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a b s t r a c t In the Western Alps, the External Crystalline Massifs (ECM) are key places to investigate the kinematics and thermal structure of a collisional crustal wedge, as their paleo-brittle/ductile transition is now exhumed at the surface. New (U–Th–Sm)/He data on zircon and new Raman Spectroscopy on Carbonaceous Material (RSCM) data from the Aiguilles Rouges and the Mont Blanc massifs, coupled to HeFTy thermal modeling, constrain the thermal evolution and exhumation of the massifs. In the cover of the Aiguilles Rouges massif, we found that the maximal temperature was about 320 °C (+/−25 °C), close to the maximal temperature reached in the cover of the Mont Blanc massif (~350 °C +/− 25 °C). We show that, after a fast heating period, the thermal peak lasted 10–15 Myrs in the Mont Blanc massif, and probably 5–10 Myrs in the Aiguilles Rouges massif. This thermal peak is synchronous with crustal shortening documented in the basement. (U–Th–Sm)/He data and thermal modeling point toward a coeval cooling of both massifs, like other ECM, at around 18 Ma +/−1 Ma. This cooling was related to an exhumation due to the initiation of frontal crustal ramps below the ECM, quite synchronously along the Western Alps arc. © 2016 Elsevier B.V. All rights reserved.



1. Introduction Crustal and lithospheric rheology drives the interactions between the structural and the thermal evolution of collisional wedges. Building realistic models of crustal wedge evolution therefore requires a detailed knowledge of thermal evolution through space and time. Thermobarometric, thermochronological, and geochronological data are key constraints for such an analysis. In the Western Alps (Fig. 1), a wealth of data is available to discuss shortening and cooling sequences. During the collision, the proximal part of the European margin and its inherited structures were partially underthrusted, hence buried under the internal Penninic units (e.g., Bellanger et al., 2015). In the external zone below the Penninic Frontal Thrust, the External Crystalline Massifs (ECM) consist of basement units exposing the Alpine Oligo-Miocene brittle–ductile transition of the European crust (Fig. 1). Thus, they constitute key places to study the crustal evolution of the Alpine collisional wedge as they provide insights into processes operating at mid-crustal levels. ⁎ Corresponding author at: Université Pierre et Marie Curie, ISTeP, UMR 7193 UPMCCNRS, Case 129, T46-00, 2eme étage, 4 place Jussieu, 75252 Paris cedex 05, France. E-mail address: [email protected] (A. Boutoux).



http://dx.doi.org/10.1016/j.tecto.2016.06.010 0040-1951/© 2016 Elsevier B.V. All rights reserved.



The geometry of the Alpine collisional wedge can be partly constrained South of the Aiguilles Rouges and the Mont Blanc massifs thanks to the ECORS proﬁle (e.g., Nicolas et al., 1990; Guellec et al., 1990). Moreover, the amount of thermochronological (e.g., Glotzbach et al., 2008, 2011), geochronological (Leloup et al., 2005; Rolland et al., 2008; Cenki-Tok et al., 2013; Egli et al., 2016), and thermobarometric data (Rolland et al., 2003; Rossi et al., 2005) now provide a good understanding of the pressure and temperature (P–T) peaks and cooling history of the Mont Blanc massif. Yet, West of the Mont Blanc massif, in the Aiguilles Rouges massif, both P–T peak and cooling history are still unconstrained. Therefore, the sequence of shortening and exhumation in the Alpine crustal wedge is still debated. For some authors, Mesozoic inherited syn-rift basins in the ECM were inverted with “thick-skinned” shortening style (e.g., the Oisans basins, Butler et al., 2006; Bellahsen et al., 2012, 2014; Boutoux et al., 2014; Bellanger et al., 2014, 2015; the Morcles nappe, Escher et al., 1993; Burkhard and Sommaruga, 1998). For others, the ECM cover was shortened with a “thin-skinned” style before stacking of basement units (Leloup et al., 2005). These two models have opposite implications in terms of rheology as shortening style may be controlled by inherited lithosphere thermicity (e.g., Mouthereau et al., 2013). It is therefore of primary interest to acquire new high-resolution constraints on the thermobarometric
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Fig. 1. Geological map of the Alpine western arc external units, highlighting the basement of the European proximal margin (the External Crystalline Massifs) and the sedimentary cover of its inherited basins (the Oisans basins, the Mont-Joly nappe, the Morcles nappe and the Doldenhorn nappe).



evolution of both the cover and the basement of tectonic units in the External Crystalline Massifs. Recently, Bellanger et al. (2015) showed that the Oligocene temperature peak in the external southwestern Alps (Oisans massif) was quite constant over half the width of the collisional wedge (around 75 km). In the external northwestern Alps, the lack of thermobarometric data in the Aiguilles Rouges massif does not allow us to decipher the OligoMiocene thermal structure. In this contribution, we provide new Raman Spectroscopy on Carbonaceous Material (RSCM) thermometric data to document the thermal peak reached by the Aiguilles Rouges and the Mont Blanc massifs. Moreover, we also obtained new LowTemperature (LT) thermochronological data ((U–Th–Sm)/He on zircon, ZHe) on basement rocks from both the Aiguilles Rouges and the Mont Blanc massifs to constrain the cooling/exhumation history. Ultimately, the combination of these new data with already published ones provides a better understanding of the thermo-tectonic behavior of the crust during continental collision in Alpine-type orogens. 2. Geological setting The Mont Blanc and the Aiguilles Rouges massifs (Figs. 1, 2) are parts of the External Crystalline Massifs. Both massifs consist of early Paleozoic paragneiss, orthogneiss and migmatites (e.g., Frey et al., 1999; von



Raumer and Bussy, 2004) dated at 453 Ma +/− 3 Ma in the Mont Blanc massif (U\\Pb dating on zircon, Bussy and von Raumer, 1994). During the Late Carboniferous, they were intruded at mid-crustal level by magmatic bodies (von Raumer et al., 2009). The Mont Blanc granite is a mobile calc-alkaline anatectic batholith emplaced at 304 Ma (Bussy and von Raumer, 1994). In the Aiguilles Rouges massif and in the western part of the Mont Blanc massif, the Vallorcine and the Montenvers vertical sheet-like intrusions are emplaced synchronously at 306 +/− 1.7 Ma (Brändlein et al., 1994; Bussy et al., 2000). The Mont Blanc massif forms a pop-up structure, bounded by two main tectonic features: the Mont Blanc Shear Zone (MBSZ) on its northwestern part and the Mont Blanc Back-Thrust (MBBT) on its southeastern part (Leloup et al., 2005; Rolland et al., 2008; Egli and Mancktelow, 2013) (Fig. 3). The inner part of the massif is structured by narrow (1–50 m), steep and transpressional (dextral) alpine shear zones separating lower strain domains (100–500 m). The shear zones are arranged in a fan-like geometry (Bertini et al., 1985) and oriented in two conjugate N–S to NE–SW sets with striae-lineations featuring horizontal NW–SE compression with a component of dextral strikeslip movement (Rolland et al., 2003, 2008; Rossi et al., 2005). Alpine P–T peak in the Mont Blanc massif is estimated at 5 +/−0.5 kbar and 400 +/− 25 °C from thermobarometric analysis of syn-kinematic phases in alpine shear zones (Rolland et al., 2003; Rossi et al., 2005).
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Fig. 2. Geological map of the Mont Blanc and Aiguilles Rouges basement massifs area and cross-section of the Mont Blanc massif with the thermochronological (ZFT, AFT, AHe; Rahn, 1994; Seward and Mancktelow, 1994; Fügenschuh and Schmid, 2003; Leloup et al., 2005; Glotzbach et al., 2008, 2010) and direct dating (40Ar/39Ar; Leloup et al., 2005; Rolland et al., 2008) data available in literature, as well as ZHe and Raman data from this study.



Two stages of deformation and ﬂuid–rock interaction are recorded in the massif (see Rolland and Rossi, 2016 for a synthesis). The oldest shear zones (stage 1) are dated at 29–30 Ma (Fig. 2) constrained by U\\Pb dating (Cenki-Tok et al., 2013). These shear zones were formed during or at the end of the ECM burial like in the Oisans-Pelvoux Massif (Fig. 1, Simon-Labric et al., 2009; Bellanger et al., 2015). More recent shear zones (stage 2) are dated mostly from 22 Ma to 14 Ma (Fig. 2;



40 Ar/39Ar dating, Rolland et al., 2008), and horizontal veins are dated between 15 and 11 Ma (40Ar/39Ar dating of adularia; Rossi and Rolland, 2014). Exhumation is recorded in the Mont Blanc massif by LT thermochronological data: zircon ﬁssion track (ZFT) ages are between 11.2 Ma and 16 Ma (Fig. 2; Seward and Mancktelow, 1994; Fügenschuh and Schmid, 2003; Glotzbach et al., 2011); apatite ﬁssion track (AFT) ages are between 1.8 Ma and 6.8 Ma (Fig. 2; Soom, 1990;
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Fig. 3. Cross-section of the Aiguilles Rouges and Mont-Blanc massifs (see Fig. 2 for location). Dots indicate the location of samples used in this study.



Seward and Mancktelow, 1994; Fügenschuh and Schmid, 2003; Leloup et al., 2005; Glotzbach et al., 2008); (U\\Th-Sm)/He on apatite (AHe) ages range from 1.4 Ma to 6.4 Ma (Fig. 2; Glotzbach et al., 2008). In the Aiguilles Rouges massif, P–T peak is dimly constrained although ﬂuid inclusion studies of parautochonous cover of the massif indicate a minimal temperature about 275 °C (Mullis, 1975). Only few LT thermochronological data are available on the Aiguilles Rouges massif: one ZFT age is at 17.2 Ma (Soom, 1990), while others are non reset (Vernon et al., 2008); AFT ages range between 3.1 Ma and 8.9 Ma (Fig. 2; Rahn, 1994; Seward and Mancktelow, 1994; Leloup et al., 2005); AHe ages are between 4.4 Ma and 6.7 Ma (Fig. 2; Valla et al., 2012). Small alpine shear zones are observed in the northern part of the massif. The youngest ones are dated at 14–18 Ma, constrained by 40Ar/39Ar dating (Egli, 2013) and the oldest one are dated at 30 Ma (Rb\\Sr dating, Egli et al., 2015). The Morcles nappe is usually interpreted as the cover of the Mont Blanc massif (Escher et al., 1993) and is composed of Triassic to Cretaceous metasedimentary rocks (Fig. 2). This nappe is a large recumbent anticline, presenting a highly sheared reverse limb (Ramsay et al., 1983) over the Aiguilles Rouges massif. For most authors, the reverse limb shear zone thus roots in the Chamonix syncline (Escher et al., 1993; Bauville et al., 2013), interpreted as an inverted inherited synrift basin (Steck et al., 1997; Burkhard and Sommaruga, 1998; Boutoux et al., 2014). Alternatively, the Morcles nappe may root East of the Mont Blanc massif (Leloup et al., 2005). Further South, the Mont Joly nappe (Fig. 2) is interpreted as the southern equivalent of the Morcles nappe, rooting in the Chamonix inherited basin (Epard, 1990; Bellahsen et al., 2014). The North Alpine Foreland Basin (NAFB, Fig. 1; Sinclair, 1997; Ford et al., 2006) developed during Oligo-Miocene times. This molasse basin was deformed by thrusts linked to basement ramps below the Aiguilles Rouges massif (Burkhard and Sommaruga, 1998). During late Miocene times, the youngest alpine thrusts initiated below this massif, propagated below the NAFB in the Triassic evaporites and activated the Jura fold-and-thrust-belt (Becker, 2000). The Jura décollement and the NAFB were subsequently deformed by later high-angle basement thrusts related to inversion of Permo-Carboniferous basins (e.g., Lacombe and Mouthereau, 2002 and references therein). Because of the lack of thermochronological data in the Aiguilles Rouges massif, the sequence of shortening is still debated. Leloup et al. (2005) proposed that the Aiguilles Rouges massif was exhumed ﬁrst and that the Mont Blanc massif was emplaced later and out-ofsequence. However, Burkhard and Sommaruga (1998) suggested that the initiation of the basement thrusts occurred in-sequence. One goal of this contribution is to document the thermal peak and cooling of both the Aiguilles Rouges and Mont Blanc massifs in order to better



constrain the shortening and exhumation sequence during the Alpine collision. We used Low Temperature thermochronology, (U–Th–Sm)/ He on zircon (ZHe) to obtain data currently not available in the Mont Blanc and Aiguilles Rouges massifs. The ZHe system closure temperature (140–195 °C, Reiners et al., 2002) ranges between the AFT (95– 160 °C, Gallagher et al., 1998) and the ZFT system closure temperatures (300–220 °C, e.g. Rahn et al., 2004; Garver et al., 2005; Bernet, 2009). Thus, ZHe data will further constrain the thermal evolution of the Mont Blanc and the Aiguilles Rouges massifs between 220 °C and 160 °C. Moreover, we obtained data with the Raman Spectroscopy of Carbonaceous Material methodology (RSCM) to constrain the thermal peak of the sedimentary cover of both Aiguilles Rouges and Mont Blanc massifs. 3. Methodology 3.1. Raman spectroscopy on carbonaceous material thermometry Sampling for RSCM thermometry analysis was performed in the metasedimentary cover of both the Aiguilles Rouges and the Mont Blanc massifs in several areas distributed around the massifs (Figs. 2, 3). The metasedimentary cover consists of meta-marls rich in carbonaceous material (CM), from 0.1 to 4%, which permits the use of RSCM thermometry to estimate the maximal temperature attained by these rocks, indicated by the degree of graphitization of the CM. With burial, heating, and subsequent metamorphism, the structure of CM trapped in these sediments gradually evolves toward graphitelike stable structures (Yui et al., 1996). This graphitization of CM is an irreversible process that therefore records the maximum temperature (Tmax) experienced by the rocks during a P–T loop (Beyssac et al., 2002a, 2002b). The RSCM is based on the quantitative determination of the degree of graphitization of CM, measured from Raman Spectra (RS), which is a reliable indicator of metamorphic peak temperature. In a spectral window from 700 to 2000 cm− 1, the RS can be divided into a graphite band (G) and defect bands (D1, D2, D3, D4). The relative area of these bands reﬂects the degree of graphitization. It can be quantiﬁed using the R2 parameter, deﬁned as the relative area of the main defect bands (R2 = D1/(G + D1 + D2)) (Beyssac et al., 2002b). These authors proposed an empirical thermometer, which links R2 to Tmax for a temperature range of 330 to 640 °C with an intrinsic calibration error of 50 °C. At lower temperature (200–350 °C), the D3 and D4 bands are well developed. In this case, Tmax can be estimated using the RA1 parameter (RA1 = (D1 + D4)/(G + D1 + D2 + D3 + D4)), with an intrinsic calibration error of 25 °C (Lahﬁd et al., 2010). Raman spectra were obtained using a Renishaw InVIA Reﬂex microspectrometer (IMPMC, UPMC, France). Before each session, the
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spectrometer was calibrated with a silicon standard. We used a 514 nm Laser Physics argon laser in circular polarization and measurements were done on polished thin sections, following the analytical procedures described in Beyssac et al. (2002b, 2003) and Lahﬁd et al. (2010). 377 spectra were obtained on 28 samples (12 to 15 spectra per thin section) in extended scanning mode (700–2000 cm−1). RS were post-processed using the software PeakFit, following the ﬁtting procedures of both Beyssac et al. (2002b, 2003) and Lahﬁd et al. (2010). As our samples obviously experienced a Tmax in the overlap range of both thermometers, Tmax was determined for each sample from the mean peak ratio (R2 or RA1) calculated from the 12 to 15 spectra obtained for this sample, with the procedure giving the best ﬁt.



(CRPG, Nancy, France). Zircon crystals and the opened Pt capsules were fused into Pt crucibles with ultra-pure LiBO2 and B(OH)3 for 2 h at 990 °C. The crucible, capsules and zircon samples were digested during 12 h before inductively couple plasma mass-spectrometer analysis (Vacherat et al., 2014; Tibari et al., 2016). The overall precision of He ages determined with this procedure is within 5–6% (1σ). Zircons with He content less than 1.10−13 mol and those for which U concentration in the solution is less than 100 ppb after blank correction were not considered for this study. Zircon ages were corrected for α-ejection (FT) following Ketcham et al. (2011).



3.2. (U–Th–Sm)/He low temperature thermochonology



4.1. Thermometric and thermochronological data



Samples for ZHe thermochronology (Figs. 2, 3) consist of granites and gneisses that were collected in the southern part of the Aiguilles Rouges massif, in the western part of the Mont Blanc massif and in the Mont Chétif (Southeast of the Mont Blanc massif). In the Aiguilles Rouges massif, samples were collected along three different proﬁles (Brevent, Pormenaz and Prarion). The Brevent and the Pormenaz samples are aligned on a NW–SE section corresponding to the Mont Blanc tunnel (Fig. 2) between 1000 and 2200 m (Fig. 3). The Prarion samples are located on the southernmost part of the Aiguilles Rouges massif (Fig. 2) between 800 and 1800 m (Fig. 3). Helium extraction and analyses were performed at the noble gas laboratory of the CRPG (Nancy, France). Zircon crystals were handpicked under binocular lens taking into account morphology, size and purity. Two or three single-grain replicates per sample were loaded into Pt capsules, degassed by oven at about 1500 °C during 20 min and analyzed for He concentrations with a VG-603 noble gas mass spectrometer (Pik et al., 2003; Godard et al., 2009; Tibari et al., 2016). U–Th–Sm content measurements were then carried out at the SARM



Results of the RSCM are presented in Table 1 and Figs. 2 to 4 and show Tmax ranging from 229 to 387 °C. In details, Tmax ranges between 333 and 385 °C in the Chamonix syncline (Figs. 3, 4), between 265 and 301 °C in the North of the Aiguilles Rouges massif (Fig. 2), between 344 and 351 °C in the southern Aiguilles Rouges massif (Fig. 2), and between 229 and 320 °C in the cover West to the Aiguilles Rouges massif (with a clear NW–SE gradient) (Figs. 2, 4). Thus, above and around the Aiguilles Rouges massif, Tmax is rather constant, about 320 °C with a +/− 25 °C dispersion (Figs. 3, 4A). East of the Mont Blanc massif, the Tmax range is between 320 °C and 387 °C similar to the Tmax range to the West of the massif (Figs. 3, 4A, B). Therefore, around the Mont Blanc massif, Tmax is about 350 °C with a +/− 30 °C dispersion (Fig. 4A, B). ZHe analyses are presented in Table 2 and associated ages are plotted on Figs. 2 to 5. Ages from the three sampling areas are quite similar: from 5.8 to 7.9 Ma for Brevent samples, 3.9 to 6.4 Ma for Prarion samples, and from 5.9 to 6.7 Ma for Pormenaz samples (Figs. 2, 3, 5). Prarion samples reveal ages increasing with elevation; Pormenaz samples also display a positive age/elevation relationship with a similar trend



4. Results and interpretation



Table 1 Raman spectroscopy of carbonaceous material data. The choice between the RA1 ratio of Lahﬁd et al. (2010) and the R2 ratio of Beyssac et al. (2002b) depends on best ﬁt within Raman spectra. Spectra were post-processed using the software PeakFit following the methods described in Beyssac et al. (2002b) and Lahﬁd et al. (2010). (n) is the number of spectra used to calculate the mean ratio (RA1 or R2) and the standard deviation (sdv). The absolute error on temperature is ±50 °C for the Beyssac et al. (2002b) method and ±25 °C for the Lahﬁd et al. (2010) method.



MB11-43 ALP14-23 ALP14-24 ALP14-26 ALP14-28 ALP14-29 ALP14-33 ALP14-35 ALP14-36 MB14-2 MB14-7 ALP14-18 ALP14-21 ALP14-02 ALP14-05 ALP14-06 ALP14-07 ALP14-07b MB14-21 MB14-23 MB14-47 ALP14-08 ALP14-10 ALP14-11 ALP14-12 ALP14-14 ALP14-15 MB12-27 MB12-28 MB12-29



Latitude



Longitude



Unit



n



RA1/R2 Ratio



T(°C)



sdv (°C)



Method



45°55′46.6″ 45°55′23.3″ 45°55′23.3″ 45°55′23.3″ 45°57′24.5″ 45°57′24.5″ 45°59′23.8″ 45°54′19.7″ 45°54′19.7″ 45°55′45.1″ 45°56′41.2″ 46°00′17.7″ 45°59′54.9″ 45°51′50.0″ 45°51′50.0″ 45°52′12.3″ 45°52′12.3″ 45°52′12.3″ 45°52′19.4″ 45°52′36.1″ 45°50′48.9″ 46°10′47.6″ 46°10′93.6″ 46°11′09.8″ 46°11′09.5″ 46°11′09.5″ 46°11′09.4″ 45°47′57.75″ 45°48′46.52″ 45°48′10.94″



4°40′34.8″ 6°40′56.6″ 6°40′56.6″ 6°40′56.6″ 6°38′49.0″ 6°38′49.0″ 6°38′11.7″ 6°38′28.0″ 6°38′28.0″ 6°43′08.8″ 6°42′50.2″ 6°56′42.8″ 6°56′47.9″ 6°44′33.5″ 6°44′33.5″ 6°42′08.0″ 6°42′08.0″ 6°42′08.0″ 6°46′03.9″ 6°45′34.1″ 6°44′02.2″ 6°59′44.5″ 6°59′50.8″ 6°59′59.4″ 7°00′02.9″ 7°00′10.9″ 7°00′10.8″ 6°56′21.30″ 6°57′06.61″ 6°57′42.84″



Low.-mid. Ju. Low.-mid. Ju. Low.-mid. Ju. Low.-mid. Ju. Low.-mid. Ju. Low.-mid. Ju. Up. Ju.-Low.Cr. Mid. Ju. Mid. Ju. Low.-mid. Ju. Mid. Ju. Up. Ju. Low. Ju. Tr. Tr. Low. Ju. Low. Ju. Low. Ju. Low. Ju. Low. Ju. Up. Car. Up. Ju. Up. Ju. Up. Ju. Up. Ju. Up. Ju. Up. Ju. Low.-mid. Ju. Low.-mid. Ju. Low.-mid. Ju.



12 13 13 12 12 12 13 13 14 14 13 13 12 12 13 13 12 13 15 10 10 13 15 16 12 16 12 12 12 12



0.62 0.62 0.63 0.63 0.61 0.6 0.56 0.59 0.63 0.63 0.63 0.64 0.58 0.65 0.64 0.66 0.66 0.65 0.67 0.67 0.67 0.61 0.61 0.59 0.62 0.61 0.61 0.62 0.58 0.63



307 311 314 313 292 285 229 268 320 317 315 333 385 349 334 349 351 344 342 345 343 294 299 269 302 299 298 366 387 321



9 19 6 8 6 9 8 5 5 7 22 16 11 8 19 14 9 9 3 4 4 6 10 7 16 6 10 13 9 9



Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Beyssac et al. (2002b) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Beyssac et al. (2002b) Beyssac et al. (2002b) Beyssac et al. (2002b) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Lahﬁd et al. (2010) Beyssac et al. (2002b) Beyssac et al. (2002b) Lahﬁd et al. (2010)
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Fig. 4. Distribution of RSCM data. A. Temperature–distance distribution for all RSCM data on a NW–SE proﬁle parallel to the cross section direction presented in Fig. 3. Maximal temperature slowly decreases from SE (385 °C) to NW (269 °C). The red line (T = 320 °C) corresponds to mean RSCM value in the Aiguilles Rouges cover and the pink ﬁeld is the corresponding +/−25 °C data error (Lahﬁd et al., 2010). Maximal temperature data proﬁle is localized in B. B. RSCM data map distribution and maximal temperatures. C. Part of cross-section presented in Fig. 3 with projected RSCM data. Cross section is localized in B. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)



(Fig. 5A). The age/elevation relationship for the Brevent samples is not clear and suggests an unrealistic negative age/elevation relationship (Fig. 5A) with low-elevation samples older than high-elevation ones. The three sampling proﬁles (Brevent, Prarion and Pormenaz, Fig. 2) show the following ranges for eU distribution: from less than 150 ppm to about 1180 ppm for Brevent, from 180 to 790 ppm for the Prarion, and from 190 to 1130 ppm for Pormenaz (Fig. 5B). ZHe ages are pretty constant over these eU ranges. Except for two samples from Prarion, every sample yields a ZHe age similar or slightly older than the AFT ages given by samples located on the same area (Fig. 5B; Leloup et al., 2005; Seward and Mancktelow, 1994). The AHe samples from the North of the Aiguilles Rouges massif show an age distribution from 4.5 to 7.5 Ma (Valla et al., 2012), overlapping ZHe distribution ages (see Fig. 2 for location). The ZHe data from the Mont Blanc massif were sampled at similar elevation, between 2000 and 2500 m (Fig. 5A). ZHe ages range between 5.8 and 9 Ma; eU varies from 240 and 780 ppm. This age–eU relationship is very similar to the one for the Aiguilles Rouges massif ZHe data (Fig. 5B). 4.2. Thermal modeling These new ZHe data were combined with thermochronological data available in the literature in order to determine Temperature–time (T– t) paths for the Mont Blanc and the Aiguilles Rouges massifs. Thermal inversions were performed using the program HeFTy v.1.8.0 (Ketcham, 2005), which is based on the kinetic model of Guenthner et al. (2013) and He diffusion characteristics from Ketcham et al. (2011). In order to perform thermal inversions, of the Mont Blanc and the Aiguilles Rouges massif, we selected ZHe data from the same structural area (Fig. 6) and with similar elevations (Fig. 5). Then, we compute mean aliquot ages and eU for selected ZHe data and associate them to selected data from the literature as follow.



Most of literature data available for the Mont Blanc massif are located around the Mont Blanc tunnel (Fig. 2; Seward and Mancktelow, 1994; Leloup et al., 2005; Rolland et al., 2008; Glotzbach et al., 2008, 2011). Two of the ZHe ages were obtained in the Mont Blanc massif from samples close to the Mont Blanc tunnel (samples MBZ3 and MB12-19, elevation 2500–2600 m; Figs. 2 and 6) and were selected for the modeling of the Mont Blanc massif thermal history. As shown in Fig. 5B, ZHe ages are quite constant over the eU range. Therefore, we used mean age value for MBZ3 and MB12-19 ZHe data (Fig. 6), about 7.3 Ma (Fig. 5B) for the modeling of the Mont Blanc massif thermal history. In the Aiguilles Rouges massif, the data selected for thermal inversions were chosen because of their alignment along the NW continuation of the Mont Blanc tunnel (samples MBZ10 and MBZ14, elevation 2100–2500 m Figs. 2 and 6). As stated above, ZHe ages are quite constant over the eU range (Fig. 5B). We therefore used a mean age value of selected ZHe data, MBZ10 and MBZ14, about 6.4 Ma (Fig. 5B). Moreover, as the distribution of eU values is the same for the two massifs (Fig. 5B), we determined a single mean eU value, about 529 ppm, that we associate with the mean ages calculated for both the Aiguilles Rouges and the Mont Blanc massifs. This ensures that, in HeFTy, we consider the same ZHe system closure temperature for both massifs. Mean ZHe age/eU value determined for the Mont Blanc massif was combined in HeFTy with AFT, AHe and ZFT data from sample CGP22 located at an elevation of 2590 m, above the Mont Blanc tunnel (Fig. 6; Glotzbach et al., 2008, 2011). Mean age/eU value determined for the Aiguilles Rouges massif was combined in HeFTy with AFT data from sample ME131, located at an elevation of 2500 m (Figs. 5A, 6; Leloup et al., 2005). Note that AHe data available in the northern part of the Aiguilles Rouges massif (Valla et al., 2012) were impossible to combine with other thermochronological data because these ages are much older than AFT ages, which may be due to high eU content (see Valla et al., 2012). Therefore, those AHe data were not used in HeFTy thermal modeling.



Table 2 ZHe ages for samples from three Aiguilles Rouges proﬁles and for the Mont Blanc massif samples. See Fig. 2 for location. Ages are calculated following Ketcham et al. (2011). α-ejection (Ft) correction are calculated following Ketcham et al. (2011), and corrected from polishing following Reiners et al. (2007) considering an abrasion of 45 μm. e: excluded age.
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Mean corrected age (Ma) 6.9 7.8 7.1



7.2 6.2
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Fig. 5. A. Age/elevation distribution of the thermochronological data on the Aiguilles Rouges massifs (red dots) and on the Mont Blanc massif (blue dots) localized close to our ZHe samples. Aiguilles Rouges: AFT data from Rahn (1994) and (Leloup et al., 2005). Mont Blanc: ZFT, AFT and AHe data from Glotzbach et al. (2008, 2011) (see Fig. 2 for sample location). B. Age/eU distribution of the ZHe data from the Aiguilles Rouges massif (red dots) and from the Mont Blanc massif (blue dots). Double arrows are AHe, AFT and ZFT ages available on the Mont Blanc massif (in blue) and on the Aiguilles Rouges massif (in red) (Seward and Mancktelow, 1994; Rahn, 1994; Fügenschuh and Schmid, 2003; Leloup et al., 2005; Glotsbach et al., 2008, 2011; Valla et a., 2012). Two mean zircons (crossed circles), used in thermal modeling, are characterized by a mean eU value. This value is calculated from selected samples which are located close to the Mont Blanc tunnel and between 2100 and 2600 m. Those selected samples are MBZ10, MBZ14 for the Aiguilles Rouges massif and MBZ3, MB12–19 for the Mont Blanc massif (black arrows). See text for explanation. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)



In HeFTy, 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). ‘Acceptable’ results (Fig. 7) correspond to a 0.05 GOF value whereas ‘good’ results correspond to 0.5 (See Ketcham, 2005). A mean T–t path is also plotted (Fig. 7). Inverted thermal models for the Aiguilles Rouges massif are presented in Fig. 7A and B. In Fig. 7B, thermal inversion is further constrained by ZFT data from Soom (1990) with a constraint box characterized by a few Myrs duration (range of ZFT data from Soom (1990), 15.5–18.9 Ma) and a large temperature range (220–300 °C, closure temperature of ZFT system; e.g., Rahn et al., 2004; Garver et al., 2005; Bernet, 2009). Maximal temperature reached by the AR massif is constrained by mean temperature from RSCM analysis on the Aiguilles Rouges massif cover rocks (320 +/− 25 °C, see discussion for RSCM data interpretation). The oldest age for the Tmax in the Aiguilles Rouges massif is constrained by the age of the youngest sedimentary rocks deposited above the massif (Val d'Illiez sandstone formation, 32–29 Ma, Sinclair, 1997). The youngest age is constrained by both the activation around 18 Ma of the thrusts in the North Alpine Foreland Basin, which are connected to crustal ramps underneath the Aiguilles Rouges massif (Burkhard and Sommaruga, 1998) and the cooling initiation of the Morcles nappe at



15–17 Ma (Kirschner et al., 1995). Finally, Aiguilles Rouges massif thermal modeling (Fig. 7A and B) indicates that, whatever it is constrained by ZFT data (Fig. 7A) or not (Fig. 7B), cooling of the massif initiated around 18 +/− 1 Ma with a rather constant cooling rate, about 5– 10 °C Ma−1 from 16 Ma until 8 Ma (Fig. 7A, B). A higher cooling rate is suggested between 16 and 18 Ma (Fig. 7A), around 15–20 °CMa−1. However, this cooling rate is supported only by one data and thus should be considered with care. Around 8 Ma, the cooling rate increased to 20–25 °C Ma−1 (Fig. 7A, B). Because AHe data available in the northern part of the massif (Valla et al., 2012) could not be inverted with our dataset in HeFTy software, cooling path of the Aiguilles Rouges massif between 3 Ma and present remains speculative and is represented as similar to the Mont Blanc massif one (see below, Fig. 8). The inverted thermal history of the Mont Blanc massif (Fig. 7C) is also constrained by ZFT data from Glotzbach et al. (2010) (sample CGP22, Fig. 6). ZFT constraint box is characterized by a few Myrs duration (range of ZFT data from Glotzbach et al. (2010), 13.3–15.5 Ma) and a large temperature range (220–300 °C, closure temperature of ZFT system, e.g., Rahn et al., 2004; Garver et al., 2005; Bernet, 2009). Peak temperature is constrained from multiequilibrium analysis of syn-kinematic phases from alpine shear zones (400 +/− 25 °C, Rolland et al., 2003). The initiation of cooling is constrained by the youngest syn-kinematic phengites, dated by geochronological
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Fig. 6. Geological map with data selected for the thermal inversion with HeFTy software. All selected samples are close to the Mont Blanc tunnel and at similar elevation. In the Mont Blanc massif, the selected samples are in the Mont Blanc Shear Zone at elevation of 2500–2600 m (MBZ3 and MB12-19). In the Aiguilles Rouges massif, the selected samples are along a section corresponding to the NW continuation of the Mont Blanc tunnel at elevation about 2100–2500 m (MBZ10, MBZ14). Note the exception of the ZFT sample from Soom (1990), which is in the NE part of the Aiguilles Rouges massif.



40



Ar/39Ar data (Rolland et al., 2008). Cooling initiated around 16–20 Ma with a cooling rate around 30–35 °C Ma−1 until about 14 Ma, before slowing down at 10–15 °C Ma−1 from 14 to 8 Ma. Around 8 Ma, cooling rate strongly increased to 40–45 °C Ma−1 until 5–6 Ma before slowing down to 5–10 °C Ma−1.



4.3. Interpreted thermal histories Fig. 8, displays complete thermal paths for the Mont Blanc and the Aiguilles Rouges massifs interpreted from thermal inversions for the cooling phase and from the literature for the earlier phases. For the Mont Blanc massif, the cooling part of the thermal path has been redrawn following mean T–t path obtained in HeFTy software (Fig. 7C). Initiation of cooling is poorly constrained in HeFTy thermal inversion by a Timetemperature box (40Ar/39Ar dating of syn-kinematic phengite and thermobarometric analysis of syn-kinematic phases into alpine shear zone). Therefore, the thermal path of the Mont Blanc massif is simply redrawn through the center of the HeFTy constraint box (18 Ma, 400 °C).



For the Aiguilles Rouges massif, the cooling part of the thermal path has been redrawn following the mean T–t path from HeFTy (Fig. 7A) in order to take into account ZFT data from Soom (1990). The end of the thermal peak of the Aiguilles Rouges massif (320 +/−25 °C) was probably coeval with the age of activation of the Subalpine Molasse thrust connected to crustal ramps beneath the Aiguilles Rouges massif, i.e., at about 17–19 Ma (Burkhard and Sommaruga, 1998). This would imply a variation in the cooling rate at about 16 Ma (Fig. 8), but the thermal path between 16 and 20 Ma remains poorly constrained. Finally, the end of the cooling history (between 3 and 0 Ma) is also poorly constrained. Thus, the thermal path during this time interval was tentatively drawn as the Mont Blanc one.



5. Discussion 5.1. Thermal peak and thermal structure Around the Aiguilles Rouges (AR) massif, the RSCM maximum temperatures obtained on samples from metasedimentary rocks range
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5.2. Thermal peak duration and coeval shortening
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limited for the sake of along-strike structural consistency. Therefore, the Tmax of 320 +/−25 °C recorded in the cover rocks of the AR massif likely represents a lower bound for the Tmax of the underlying basement. In the Morcles nappe, i.e., the cover of the Mont Blanc (MB) massif currently located above the AR massif, oxygen isotopic fractionation data between quartz and calcite in textural equilibrium in veins provided temperatures about 350 +/− 30 °C (Fig. 8, Kirschner et al., 1995). This result is consistent with our RSCM data obtained in the Chamonix basin, located between the AR and the MB massifs, and east of the MB massif, at about 350 +/− 25 °C (Fig. 4). Thus, the thermal peak reached by the cover of the MB massif is consistent with the thermal peak of 400 +/− 25 °C determined in Alpine basement shear zones (Rolland et al., 2003) (Fig. 8). Moreover, in the cover of both the MB and AR massifs, peak temperatures are quite similar (350 °C and 320 °C, respectively with a +/−30 °C maximum dispersion) over 20–30 km from NW to SE (Figs. 2 and 4). Similar results were obtained in the Oisans massif further South, where RSCM peak temperatures for cover rocks are around 330 +/−25 °C (Fig. 8), constant over a distance of 75 km (Bellanger et al., 2015).



36



Fig. 7. Thermal histories modeled with HeFTy software. 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). A, B. Thermal history modeling for the Aiguilles Rouges massif. Inverted data are ZHe (see Fig. 5 for eU and age calculations) and AFT (sample ME131, Leloup et al., 2005). Inversion is also constrained by Tmax reached by the autochtonous cover of the massif (320 °C +/−25 °C, RSCM data, this study, see text for explanation). C. Thermal history modeling for the Mont Blanc massif. Inverted data are ZHe (see Fig. 5 for eU and age calculations), AFT and AHe data (CGP22 samples, Glotzbach et al., 2008). Thermal peak is constrained by multi-equilibrium analysis realized on syn-kinematic phases (Rolland et al., 2003) and dated by 40Ar/39Ar geochronology on syn-kinematic phengite (Rolland et al., 2008). In B and C, thermal inversions are also constrained by a ZFT data (14.4 Ma +/− 1.1 Ma, sample CGP22) from Glotzbach et al. (2010) and by ZFT data (17.2 Ma +/− 1.7 Ma) from Soom (1990), respectively. ZFT data are symbolized by a box deﬁned by ZFT closure temperatures about 220–300 °C (e.g., Rahn et al., 2004; Garver et al., 2005; Bernet, 2009) and age range. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)



between 265 °C and 351 °C and most fall close to 320 +/− 25 °C (red area, Fig. 4A). These metasedimentary rocks most likely represent the former cover of the AR massif (Escher et al., 1993; Escher and Beaumont, 1997). North of the massif (in Switzerland), the cover is not detached from the basement (Fig. 2, Ayrton et al., 1987). Even though a décollement is mapped in the southern part (Fig. 2, Leloup et al., 2005), we can safely consider that the displacement remained



In the MB massif, the onset of activation of the Alpine shear zones shortly post-dated the last sediments, the Tavayennaz sandstone formation, which was deposited above the massif between 32 and 34 Ma (Sinclair, 1997). Close to the Mont Blanc tunnel, P–T conditions and ages of deformation within several Alpine shear zones are available in the literature: thermobarometric data on syn-kinematic phases indicate equilibrium conditions at about 400 °C (Rolland et al., 2003; Rossi et al., 2005) and the corresponding syn-kinematic minerals were dated between 30 and 14 Ma (Rolland et al., 2008; Cenki-Tok et al., 2013; Egli et al., 2015). In veins, the P–T conditions of post-kinematic ﬂuid circulations (14–11 Ma, Rossi and Rolland, 2014) were estimated from quartz ﬂuid inclusions and chlorite thermometry at 300–350 °C and 2.5–3 kbar (Poty et al., 1974; Fabre et al., 2002; Rossi et al., 2005). Therefore, syn-kinematic mineral phases may have crystallized in shear zones from 30 Ma until 14 Ma under a relatively constant temperature of about 400 °C. Moreover, Glotzbach et al. (2011) obtained ZFT ages at about 14–15 Ma from samples in the central part of the Mont Blanc massif. This ZFT age indicates that the MB massif cooling initiated before 14 Ma. The MB massif therefore likely experienced a 10–15 Myrs long thermal peak at about 400 °C (Fig. 8). The youngest sedimentary rocks deposited above the Morcles nappe are dated at 29–31 Ma (Rufﬁni et al., 1993) and Kirschner et al. (2003) suggested a rapid burial and heating for the nappe. The Diableret thrust, located just above the Morcles nappe, accommodated most of its displacement early in its history around 28–30 Ma (Kirschner et al., 2003). In the normal limb of the Morcles nappe, syn-kinematic veins formed at 250 °C to 285 °C (Kirschner et al., 1995). In the highlysheared reverse limb of the nappe, syn-kinematic veins were continuously formed close to the peak temperature, whatever the vein generation, between 300 and 350 °C (Kirschner et al., 1995). Within the nappe, Burkhard and Goy-Eggenberger (2001) showed that isotherms for anchizone (200 °C) and epizone (300 °C) are less folded than the meta-sedimentary layers and dip toward the NW. Moreover, synkinematic phengites sampled in the sheared reverse limb of the nappe were dated between 30 and 15 Ma (Kirschner et al., 1995, 2003). All those results suggest that the nappe was deformed during its thermal peak, between 30–27 Ma and 15 Ma, before its exhumation and extrusion from its former basin (Fig. 9A, B). Extrusion may have slowly initiated at 23 Ma with the initiation of the MBSZ, though temperature was similar until 16–18 Ma (Fig. 9C, D). After this time period, cooling of the massif including the MBSZ may have been passive (Fig. 9E, F, G) as no or few ages of deformation are found in the MBSZ. Finally, this thermal history is consistent with the last
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Fig. 8. Complete temperature–time paths for the Mont-Blanc and Aiguilles Rouges massifs from our thermal modeling and geological constraints. Closure temperatures reported on the ﬁgure as double black arrows are: 300–220 °C for ZFT (e.g., Rahn et al., 2004; Garver et al., 2005; Bernet, 2009), 140–195 °C for ZHe (Reiners et al., 2002; Stockli, 2005, Guenthner et al., 2013), 95–160 °C for AFT (Gallagher et al., 1998), and 50–110 °C for AHe (Farley, 2000; Shuster and Farley, 2009). The onset of the burial, and heating, of the Mont Blanc and Aiguilles Rouges massifs is estimated from the deposition of Tavayennaz (36–32 Ma) and Val d'Illez (32–29 Ma) formations, respectively (Sinclair, 1997). Temperature peak in the Mont Blanc massif is estimated at 400 +/− 25 °C from thermobarometric analysis of syn-kinematic phases in alpine shear zones (Rolland et al., 2003; Rossi et al., 2005). The Aiguilles Rouges maximal burial temperature is determined from new RSCM data (320 +/− 25 °C). Cooling of both massifs is drawn following mean T–t paths modeled with HeFTy software. End of thermal peak and initiation of cooling is constrained for the Mont Blanc massif by the last ages of syn-kinematic phengite crystallization under maximum P–T condition (40Ar/39Ar dating, Rolland et al., 2008; multi-equilibrium analysis of syn-kinematic phases, Rolland et al., 2003). End of thermal peak and initiation of cooling is constrained in the Aiguilles Rouge massif by the activation of the Subalpine Molasse Thrust at 17–19 Ma, which is connected to crustal ramps localized beneath the AR massif (Burkhard and Sommaruga, 1998).



evidence of the major Helvetic thrust activity, slightly reactivated between 25 and 15 Ma and inactive after 15 Ma (Crespo-Blanc et al., 1995; Kirschner et al., 2003). Additionally, considering a 30 °C error on the thermometer used to deﬁne the crystallization temperature of the syn-kinematic vein minerals of the Morcles nappe reverse limb (Sharp and Kirschner, 1994; Kirschner et al., 1995), we can deﬁne a thermal peak close to 350 °C (Fig. 8), which remained almost constant between 27 and 15 Ma. It appears that the thermal history of the Morcles nappe is quite similar to the MB one (Fig. 8), which is consistent with the structural interpretation of synchronous deformation between the MB massif and the Morcles nappe, the latter being the cover of the former. The MB shear zones (30–14 Ma, see above) were active during the thermal peak and therefore, this massif was shortened without any signiﬁcant synchronous cooling (Fig. 8). Even the main shear zone of the MB massif, the Mont Blanc Shear Zone, which was active at least since 23 Ma (Rolland et al., 2008), did not signiﬁcantly exhume and cool down the massif until 17 Ma to 19 Ma (Fig. 7). In the northeastern part of the AR massif, Vernon et al. (2008) show that ZFT data were only partially reset and that they give ages inconsistent with the alpine collisional history. However, one ZFT data shows complete resetting (17.2 Ma; Soom, 1990; Vernon et al., 2008). This partial resetting of most ZFT ages in the AR massif is consistent with the peak temperature reached by the massif, about 310–320 °C (RSCM data, this study), i.e., just above the ZFT system annealing temperature (220–300 °C, e.g., Rahn et al., 2004; Garver et al., 2005; Bernet, 2009). In any case, the AR massif probably started cooling at 18 Ma +/− 1 Ma (Fig. 8). The youngest sedimentary rocks deposited above the AR massif, the Val d'Illiez sandstone formation, are Oligocene in age (32–29 Ma, Sinclair, 1997). Thus, two hypotheses can be made for the thermal history of the AR massif: (1) either it underwent slow heating (30 °C Ma−1) between 32 and 20 Ma and immediately began to cool at 18 +/− 1 Ma (Fig. 8) or (2) the AR massif underwent a fast



heating rate (60 °C Ma− 1) and experienced a long thermal peak (5– 6 Myrs) (Fig. 8). From the comparison between the two T–t paths presented in Fig. 8, the scenario (2) appears to be the most realistic. Indeed, the three units (i.e. the Aiguilles Rouges massif, the Mont Blanc massif and the Morcles nappe) can be restored in a similar structural position (Burkhard and Sommaruga, 1998) and thus should have recorded nearly similar thermal histories. Thus, following the continental subduction and exhumation of internal units, the initiation of the Alpine collisional phase was characterized by underthrusting of the ECM below the internal units (Fig. 9A). During this burial, the innermost Helvetic nappes (Diableret and Wildhorn nappes) were detached from their basement and stacked onto the Mont Blanc cover (future Morcles nappes; Fig. 9B). At the thermal peak, shortening occurred in the MB massif and Morcles nappe (Fig. 9C, D). A several Myrs long thermal peak was also documented in other ECM along strike. In the Oisans massif, a peak temperature of 330 +/− 25 °C was reached at 33 Ma and remained constant until 25 Ma (Bellanger et al., 2015), as for the Argentera-Mercantour massif (Sanchez et al., 2011). Further North, in the Aar massif, Challandes et al. (2008) proposed, from 1D thermal modeling, that temperature increased at around 40 °C My−1 from 33 to 25 Ma, before reaching a quite constant temperature during 5–10 Myrs.



5.3. Cooling and exhumation As shown before, cooling initiated around 18 Ma +/−1 Ma in the AR massif. According to our ZHe results and AFT data from Leloup et al. (2005), inverted together with HeFTy software and combined with only one ZFT age (Soom, 1990) and with RSCM peak temperature constraints (Fig. 7A, B), the cooling rate of the AR massif is quite constant from 16 Ma to 8 Ma, about 5–15 °C Ma−1 (Fig. 8).
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For the Mont Blanc massif, AHe, AFT and ZHe data (Leloup et al., 2005; Glotzbach et al., 2008; this study) were inverted with HeFTy software and combined with ZFT data (Seward and Mancktelow, 1994), 40Ar/39Ar geochronological data (Rolland et al., 2008) and thermobarometric data (Rolland et al., 2003) (Fig. 7C). T–t paths suggest the initiation of cooling of the MB massif between 16 and 19 Ma. Cooling rate of the MB massif was about 30–35 °C Ma−1 between 18 and 14 Ma and slowed down to 10–15 °C Ma− 1 from 14 Ma until 8 Ma (Fig. 8). For the Morcles nappe, cooling initiated around 15 Ma and its rate remained rather constant, at 25 °C Ma− 1, until 3 Ma (Kirschner et al., 1995). This cooling rate is quite similar to the AR massif and the MB ones, which is consistent with the structural interpretation that the Morcles nappe is the former cover of the MB massif (e.g., Escher et al., 1993; Burkhard and Sommaruga, 1998). Due to the activity of the Mont Blanc Shear Zone, the Morcles nappe was extruded from its former syn-rift basin (Chamonix inverted basin) during its temperature peak and then emplaced above the AR massif at around 15 Ma. Just after the initiation of cooling, at 18 Ma +/− 1 Ma, the MB massif cooling rate was signiﬁcantly higher than for the AR massif (30– 35 °C Ma−1 and 15–20 °C Ma−1 respectively, Fig. 8). This difference of cooling rate from 18 to 14 Ma cannot be explained by the activity of crustal ramps located beneath both massifs, as such process would have implied the same cooling rate. Therefore, the higher cooling rate of the Mont Blanc massif could be explained by the activity of the MBSZ until 14 Ma, as proposed by Leloup et al. (2005) and Rolland et al. (2008). Both the frontal crustal ramp and the MBSZ may have been active between 18 and 14 Ma, allowing a faster cooling of the MB massif than the AR massif. After 14 Ma, the MBSZ stopped and remained inactive (Egli and Mancktelow, 2013) then both AR and MB massifs cooled at quite similar rates, about 5–15 °C Ma− 1, during a few Myrs (Fig. 8). In our sequence of the Alpine collisional shortening and exhumation of the external zone (Fig. 9), the thermal peak ended at around 18 Ma. Both the Mont Blanc and the Aiguilles Rouges massifs were exhumed above frontal crustal ramps (Fig. 9D). At the end of thermal peak and at the onset of MB massif cooling, the Morcles nappe was extruded from the Chamonix basin, most likely due to the MBSZ activity. This extrusion is also suggested by the activation of a few shear zones at 16 Ma at the top of the Aiguilles Rouges massif (40Ar/39Ar dating, Egli, 2013) and by the last deformations occurring in the Morcles nappe (Fig. 9D; Kirschner et al., 2003). Moreover, at about 16–18 Ma, the front of the collisional wedge propagated westward (Burkhard and Sommaruga, 1998). At this time, the MBBT was also active (Rolland et al., 2007, 2008; Fig. 9D). Thus, the crustal volume accreted by underplating signiﬁcantly increased at this time. At 11 Ma, the Jura fold-and-thrust-belt started to form (Becker, 2000), linked to the initiation of basement ramps in the Infra Aiguilles Rouges massif (Fig. 9E; Burkhard and Sommaruga, 1998). Thus, throughout the collisional phase, the successive activation of the main thrusts/shear zones in these massifs indicates a forward sequence, except for the MBBT. Around 8 Ma, in both the AR and the MB massifs, the cooling rates increased from 5–15 °C Ma−1 to 20–45 °C Ma−1. Thus, it appears that
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the increase in cooling rates initially dated back to 5–6 Ma (Glotzbach et al., 2011 and references therein) may have been slightly older (around 8 Ma). Then, around 4–5 Ma, the cooling rate strongly decreased in the Mont Blanc massif, as already pointed out by Glotzbach et al. (2011), and was linked to a change in the exhumation rate. This change could be linked to either the decreasing rate of Alpine convergence (Schmid et al., 1996) and/or climate change and therefore the decrease of erosional efﬁciency (e.g., Whipple and Mead, 2006). Erosional efﬁciency drop could also be linked to the progressive exposure of the MB and the AR crystalline basement rocks after the erosion of their metasedimentary cover (Glotzbach et al., 2011). Yet, because AHe data available in the northern part of the AR massif could not be inverted, the late AR cooling history remains speculative and is not further discussed. Further Northeast, in the Aar massif, the timing of exhumation/ cooling is seemingly very similar to the AR-MB one. The main shearing event in the Aar massif is dated between 22 Ma and 20 Ma (Challandes et al., 2008; Rolland et al., 2009), while the cooling phase initiated at 17 Ma. Thus, the main shear zone activity is not coeval with any cooling of the massif. Northwest of the Aar massif, in the molasse basin, fold-and-thrust-belt structures initiated at 16–20 Ma and are connected to frontal ramps below the Aar massif (Burkhard, 1988). Thus, the Aar massif was internally shortened mainly during its thermal peak, then exhumed and cooled down due to the activity of frontal crustal ramp. Similarly, further South, in the Oisans massif, shortening was accommodated in the basement by distributed shear zones dated between 32 and 25 Ma, coeval with the thermal peak (Simon-Labric et al., 2009; Bellanger et al., 2015) while cooling of the massif initiated at 25 Ma (Crouzet et al., 2001; van der Beek et al., 2010). Thus, as for the Mont Blanc-Aiguilles Rouges and the Aar massifs, cooling was not related to the activity of the distributed shear zones and the related internal shortening of the massif mainly occurred during the thermal peak. From the comparison of the thermal evolution and the shortening sequence of the ECM along the Alpine arc, it appears that the typical evolution of the Alpine collisional wedge may be the following. After its underthrusting and burial below the internal (Penninic) units, the crust of the European margin underwent a two-stage evolution: it was shortened at its thermal peak during 5 to 10 Myrs, and subsequently exhumed and cooled down thanks to the activation of crustal ramps that propagated deformation in-sequence to the front of the collisional wedge, within the fold-and-thrust belts. 6. Conclusions In this contribution, we report new RSCM data and (U–Th–Sm)/He thermochronological data on zircons (ZHe) obtained on samples from the basement of the Aiguilles Rouges and the Mont Blanc massifs and their metasedimentary cover. RSCM data show that the temperature peak reached by the Aiguilles Rouges cover was about 320 °C. Published data suggest that the temperature peak for the Mont Blanc massif, at 400 °C, was about 10–15 Myrs long. It is likely that the temperature peak of the Aiguilles Rouges massif was also quite long (5–10 Myrs). During these long thermal peaks, the major structure of the Mont Blanc massif, the Mont Blanc Shear Zone, was active but did not exhume



Fig. 9. Shortening sequence of the European proximal margin during the collisional Alpine phase. PF: Penninic Front; NAFB: North Alpine Foreland Basin; SMT: Subalpine Molasse Thrust; MBSZ: Mont Blanc Shear Zone; ARut Aiguilles Rouges upper thrust; ARlt: Aiguilles Rouges lower thrust; JFTB: Jura Fold and Thrust Belt. Closure temperature isotherms are: ZFT 300–220 °C (e.g. Rahn et al., 2004; Garver et al., 2005; Bernet, 2009); ZHe: 140–195 °C (Reiners et al., 2002; Stockli, 2005; Guenthner et al., 2013); AFT: 95–160 °C (Gallagher et al., 1998); AHe: 50– 110 °C (Farley, 2000; Shuster and Farley, 2009). The thermal evolution is documented mainly along a NW–SE section, parallel to the Alpine shortening (Fig. 9). We assume that out of plane movements, in particular linked to the Rhône–Simplon transpressive dextral fault system, do not signiﬁcantly modify the collisional wedge thermal structure in the area of the Mont Blanc/ Aiguilles Rouges massifs. A. End of continental subduction of the distal European margin and initiation of underthrusting of the proximal European margin below the internal (Penninic) units. B. Stacking of the Helvetic nappes (Diableret and Wildhorn) above the future Morcles nappe. C. First deformations within the Morcles nappes linked to the initiation of shortening within the Mont Blanc massif at 29.5 Ma. The Mont Blanc shear zone is activated at the end of this stage at 23 Ma. D. Initiation of the crustal ramps below the Aiguilles Rouges massif and activation of the Mont-Blanc Back-Thrust (MBBT). E. Westward propagation of crustal deformation as suggested by the activation of the Jura décollement connected to the deformation of the infra Aiguilles Rouges massif. F. Progressive exhumation of both the Aiguilles Rouges and Mont-Blanc massifs. H. Present-day stage (modiﬁed after Burkhard and Sommaruga, 1998) with the Simplon transtensional fault.
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signiﬁcantly the crust. Similar results were already obtained in other ECM such as the Oisans massif. Thermal modeling of our thermochronological data coupled to published data suggests that cooling initiated in the Mont Blanc massif at around 18 Ma +/− 1 Ma. The Miocene cooling rate, in the Mont Blanc massif, was about at 30–35 °C Ma−1 between 18 and 14 Ma and slowed down to 10–15 °C Ma−1 at 14 Ma and until 8 Ma. In the Aiguilles Rouges massif, the cooling initiated at 18 +/− 1 Ma. The AR massif cooling rate was constant at 5–15 °C Ma−1 since the onset of exhumation and until 8 Ma. We propose that the onset of cooling of the MB and AR massifs reﬂects the onset of their exhumation above frontal crustal ramps connected to the Subalpine Molasse Thrust and external fold-and-thrust-belts. As for other ECM in the Western Alps, collisional deformation propagated in-sequence. The ECM experienced signiﬁcant internal shortening at their metamorphic peak before their cooling and exhumation controlled by frontal crustal-scale thrust ramps.
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