 for zircon at the FRM 11 Research Reactor in Munich (Germany)
along with Durango and Fish Canyon Tuff standards. After irradiation, all white mica

detectors were etched in 48% hydrofluoric acid at 21 °C for 18 min. Fission tracks were



counted at ISTerre using Olympus BH2 (zircon) and BX51 (apatite) optical microscopes at
1250x magnification with an FTStage 4.04 system (Dumitru, 1993). Zeta factors (Hurford and
Green, 1983) were used in order to obtain individual fission-track ages. Central ages
(Galbraith and Laslett, 1993) were calculated using the RadialPlotter program of Vermeesch

(2009).
3.3. (U-Th-Sm)/He on Zircon

Zircons were hand-picked and analysed at CRPG (Nancy, Franc.® Two to five single-grains
were selected for analysis according to the following cond:i~n.. (i) prismatic to round shape,
(i) bipyramidal shape, unbroken and fracture free (whe.» possible), (iii) equivalent spherical
radius (length, width and thickness) > 60um, and (iv) n.~wsion free (when possible).

Single-grain zircons were loaded in Platinum ~«psules for He extraction and outgassed at
1500 °C for 20 min by UV-Ilaser. *He cocer trations were determined using quadrupole mass
spectrometry by isotope dilution (3he spike). After He extraction, degassed zircon aliquots
were retrieved, and contents of Urani i, Thorium and Samarium are measured at the SARM
(CRPG, Nancy — France) followi:g the Tibari et al. (2016) procedure. Zircon ages were
corrected for a ejection (v~e isetcham et al., 2011 and references therein). FCT zircon
standard measured vach oo procedure displays a mean age of 28.3 Ma, with an external

reproducibility of 8 % (1sigma).

3.4. Structural analysis and interpretation of seismic sections

We present a new large-scale cross-section from ECM to the Jura and discuss the
relationships between exhumation of the basement massifs and dynamics of the foreland
basin, we present and interpret a seismic section with associated well data. These allow us to

define the geometries of sedimentary units and tecto-sedimentary interactions that occurred in



front of the ECMs during their main exhumation stage. This cross-section is completed by

local fieldwork observations and structural measurements done on the Belledonne basement.

4. Results

4.1. Structural analysis

The external Belledonne unit (Fig. 2) shows a single antiformal basement structure, whereas
the internal unit is deformed by several smaller-scale antiforms. The basement/cover contact
of the internal unit is folded by tight folds. A schistosity, subua.~llel to folds axial surfaces
affects the basement and is often associated to top-to-th: “~e_. shear senses and ~N110°E
stretching lineations. The style of folding is more o.~n In the external domain and the
schistosity less developed there (Fig. 3a). Major faults ‘.g., Synclinal Médian Fault, Riviére

Belle Etoile fault; Figs. 2 and 3) are present.

sSouth Geneva Basin

Jura Basin

10 km

Subalpine thrusts

Figure 4: Cross section of the western Alpine collisional wedge, from the Belledonne
basement through the molasse basin and Jura mountains. Cross section is redrawn and
modified after Bellahsen et al. (2014). Basement cross section is from Fig. 3a. Interpretation

of the Tertiary deposits of seismic line 88SVO-07 is from our study and pre-tertiary deposits



are from GeoMol project (GeoMol Team, 2015). Depth is in second two-way time (twt). See

Fig. 1 for location.

Our new interpretation of a seismic line and well data across the Saléve, the Plateau des
Bornes Basin (i.e., Saleve 1 and 2 borehole) and the South Geneva Basin (i.e., Humilly 2
borehole, Charollais et al., 2007) is integrated to a crustal cross section (Fig. 4). The new
interpretation shows the structure of the tertiary filling from Rupelian to Chattian (Fig. 4).
Rupelian sediments are only found on the Plateau des Bornes hasin (east of the Saléve; Fig.
2), whereas Chattian deposits are found on both sides of the Sale /e (Fig. 4). Furthermore, in
the Plateau des Bornes basin, sedimentary structures how progressive onlap towards the
West from the Rupelian to the Chattian (Fig. 4). "1 th» South Geneva basin, sedimentary
wedges in the frontal part of the Saleve ridp. <naracterize the Upper Chattian deposits
(Charollais et al., 2007). These sedimentar structures suggest that local subsidence during

Chattian times (USM) was controlled by bo." the Subalpine and Saleve thrusts (Fig. 4).

4.2. RSCM data

The RSCM results indicate Ty, between <200 °C and 349 °C. In detail, Tyax ranges
between 338 to 346 °C ‘.1 e autochthonous cover of the BD massif and between < 200 °C
and 325 °C further west 11 the Subalpine chains (Bornes massif) (Figs. 2 and 3). These data
are in line with the presence of a sub-brianconnais nappe (Annes and Sulens klippen)

overlying the ECM and their cover, thus increasing temperatures to around 300 to 350°C.
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Figure 5: Age/elevation dis.-ibation of the thermochronological data (AFT, ZHe and ZFT)
from (a) North Externa: Renedonne (dark blue dots), (b) North Internal Belledonne (light blue
dots), (c) South Belledonne (yellow dots) and (d) Grandes Rousses (purple dots). South
Belledonne: AFT data from Sabil (1995). One elevation range of LT thermochronological
data was selected (between 800m and 1400m) with, when possible, ZFT, ZHe and AFT data
for thermal inversion modelling. Additional thermochronological data (AFT, ZHe and ZFT) at

~ 1800m were selected and used for thermal inversion modelling (see supplemental data 1).
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Zircon fission-track results

ZFT ages in the North Belledonne are between 16.3 and 17.9 Ma (Figs. 2, 3 and 5a; Table 2)

in external unit, and between 14.8 and 19.2 Ma in the internal unit, showing a positive age-

elevation relationship (Figs. 2, 3 and 5b; Table 2). ZFT ages from the South Belledonne

massif are in the range of 14.3 to 29.1 Ma and no obvious age-elevation relationship is

detected (Figs. 2, 3 and 5c; Table 2). Finally, two samples from the Beaufort granite (Fig. 2

and 3a, east of Beaufort) display ZFT ages of 21.8 and 26.4 Ma (Figs. 2 and 3). ZFT ages in

the GR massif are much older, between 25.1 to 58.2 Ma wi h a »ositive age-elevation trend

(Fig. 2, 3 and 5d; Table 2).
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Figure 6: Age/eU distribution of the ZHe data with forward model curves assuming two

different geological inputs: Model 1 and 2 (see inset). (a) North Belledonne external unit, (b)



North Belledonne internal unit, (c) South Belledonne massif and (d) Grandes Rousses massif.
Arrows represent AFT and ZFT ages from this study and from Sabil (1995) for South
Belledonne. (aside from AFT data on South Belledonne from Sabil, 1995). See supplemental
data for the full range figure for Grandes Rousses massif. For the exhumation (see inset), we
simulated two distinct scenarios using fission tracks data from this study (Fig. 5 and Tables 2
and 3) starting at 20 Ma (a) and 15 Ma (b) respectively and crossing the AFT closure
temperature at 6 Ma (mean AFT ages of BD massif). The average size (75 um) of zircon

grains radius has been used in the model, as well as surface temnei ture of 10 °C.

Apatite fission-track results

Only three AFT samples from the Belledonne mas:ic were analysed, which yield ages

between 1.2 and 5.4 Ma (Figs. 2, 3, 5a and 5b° Tub'2 3).

(U-Th-Sm)/He results

ZHe ages were determined from 17 sem ,ies that were also used for FT dating (Figs. 5 and 6;
Table 4). Ages from the Norts D internal unit range between 7.2 and 12.6 Ma and ages
from the North BD externa! uni ;ange between 7.2 and 13.4 Ma (Figs. 2, 3, 5a and 5b; Table
4). In the South BD mav-if. they are between 4.7 and 14.3 Ma, whereas ages from the GR

massif are in the range beiween 4.6 and 14.0 Ma (Figs. 2, 3, 5¢ and 5d; Table 4).
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Figure 7: Age/eU distribution of the ZHe ages vailable for Aiguilles Rouges and Mont-
Blanc massifs (Boutoux et al., 2016): gr.y cncles, and ZHe ages from this study. Yellow

circles with dark dots are zircons from samp,c BD15-05 from the south BD massif.

Overall these samples display ZH~ ag~< ranging between those of AFT and ZFT of the same
samples or of samples locatea ‘n trhe same area (Fig. 6). However, for the southern BD and
GR massifs, the youngest 7 '= ages are similar or slightly younger than the AFT ages from
the literature (Sabil, LY25). vespite this rather restricted range of ages, a negative correlation
of ZHe ages vs. eU for individual samples and for samples from the same massif can be
assessed (Fig. 6 and 7). In this correlation, ZHe ages with eU concentrations lower than 1000
ppm exhibit ages between 8 and 14 Ma, whereas most of ZHe ages with eU higher than 1000
ppm are in the range 5 - 9 Ma. For ages with eU < 1000 ppm, it seems that the oldest ages (12
- 14 Ma) are restricted to the eU range of 170 - 360 ppm. Except for sample BD15-05 (from
south BD, Fig. 6c¢), a general tendency for high eU ages (> 1000 ppm, Fig. 6¢) from south BD

and GR to be slightly younger (5-7 Ma) than the ones from north BD (7 — 9 Ma) is observed.



4.4. Forward and inverse modelling of thermochronological data

Recent studies have shown that numerical modelling integrating apatite and zircon radiation-
damage for (U-Th)/He systems (RDAAM models of Flowers et al., 2009 for apatite and
Gunthner et al., 2013 for zircon) could provide valuable constraints for understanding,
interpreting and determining a Temperature-time (T-t) path (e.g., Ternois et al., 2019;
Anderson et al., 2017; Guenthner et al., 2014, 2015, 2017; Johnson et al., 2017; Powell et al.,
2016) especially if they are coupled with fission track data (*/acherat et al., 2014, 2016;
Boutoux et al. 2016; Bosch et al., 2016). However, some «f tr2se studies (Johnson et al.,
2017; Vacherat et al., 2014; Gautheron et al., 2020) po.~ter out that the Zircon RDAAM
model used to calibrate the HeFty or QtQT softwares (1 2. Guenthner et al., 2013) does not
correctly reproduce the dependency of He diff..'on to the accumulated dose of damages.
Gautheron et al. (2020) investigated recert!v :his potentiality using ZHe data published for
Hercynian granites from the Pyrenean rany~ (Bosch et al., 2016; Vacherat et al., 2016) and
proposed that actual maximum He re. ~tivity between positive and negative correlations does
not occur at 2 x 10" alpha/g (G’ -enti.ner et al., 2013) but significantly lower between 2 - 5 x
10" alpha/g, close to the no-vian. alpha recoil percolation level calculated by Ketcham et al.

(2013).

In order to constrain our T-t paths, we performed both forward and inverse modelling using
the HeFTy v.1.8.0 program (Ketcham, 2005). Forward modelling is first performed to discuss
the control of the effective Uranium content (eU) on the ZHe age and the validity of the
diffusion model implemented currently in HeFTYy. In light of this test and associated potential
limitations, inverse modelling is performed in a second step to determine T-t paths for the BD
and GR massifs with the new ZFT, ZHe, AFT and RSCM dataset combined to LT
thermochronological data available in the literature. Altogether, these data document T-t

histories of both ECMs in the temperature range between 95 and 350 °C, whose lower bound



is defined by the AFT partial retention zone (Gallagher et al. 1998) and the upper one by Tyax

from RSCM data from this study.

Forward modelling of Zircon (U-Th)/He ages

The negative correlation with eU observed for ZHe ages (Fig. 6 and 7) is consistent with a
multichronometric interpretation characterized by older ages at low-eU (i.e. low-damages),
controlled by higher retentivity than the younger ages at high-eU (i.e. high-damage)
(Guenthner et al., 2013; Vacherat et al., 2014; Johnson et al., 201, Powel et al., 2016). In this
framework, it would theoretically be possible to observe ;~siw..ve correlations associated to
lower eU on the other side of a potential maximum re.ntivity threshold. It is not possible
however to distinguish such a positive correlation in . dataset (Fig. 6), either because (i) it
would occur at lower eU than the range documer.ec in the measured samples (i.e. below 170
ppm) or (ii) because it occurs in a very restric ted range of eU (between 170 and 250 ppm) and
is consequently too steep to be documcnted precisely.

We used a forward modelling appro:ct to try to reproduce such a potential dependence of
ages to accumulated damage. R=cause Zircon RDAAM model calibration has been challenged
recently (Johnson et al., 2U?7; Vacherat et al., 2014; Gautheron et al., 2020), the rationale
here is to examine the ‘e’ such models can (i) reproduce correctly the spread of ages for a
single sample, and then validate the use of the population for the subsequent more precise
multi-chronometric samples inversion, or (ii) highlight the same limitations as the one
recognized by previous authors, and then rather require the use of a mean ZHe age for
samples inversion. For this, we built a first model (Model 1 in Fig. 6) using the available and
most robust data in the literature to constrain the T-t evolution of the considered massifs: (i)
an age of ca. 335 Ma for the emplacement of the plutons of the massif (i.e., Granite des Sept-
Laux at 332 - 335 Ma; Debon et al., 1994, 1998), (ii) a Liassic age of rifting (e.g., Lemoine et

al., 1986), (iii) an Oligocene age of ca. 30 Ma for the youngest flysch deposits (Val d’Illiez



sandstone formation, 32 - 29 Ma, Sinclair, 1997), (iv) a Tmax around 350 °C £ 25°C (Boutoux
et al., 2016 and this study, based on RSCM data). For the exhumation, we simulated two
distinct scenarios starting at 20 Ma (a on Fig. 6) and 15 Ma (b on Fig. 6), respectively
(corresponding to the range of reset ZFT from BD massif). The average size of 75 um of
zircon grain radius as well as a surface temperature of 10 °C have been included in the model.
Such model parameters which combine our ZFT data with realistic geological constraints
should generate plausible range of ZHe age vs eU correlations at first order, at least to test the
validity of model calibration, for which the position for the ma.simum of the ZHe values
between positive and negative correlations is the critical pci ‘see more detailed discussion in
Gautheron et al., 2020).

On Figure 6, the curves obtained for Model 1a and k ac not fit our data set, mostly because:
(i) the maximum of retention between positive a. d 'iegative correlations is simulated at a too
high eU value (700 ppm), and (ii) the ne_‘ati*.e correlations of the model describe ages far too
old than the ones observed in our daw. set for the high eU section (1000-3000 ppm). This
conclusion is consistent with the rrop~<ition that the diffusion model implemented in HeFTy
does not use a correct threchola for simulating rapidly increasing diffusivity after the
maximum of retentivity (e a. ==dtheron et al., 2020). Some studies which explained their data
with such RDAAM dn a1 inodelling considered very old initial protolith age in order to fit
correctly the age vs eU correlations (Guenthner et al., 2015, 2017; Johnson et al., 2017; Powel
et al.,, 2016). Using such old protolith ages tends to artificially increase the number of
damages accumulated in the simulated grains, and therefore displaces the apparent maximum
of retention in the models towards significantly lower eU values. In the case of our study (as
in the case of the one conducted in the Pyrenees, Gautheron et al., 2020) the age of the
protolith is very well known, and young (crystallization age of 335 Ma, Debon et al., 1994,

1998) which limits drastically the range of initial ages imputed in the RDAAM modelling. A



second unrealistic model using an age of 1 Ga for the initial protolith has been tested in order
to examine its potentialities to fit the data by simulating a maximum of retentivity at lower
eU. Results with such an artificial increase of the accumulated damages (Fig. 6, model 2) fit
better the data and suggest that the ZHe age spread is indeed carrying a multichronometric
message, but that our ability to model it is still non-operational in current modelling tools.
This ZHe age spread could therefore only be interpreted semi-quantitatively with low eU
cluster (~ maximum retention at 200 — 350 ppm, Fig. 7) corresponding to closure temperature
of ~ 200 °C (slightly lower than the ZFT closure temperature} a4 high eU cluster (> 1000

ppm) corresponding to closure temperature close or equal fu v at of AFT.

Inverse modelling

As discussed above, the full range of sinalo-griin eU-dependent ZHe ages cannot be
simulated correctly with the diffusion mcJel implemented in HeFTy. The discrepancy
between model calibration and mu.tichronometric natural ZHe data sets, like the one
described above, is not compatible wth a standard use of the modelling tool, which in such
case outputs an extremely liaite! number of solutions. In order to keep the ZHe data
associated to the FT data in the nverse modelling, we thus decided to compute representative
mean aliquot ZHe eyos % eU values for each sample. This allows us to overcome the
previous complexity of the eU/ZHe-age curve modelling by averaging all parameters (ZHe,
eU, closure temperature), which is consistent with (i) the systematic intermediate position of
ZHe between ZFT and AFT ages, as well as (ii) the respective intermediate closure
temperature of ZHe. To perform thermal inversions of the BD and GR massifs, we selected
ZFT and ZHe coming from the same sample and AFT data at a similar elevation (between
800 m and 1400 m) as input for the inverse model (Fig. 5 and supplemental data 1).

Additionally, high elevation inverse models can be found in the supplemental material (see



supplemental data 2). In order to obtain a complete and denser data set for the modelling of

each transect, we completed our data with additional AFT data from the literature.
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Figure 8: Thermal histories modelled with HeFTy software for the (a) North Belledonne

external unit at 900m, (b) North Belledonne external unit at 1300m, (c) South Belledonne



massif at 1300m and (d) Grandes Rousses massif at 800m. T—t paths are statistically evaluated
and categorized by their value of goodness of fit (GOF). ‘Acceptable’ results, in green,
correspond to a 0.05 GOF value and ‘good’ results, in purple, correspond to 0.5 GOF
(Ketcham, 2005) (see supplemental data 2 for thermal histories modelled with HeFTy

software at higher elevation).

For the North BD external unit, we selected a sample at ~900 m elevation with ZFT and ZHe
ages of 16.5 + 2.6 Ma and 10.2 + 0.6 Ma respectively (Fig. 5a, No AFT data exist there. For
the North BD internal unit, we chose a sample located at ~14(10 . for ZFT and ZHe, and AFT
at ~1100 m to obtain a thermochronologic data triplet with 7F".", ZHe and AFT ages of 14.3 +
2.2 Ma, 8.8 Ma £ 0.4 Ma, and 1.2 + 2.4 Ma, respecti /ely (Fig. 5b). For the south BD massif,
we selected a sample at ~1200 m with ZFT age .* 16.1 + 2.0 Ma and ZHe mean age of 7.6
Ma = 0.4 Ma, combined with AFT data frem Cabil (1995) at 1250 m of 4.2 Ma + 1 Ma (Fig.
5¢). Finally, for GR massif at ~800 m, 7FT and ZHe ages from the same sample are
respectively of 25.1 Ma = 2.6 Ma 2. 9.9 Ma £ 0.6 Ma, and are associated with AFT data
from Sabil (1995) of 5.1 Ma = * 0 n!a located at 755 m (Fig. 5d) and combined with K-Ar
ages on white micas of the Li.ssic marly limestones from Bourg d’Oisans (Nziengui, 1993).
Considering that Tyax ar2 arcund 350 °C £ 25°C for the ECMs sedimentary cover units (this
study; Bellanger et al., 2( 15; Boutoux et al., 2016; Girault et al., 2020), we can assume that
all AFT, ZHe and ZFT thermochronometers of the sampled rocks were reset during burial
under the internal units. These Tuax Values are also included in the inverse modelling as a

thermal constraint (Fig. 8).

Thus, in HeFTy, we selected a time frame only between the inferred age of the thermal peak
and the present. The next step of the procedure consists in randomly testing 300,000 T—t paths
for each model. T-t paths were statistically evaluated and categorized by their value of

goodness of fit (GOF), calculated separately for the age data using the equation of Ketcham



(2005). All results are presented with several curves corresponding to ‘Acceptable’ results
(with 0.05 GOF value), ‘good’ results (with 0.5 GOF value) and a mean T—t path (Fig. 8) (see
Ketcham, 2005 and references therein). We modelled four sections: North BD external unit,

North BD internal unit, south BD, and GR at low elevation (Fig. 8).

For both North BD models, we observe a similar trend as for all HeFTy models (Figs. 8a and
8b). However, only models with inverted AFT data are well constrained (Fig. 8b) for the late
cooling (i.e. after 10 Ma). These models show overall a con:tant cooling rate (15 °C/Myr;
Figs. 8a and 8b) between 17 and 4 Ma. For the South BED n assif, the inverse model is
slightly different than for the North BD massif, with an 2\3er onset of cooling, a cooling rate
of 20 °C/Myr between 22 - 8 Ma, and an increase of c.oling rate between 8 - 4 Ma to 25
°C/Myr; Fig. 8c), which is consistent with the fu-t that at high-eU the south BD ZHe ages
cluster at about 5- 7 Ma (Figs. 6¢ and 7). Finai.:«. the HeFTy model of the GR massif displays
an older onset of cooling at ~26 Ma + 1 Ma (constrained by older ZFT data) with rapid
cooling from 26 Ma to 23 Ma of 25 " /Myr; Fig. 8d), followed by slow cooling between 23
and 9 Ma at 5 °C/Myr; Fig. 8d) anu finally rapid cooling since 9 Ma with 15 °C/Myr; Fig.
8d). Post 5 Ma cooling at low teriperatures is not well constrained and remains hypothetical

due to lack of AHe and “He/ He data.

5. Discussion

5.1. Thermal peak

The range of RSCM Tyax data obtained from the BD cover and Subalpine chains are in the
range of <200 °C to 349 °C and they are consistent with RSCM temperatures obtained from
the cover of the Mont Blanc and Aiguilles Rouges massifs (Boutoux et al., 2016), the Pelvoux
and GR massifs (Bellanger et al., 2015), the eastern part of the Belledonne massif and

Briangonnais (Gabalda et al., 2009), the Helvetic nappe complex (Nibourel et al., 2018;



Girault et al., 2020), and with the alpine metamorphic peak conditions estimated at about 320
°C to 370 °C for the GR sedimentary cover (Crouzet et al. 2001). These data display a similar
trend with temperature decreasing from E to W (Figs. 2 and 3). Furthermore, our data are
consistent with forward temperature models from vitrinite reflectance data (Deville and Sassi,
2006), showing a thermal peak at 250 + 10 °C in the Subalpine chains (i.e., the Bornes
massif). In the Bauges massif, forward thermal models provide a maximum burial
temperature higher than 160 °C (Mangenot et al., 2019). The higher Tyax values in the Bornes
compared to the Bauges massif may be explained by the fact th~t v~ internal units were thrust
over the Bornes, similarly to the the Préalpes, but not, ¢« vnly to a minor degree over the
Bornes (Deville and Sassi, 2006).

Assuming a normal geothermal gradient with T decrzas.ng upward, the Tyax 0f 349 + 25 °C
recorded in the cover rocks of the BD massif 'ik: «v .epresents a lower boundary for the Tyax
of the underlying basement. The age of eal. metamorphism in the BD massif is only poorly
constrained based of dating quartz ven>s around 24 - 26.5 Ma (K-Ar, Demeulemeester et al
1986; Nziengui 1993). White micas “°Ar/**Ar ages of 14.5 + 0.1 Ma in the northern BD
massif correspond to a stage of reurystallization or neocrystallization during the activity of
top-to-NW shear zones (Fg.' f¢ al., 2017). In the Pelvoux massif, shear zones have been
inferred to be active oe. *eci1 34 and 25 Ma (“°Ar/*°Ar on white micas; Bellanger et al., 2015;

Simon-Labric et al., 2009).
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Figure 9: Age/elevation dist'tbucon of zircon fission-track (ZFT) ages (with 1o error)
available for Aiguilles Roug=s 1soom, 1990) and Mont Blanc (Glotzbach et al., 2011): gray
diamond-shaped, Belicdo.:n: (this study): orange circle, Pelvoux — Meije massifs (van der
Beek et al., 2010): yellow square (see supplemental data 3 for full figure display with

Grandes Rousses)

5.2. Cooling/exhumation of the external Western Alps

With the new thermochronological data, we provide a new cooling sequence for the external
zone. The cooling age must be taken as minimum values for exhumation as the latter may
have started slightly before. However, the delay most probably did not exceed a few Myrs.

Moreover, ages of exhumation can also be estimated from age/elevation diagrams.



The internal and external units of the northern BD massif have very similar Temperature-time
(T-t) paths with an onset of cooling quite synchronous at ~18 Ma (Figs. 8a and b). Thus, the
Synclinal Median fault (Figs. 2 and 3a) was not reactivated, or only by small displacements,
during Alpine collision (at least not after 18 Ma), in line with previous interpretations
(Bellahsen et al.; 2014; Boutoux et al.; 2016; Lafosse et al., 2016). In the southern BD massif,
the onset of cooling is quite similar (~21 Ma + 1 Ma; Fig. 8c) to the northern part. The T-t
path of the GR massif is different from the Belledonne massif and it displays an older onset of
cooling, at ~26 Ma (Fig. 8d). This age is synchronous with tro end of ductile basement

deformation in the Pelvoux massif (25 Ma, Bellanger et al., 2C15).
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Figure 10: Temperature-time path for the Belledonne and Grandes Rousses massifs based on
our HeFTy thermal modelling. Early cooling of Belledonne is drawn from Pelvoux highest
ZFT ages (van der Beek et al., 2010). (*) Slow cooling for Mont Blanc massif is from
sedimentological and detrital provenance data from Schlunegger et al. (1998), von Eynatten et

al. (1999) and Spiegel et al. (2000).



At equivalent elevation (i.e., around 1500 m), ZFT ages from the Pelvoux massif (i.e., Meije
transect from van der Beek, 2010; Figs. 2 and 9; see supplemental data 3 for a larger scale)
are similar to our ZFT ages of both the southern BD and the GR massif. The T yax data of the
sedimentary cover of these massifs (Bellanger et al., 2015) is in the same range as those
obtained for Belledonne massif (Fig. 2). In the Pelvoux massifs ZFT samples collected at an
elevation higher than 2500 m show some ages distributed over a wider range, between 20 and
27 Ma (van der Beek et al., 2010; Fig. 9). Based on the compiled LT thermochronological
data, we propose that an early phase of cooling for South Bell~do.:ne began at ca. 25-27 Ma,
which is consistent with thermochronological and therinc -paleomagnetic data from the
literature (Nziengui, 1993; Crouzet et al., 1999, 2001 sce previous paragraph; Figs. 8 and
10). During this period, exhumation was slow withir t,.> BD and Pelvoux massifs with a ca.
50 m. Myrs™ rate based on ZFT ages (Fig. 9). 1. s unset of cooling at 25-27 Ma corresponds
to the end of shortening and thickening & ‘coramodated by distributed basement shear zones in
the Pelvoux massif (25 Ma-27 Ma; Sin.on Labric et al., 2009; Bellanger et al., 2015).

Further south, the Argentera massif sl 2 vs a cooling pattern similar to our observations in the
southern BD, GR and Pelvou:: massifs, with a metamorphic peak followed by slow cooling
that started at 29 Ma (i.e.. 8-2 °2/Myr; Bogdanoff et al., 2000; Bigot-Cormier, 2000; Sanchez
et al., 2011; see suppleMenical data 3 for complete compiled LT thermochronological data).
We propose that the southern, external part of the Alpine arc, from the Belledonne to
Argentera ECMs, is affected by nearly coeval onset of cooling in the Oligocene during the
activity of basement shear zones.

In the northern ECMs (Aar, Aiguilles Rouges and Mont Blanc massifs), cooling started at
least at 18 Ma (Challandes et al., 2008; Rolland et al., 2009; Weisenberger et al., 2012;
Boutoux et al., 2016; Herwegh et al., 2019; Berger et al., 2020; this study) most likely due to

the activation of frontal crustal ramps, implying surface uplift and erosion. However, we



cannot exclude an older onset of exhumation of the northern ECM’s, the record of which
would be found in samples eroded and deposited in the Molasse basin. Furthermore, an
isothermal exhumation could also be considered since 22 Ma, as suggested by Herwegh et al.
(2020), which would cannot be inferred from thermochronology without thermal-kinematic

modelling (e.g. Braun et al. 2012).
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Figure 11: Tertiary stratigrap.v, providing formation names and thicknesses used in the
present work. The four I hostratigraphic groups (Matter et al., 1980) and the two
transgressive-regressive r.aega-sequences (Sommaruga, 1997; Sinclair, 1997; Beck et al.,
1998; Kuhlemann and Kempf, 2002) are presented in light of the tectonics events in the

collisional wedge from this study.

Thus, to sum up, we show that there might be a diachronism between the exhumation of the
northern, western and southern ECMs (Fig. 11). In the West, exhumation most likely started
around 27 Ma at slow rates whereas in the North it started at least at 18 Ma or earlier, around

20-25 Ma (see in Herwegh et al., 2020; Schlunegger et al., 1998; von Eynatten et al., 1999;



Spiegel et al., 2000). We interpret this potential diachronism as being due to a time delay in
the activation of the frontal ramps. This is in line with ages of shear zone activities within the
ECMs, which are older in the Argentera and Pelvoux massifs compared to the Mont Blanc
and Aar massifs (compare dataset in Rolland et al., 2008, 2009; Cenki-Tok et al., 2014; Rossi
and Rolland, 2014; Bellanger et al., 2015, Boutoux et al., 2016; Egli et al., 2017; Herwegh et

al., 2020).
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Figure 12: Simplified cross sections through a) the WAFB and the western Alpine collisional
wedge and b) the NAFB and the northern Alpine collisional wedge redrawn and modified

from Bellahsen et al. (2014).



In the West, collisional shortening in the external zone started slightly earlier (around 30-34
Ma, Simon-Labric et al., 2009; Bellanger et al., 2015) than in the North (around 30 Ma,
Cenki-Tok et al.,, 2014) (Fig. 11). Moreover, this shortening is characterized by frontal
accretion in the West (Fig. 12) with low shortening in the internal zone, while tectonic
underplating is active in the northern external zone, with significant shortening in the internal
zone (Fig. 12; Bellahsen et al., 2014; Rosenberg et al., 2015).

Beyond these differences in terms of style and possibly timing for the early history, since 18
Ma the northern and western ECMs show a similar, more rapi1 exhumation rate of ca.
500 m.Myrs™ rate + 40 m.Myrs™ (Fig. 9 and see supple:iicntal data 3 for a larger scale)
and cooling rate between 16 and 20 °C/Ma (Fig. 10). Tr.~ period also corresponds to a main
event in the foreland basins (transition between rmey~-sequences, Fig. 11) as developed

below.
5.3. Wedge exhumation and foreland sequ.2nces

Our results document the exhumatio't ¢t ECM which is a major evolution of the wedge in
western Alps and thus influenra the evolution of the adjacent foreland basins. In order to test
this influence, we discuss 1.vst order spatiotemporal relationship between ECM exhumation

and the tectonic sequ .z .~e onu infilling of the WAFB.

During late Eocene to early Oligocene times, an underfilled flexural basin was developed
ahead of the early collisional zone and was characterized by the deposition of turbiditic series
such as the Annot, Taveyannaz, Val d’Illiez and Saint-Disdier sandstones (e.g., Meckel et al.,
1996; Sinclair, 1997; Beck et al., 1998; Burkhard and Sommaruga, 1998; Figs. 11). Later
sediment supply from the upper plate gradually increased as the orogen relief also increased
(Bernet et al., 2009; Ford and Lickorish, 2004; Jourdan et al., 2012). The transition from the

previous underfilled conditions to overfilled conditions is slightly diachronous along the



foreland basin (Sinclair, 1997) and occurred from early Rupelian (33.9 Ma) to middle-late
Rupelian within the Lower Marine Molasse. At that time, all ECMs of the western Alpine arc
attained their thermal peak, which was synchronous to distributed crustal shortening, as
shown by dated ductile deformation in the European basement (e.g., Rolland et al., 2008;

Simon Labric et al., 2009; Sanchez et al., 2011; Bellanger et al., 2015).

a. Chattian (28-26 Ma) b. Chattian (25-23 Ma) c. Burdigalian (18-16Ma)

Figure 13: Exhumation map and -cXinentary record of the western Alpine collisional wedge.
(a) Early Chattian period during the molasse transition stage with a quite cylindrical foredeep
shape (28-26 Ma), (b) wc~te Chattian period (25-23 Ma), (c¢) Burdigalian period with

segmented molassic basn. (18-16 Ma). This map was modified after Bousquet et al. (2012).

5.3.1. Early exhumation of ECM (28-18 Ma).

During deposition of the Lower Freshwater Molasse (ca. 28 - 18 Ma), the western ECMs (i.e.,
Pelvoux, Grandes Rousses and Belledonne) started to be exhumed, at around 25-27 Ma (Figs.
9, 11 and 13a, b), with a slow exhumation rate (Fig. 9) while the northern ECMs were still at

their thermal peak (e.g., Boutoux et al., 2016).



The progressive onlap and growth strata within Chattian deposits in the Plateau des Bornes
basin (Fig. 4) suggest that it was a piggy-back basin at around 25 Ma, hence during the initial
stages of cooling of the western ECM basements (Fig. 4). At this time, subsidence of the
basin most likely increased (Burkhard and Sommaruga, 1998), controlled by frontal thrusts
(Fig. 4). During this period (i.e., Chattian - Aquitanian), the WAFB geometry changed from a
quite cylindrical foredeep shape along the orogenic wedge (i.e. Eocene to early Oligocene
times) to a segmented one, having distinct sub-basins (see also Berger et al., 2005; Charollais
et al., 2007). While the NAFB was being filled by mega-alluvi=! ta.>s (e.g., Sinclair and Allen,
1992; Berger, 1996; Schlunegger et al., 1997; Sinclair, 19%/, Beck et al., 1998; Figs. 11 and
13a, b), the preserved WAFB display continental dep2sits showing distal river systems
(Berger, 1996; Beck et al., 1998). Thus, the proxime! port of the WAFB sedimentary system
is probably not preserved. The orogenic wedy: was progressively growing and delivered
important sediment supply from main scurc:s located in the Internal Zone (Mange-Rajetzky
& Oberhansli, 1986; Mange-Rajetzky ¢ Oberhansli, 1982; Bernet et al., 2001; Jourdan et al.,

2012; Fauquette et al., 2015).

The WAFB south of Chamb.vv s less continuous and less documented (e.g., Ford et al.,
2006), especially in the */ercors - Devoluy area (Fig 13). Surprisingly, only few evidences of
Oligocene molassic basin between the ones of Devoluy and Savoy basin are preserved at the
front of South Belledonne. A possible hypothesis for the absence of such deposits would be
that such basin existed, but was later incorporated into the wedge and completely removed

during the Miocene formation of the Vercors/Chartreuse fold-and-thrust-belt.

Alternatively, as the Pelvoux massif, and possibly, the Grandes Rousses and the South
Belledonne massif started to be exhumed at 27-25 Ma, probably by activation of a crustal
ramps at their base, also suggested by the unconformity at the base of the lower St-Disdier

sandstones (Meckel et al., 1996). If such ramps initiated, it may have induced an early



formation of the fold-and-thrust-belt, although not evidenced yet, and no-, or only very small,
Chattian - Aquitanian deposits. This would explain why only very scarce Chattian -

Aquitanian deposits are observed below the Burdigalian ones (see in Kalifi et al., 2020).

Within the WAFB, including the Devoluy basin, deformation of the orogenic wedge was
mainly accommodated by frontal basement accretion which led to small, thin and segmented
molasse basins characterized by a pronounced west-directed migration (Fig. 12a). This is
compatible with the amount of crustal shortening which is 2 » 3 times inferior in the west
(Pelvoux and Belledonne massifs; Bellahsen et al., 2014 and refe ‘ences therein) compared to

the north (Aar massif).

In the northern part of the Western Alps, the Penninic “rust was active during the Chattian —
Aquitanian (as shown by the Prealps overthrustir.g *he NAFB Oligocene deposits and Ar-Ar
ages on white micas, D, and D3 events & 27 19 Ma in Cardello et al., 2019), and the Internal
Crystalline Massifs (e.g., Gran Paradi.'n) and Austro-Alpine basement (e.g., Sesia) were still
being exhumed, as shown by LT cernochronological data (see Malusa et al., 2005 and
references therein) (Fig. 13a, '). r"'rthermore, the orogenic wedge was deformed mainly by

basement unit underplating (~.g. Bukhard and Sommaruga, 1998) (Fig. 12b).

5.3.2. Faster exhumatior of ECM (post-18 Ma)

This period corresponds to the onset of the second mega-sequence during which the ECMs
cooled at higher rates in the West and in the North (Figs. 9, 10, 11 and 13c). It is noteworthy
that this initial phase of exhumation was much slower and most probably characteristic of the
transition between the distributed mode of shortening and the localized one. We propose that
such transition ended at around 18 Ma and that true localized accretion started. Localized

accretion with crustal ramps implies a more localized exhumation in the hanging wall ramps.



During the Burdigalian (20-16 Ma), the sea invades the WAFB and NAFB (Upper Marine
Molasse) from the Gulf of Lion, migrating northward through the Valence graben (e.g.,
Rubino et al., 1990; Ford et al., 2004). Burdigalian deposits record a reactivation of
subsidence combined with higher eustatic sea-level (e.g., Berger, 1996; Beck et al., 1998).
Syn sedimentary flexure and thrusting is reported in WAFB during Burdigalian (Beck et al.,

1998).

When the ECMs were incorporated into the collisional wedge, the foreland flexure and basin
subsidence rates increased, resulting in westward migration, deeyening and widening of the
basin as recorded by Burdigalian deposits (Rubino et al., 1290: Kuhlemann and Kempf, 2002;

Berger et al., 2005).

Thus, the generalized onset of rapid exhumatini ‘n the ECM (mainly w-verging structures as
well as back-thrusting in the Mont Ble.ic ind Aar massifs) and the related crustal ramps
apparently controlled the first order seimentary sequence of the molasse basin and may have
facilitated the north-eastward migratic n of the Burdigalian marine transgression (Figs. 11 and
13c). Furthermore, the config'.raticn of the flexural basin pursues to more segmented and

individualized basins (Fig. .3c).

The rapid exhumation of ."CM from 18 Ma is also probably providing a large sediment flux to
the foreland. Deposition of Gilbert-type deltas at the front of the Chartreuse massif in the
Chambery area (Kalifi et al., 2020) and conglomerates in the Voreppe area (Demarcq, 1962)
attest for high sediment fluxes. Transition between Upper marine molasse and Upper fresh
water molasse occurs around 16 Ma (Burdigalian - Langhian boundary) in Savoy basin may
be a consequence of an increasing sediment flux from the ECM, not counterbalanced by

subsidence.

6. Conclusion



Our new RSCM data show that the temperature peak reached by the BD cover units was close
to 350 °C. Thermal modelling of our thermochronological data compiled with published data
suggests that cooling initiated in the southern BD and GR massifs at around 27 Ma +/—1 Ma
coevally with other ECMs located further south (Pelvoux and Argentera massifs). During this
time, thrusts were active in the WAFB. Toward the North, in the northern BD massif, cooling
started at 18 Ma +/—1 Ma coeval with other northern ECMs (Mont Blanc, Aiguilles Rouges
and Aar massifs). At this time, exhumation was more rapid, possibly attesting for the activity
of crustal ramps all around the Western Alps. Thickening and shctening of the internal and
external zones controlled the flexural subsidence; evolutic.i > tne ECM is probably the main
driver of the complex interplay between subsidence ann _~dimentary flux that is revealed by
the main sedimentary sequences in the WAFB. Fina.\. differences in modes of tectonic
accretion between underplating in the northert, Wastern Alps and frontal accretion in the
southern parts of the arc could explain ¢ e t.ansition from a large (unique) molasse basin in

the north to segmented small molasse Lo<ins in the west.
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Supplementary material (DOI: 10.6084/m9.figshare.14216912)

Table 1: Raman spectroscopy of carbonaceous material data. GPS coordinates in WGS84
system, number of spectra (n), mean R2 ratio (Beyssac et al., 2002a) or RA1 ratio (Lahfid et
al., 2010) reliant on best fit during post-processing using the software PeakFit following the
methods described in Beyssac et al. (2002b) and Lahfid et al. (2010) with corresponding
standard deviation, and calculated temperature with standard error (SE). Standard error is the
standard deviation divided by Vn. The absolute error on temper ture is +50 °C (Beyssac et al.,
2002b). (a) Method from Lahfid et al. (2010) and (b) Method fron Beyssac et al. (2002b). For
very disordered graphitic carbon that is found in least meamorphosed rocks, we assign T <

200 °C.

Table 2: Zircon fission-track data from Bellec~anv, and Grandes Rousses massifs, western
Alps. All samples were counted at 1250 x d'y (x 100 objective, 1.25 tube factor, 10 oculars)
by J.B. Girault using a zeta (IRMMx-*1) of 120.42 + 3.23 (+ 1SE); all ages are reported as
central ages (Galbraith and Laslett. L€9%). GPS coordinates in WGS84 system. Massif: NBDi
= North Belledonne internal tit; *BDe = North Belledonne external unit, CBD = Central
Belledonne, SBD = South E~llenonne, GR =Grandes Rousses; N = number of grains counted;
ps = spontaneous track de..ciy; pi = induced track density; Ng, Ni = number of tracks counted
to determine the reported track densities; P(x?) = Chi-square probability that the single grain

ages represent one population.

Table 3: Apatite fission-track data from Belledonne massif, western Alps. All samples were
counted at 1250 x dry (x 100 objective, 1.25 tube factor, 10 oculars) by M. Balvay using a
zeta (CN-5) of 273.35 + 12.05 (+ 1SE); all ages are reported as central ages (Galbraith and
Laslett, 1993). Latitude and Longitude in WGS84 reference frame. Massif: NBDi = North

Belledonne internal unit; NBDe = North Belledonne external unit, CBD = Central



Belledonne, SBD = South Belledonne, GR =Grandes Rousses; N = number of grains counted;
ps = spontaneous track density; p; = induced track density; Ns, Ni = number of tracks counted
to determine the reported track densities; P(x?) = Chi-square probability that the single grain

ages represent one population.

Table 4: (U-Th-Sm/He) on zircons data (ZHe) from Belledonne and Grandes Rousses
massifs, western Alps. Latitude and Longitude in WGS84 reference frame. Massif: NBDi =
North Belledonne internal unit; NBDe = North Belledonne =vternal unit, CBD = Central

Belledonne, SBD = South Belledonne, GR =Grandes Rousses

Supplemental data 1: Age/elevation distribution of the .ermochronological data (AFT, ZHe
and ZFT) from (e) North External Belledonne (dark hiw. = dots), (f) North Internal Belledonne
(light blue dots) and (g) South Belledonne " ellow dots). One elevation range of LT
thermochronological data was selected ». ~1300m with, when possible, ZFT, ZHe and AFT
data for thermal inversion modelling. (1) Grandes Rousses (purple dots) with full range scale.

South Belledonne and Grandes Rouss 's: AFT data from Sabil (1995).

Supplemental data 2: Ther.mai histories modelled with HeFTy software for the (e) North
Belledonne external unit a. ~1800m, (f) North Belledonne external unit at 1800m and (g)
South Belledonne massit it ~2200m. T-t paths are statistically evaluated and categorized by
their value of goodness of fit (GOF). ‘Acceptable’ results, in green, correspond to a 0.05 GOF

value and ‘good’ results, in purple, correspond to 0.5 GOF (Ketcham, 2005).

Supplemental data 3: Age/elevation distribution of zircon fission-track (ZFT) ages available
for Aiguilles Rouges (Soom, 1990) and Mont Blanc (Glotzbach et al., 2011): gray diamond-
shaped, Belledonne (this study): orange circle, Pelvoux — Meije massifs (van der Beek et al.,
2010): yellow square, Grandes Rousses (this study): pink circle and Argentera (Bigot-Cormier

et al., 2002): grey square.
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Insight into External Crystalline Massifs cooling / exhumation during the Oligo-Miocene

period.
ZFT ages range between 15-20 Ma, ZHe ages between 5-12 Ma, AFT ages between 2-10 Ma.

South ECMs record an early and slow exhumation at ca. 27 whereas North ECMs record a

rapid exhumation at ca. 18 Ma
18 Ma correspond to the end of the transition period between distributed and localised

shortening



