N

N

The 3-D Thermal Structure of the Helvetic Nappes of
the European Alps: Implications for Collisional
Processes
Jean Baptiste Girault, Nicolas Bellahsen, Alexandre Boutoux, Claudio

Rosenberg, U. Nanni, Anne Verlaguet, O. Beyssac

» To cite this version:

Jean Baptiste Girault, Nicolas Bellahsen, Alexandre Boutoux, Claudio Rosenberg, U. Nanni, et al..
The 3-D Thermal Structure of the Helvetic Nappes of the European Alps: Implications for Collisional
Processes. Tectonics, 2020, 39, 10.1029/2018TC005334 . insu-03691315

HAL Id: insu-03691315
https://insu.hal.science/insu-03691315
Submitted on 9 Jun 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://insu.hal.science/insu-03691315
https://hal.archives-ouvertes.fr

Tectonics

RESEARCH ARTICLE
10.1029/2018TC005334

Key Points:

« Maximum temperatures attained in
the Helvetic nappes increase from
their core to their front, from 220 to
358 °C

« The 3-D thermal structure is
constrained by combining the
maximum temperature distribution
in map view and in cross sections

« Helvetic nappes were deformed and
emplaced before and/or during the
thermal peak of Alpine collision

Supporting Information:
« Supporting Information S1

Correspondence to:

J. B. Girault,
jean-baptiste.girault@sorbonne-univer-
site.fr

Citation:

Girault, J. B., Bellahsen, N., Boutoux,
A., Rosenberg, C., Nanni, U., Verlaguet,
A., & Beyssac, O. (2020). The 3-D
thermal structure of the Helvetic
nappes of the European Alps:
Implications for collisional processes.
Tectonics, 39, €2018TC005334. https://
doi.org/10.1029/2018TC005334

Received 18 SEP 2018

Accepted 10 JAN 2020

Accepted article online 30 JAN 2020
Corrected 3 MAY 2020

This article was corrected on 1 MAY
2020. See the end of the full text for
details.

©2020. American Geophysical Union.
All Rights Reserved.

'.) Check for updates

ADVANCING
EARTHAND
ﬂuu SPACE SCIENCE

The 3-D Thermal Structure of the Helvetic Nappes
of the European Alps: Implications
for Collisional Processes

J. B. Girault"
and O. Beyssac®

, N. Bellahsen’, A. Boutoux’, C. L. Rosenberg’, U. Nanni’® ("), A. Verlaguet",

ISorbonne Université¢, CNRS-INSU, Institut des Sciences de la Terre Paris, ISTeP UMR 7193, Paris, France, Université
Grenoble Alpes, Grenoble, France, 3Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC),
UMR 7590 Sorbonne Université, CNRS and MNHN, Campus Jussieu, Paris, France

Abstract Understanding the rheology of orogenic wedges requires the knowledge of the structural and
thermal evolution of collisional units. In this study, we document the maximum temperature reached by the
sedimentary cover nappes of the External Crystalline Massif (Western and central Alps) by Raman spectroscopy
of carbonaceous material, between the Belledonne (France) and the Aar (Switzerland) Massifs. These cover
units form the Helvetic/Dauphinois nappe complex. Maximum temperatures reached by the Upper Helvetic
nappes lie in a range spanning from below 220 and 350 °C + 50 °C. For the Lower Helvetic nappes, the
temperatures spread between 226 and 358 °C + 50 °C. These temperatures were projected on two structural
cross sections in order to constrain the 3-D thermal structure. From these data, we propose that the Helvetic
nappes were deformed and emplaced before and/or during the thermal peak, which supports recent findings
that shortening in the External Crystalline Massif was mainly accommodated during a 5- to 10-Myr-long
thermal peak before deformation localized along crustal thrusts, which exhumed and cooled down the wedge.
During this late exhumation, the isotherms corresponding to the thermal peak were passively folded.

1. Introduction

The tectonic style of orogenic wedges is controlled by several factors, such as the number and the mechanical
properties of detachment horizons (e.g., Konstantinovskaia & Malavieille, 2005; Yamato et al., 2011), the
efficiency of erosion (e.g., Beaumont et al., 1994; Stockmal et al., 2007), and most importantly the geothermal
gradient and temperature distribution inside the wedge (e.g., Jamieson et al., 1996, 1998). The thermal struc-
ture of orogenic wedges mainly depends on the radiogenic heat production, on erosion rates, on the thermal
diffusivity, and on the rates of convergence (e.g., Jamieson et al., 1996, 1998). Each of these parameters has
been tested by simplified models showing how they affect the temperature distribution in space and time,
which in turn affects the localization of deformation, hence the style and architecture of an orogenic wedge
(e.g., Liao et al., 2018; Piccolo et al., 2017). The 2-D thermal models (Batt & Braun, 1997; Huerta et al., 1996,
1998; Jamieson et al., 1998; Vanderhaeghe et al., 2003) show the deflection of isotherms during initial thrust-
ing and their upward doming during ongoing thickening on the scale of an orogen. On the scale of individual
nappes, thermomechanical models show that the fundamental parameters controlling the tectonic style are
the initial geometry of the basins, that is, the geometry of the basement-cover interface and lateral variations
in the cover, and the viscosity ratio between cover and basement (e.g., Bauville & Schmalholz, 2015; Lafosse
et al., 2016), which is partly controlled by the initial temperature distribution and its evolution
during convergence.

Evaluating the effect of temperature, hence rheology, on the present-day geometry of a nappe stack, also
requires constraints on the metamorphic P-T-t path and the relative chronology of the metamorphic peak
and deformation event. Therefore, the absolute age and duration of the thermal peak and its timing relative
to the structures accommodating shortening, indicating whether the main deformation event occurs before,
during, and/or after the metamorphic peak, need to be constrained.

These results can be used to relate deformation localization to the wedge rheology. For example, in the
Oisans External Crystalline Massif (ECM) in the Western Alps (Figure 1), the thermal peak postdated or
was coeval with the observed shortening, because a rather flat “isotherm” cutting across nappe-internal
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Figure 1. Geological map of the Alpine western arc external units (modified after Debelmas et al., 1980; Broquet et al., 1987; University of Bern and University of

Bern and FWOG: Geological map of Switzerland 1:500000, 2005; University of Bern and FWOG: Tectonic Map of Switzerland 1:500 000, 2005; Pfiffner, 2011).

External Crystalline Massifs (ECMs), that is, basement of the European proximal margin, are in red. Green, yellow, and brown units are the tectonic cover of the

ECM, and the purple units are the sedimentary cover of the ECM. Dots are temperature data from different methods (e.g., C isotope fractionation between

calcite and graphite, Herwegh & Pfiffner, 2005; Boutoux et al., 2016), and Raman spectroscopy of carbonaceous material (RSCM) data from this study. Black lines

are the location of cross sections presented in Figures 2 and 3. Inset map on the bottom right shows the location at larger scale, gray: internal units, and white:

external units.
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structure could be documented to have existed during significant shortening and folding of the crust
(Bellanger et al., 2015). This suggests that distributed shortening occurred at the temperature peak as also
suggested for the Mont Blanc ECM (Boutoux et al., 2016). Similar studies relating the tectonic and the ther-
mal structure in the Helvetic nappes were also performed by Groshong et al. (1984), Herwegh and Pfiffner
(2005), and Nibourel et al. (2018).

However, beyond those examples, little is known about the 3-D distribution of temperature in natural oro-
genic wedges, especially on the scale of sedimentary nappe stacks. Based on compilations of metamorphic
temperature conditions, isomaximal temperature (iso-Tyax) lines are often constructed in map view
(Bousquet et al., 2008; Engi et al., 2001; Todd & Engi, 1997) and rarely in cross sections (Bousquet et al.,
2008; Nibourel et al., 2018). Yet these valuable attempts need to be taken with caution, because the inferred
temperature may not have been attained synchronously and because the geometry of the temperature
boundaries in map view is usually insufficiently constrained to be soundly interpreted in terms of orienta-
tion of a surface at depth. A noticeable exception is the detailed study of Wiederkehr et al. (2011) at the east-
ern end of the Lepontine dome in the central Alps, where the well-constrained iso-Tyax lines in map view
could be used to illustrate the geometry of iso-Tyax lines in cross sections over a vertical interval of approxi-
mately 4 km. These results illustrate how a nappe stack and its associated isotherms were formed during
Eocene subduction and later folded during collision (Wiederkehr et al., 2011).

In the present study, we investigate the thermal structure of a stack of unmetamorphosed to low grade meta-
morphic cover nappes that formed in the Helvetic realm of western Switzerland, during collision of the
Alpine Chain (Figure 1). We map the surface distribution of iso-Tyax lines across several nappes, based
on RSCM analyses on a very dense distribution of samples, and we make use of these lines to construct their
geometry at depth. The high topographic relief and the late tilting of the nappes in the study area allow for a
reconstruction of the structures at depth (Escher et al., 1993; Huggenberger, 1985; Ramsay & Huber, 1987).
These factors allow us to project the inferred Ty ax data from the map view into a vertical section over a
depth range of approximately 10 km. Therefore, this study provides a 3-D reconstruction of the thermal
structure of a syncollisional nappe stack, allowing to visualize and discuss the temporal relationships
between nappe formation and metamorphic peak in a natural orogenic wedge.

2. Geological Setting

The Western Alps formed as the result of subduction of the Ligurian Ocean, since the Late Cretaceous and
subsequent continental subduction and collision of the European margin during Eocene and Oligo-Miocene
times, respectively (e.g., Bucher et al., 2004; Ceriani & Schmid, 2004; Chopin, 1987; Dumont et al., 2012;
Fugenschuh & Schmid, 2003; Stampfli et al., 2002). Continental collision between the European proximal
margin and the protoorogenic wedge (made of a nappe stack of Brianconnais/Ligurian/Austroalpine units)
led to thickening of the European crust, mainly accommodated by two orogen-scale anticlinal dome struc-
tures, one forming the internal massifs, the other forming the ECM in the External Zone (e.g., Bellahsen
et al., 2014; Burkhard & Sommaruga, 1998; Dumont et al., 2008; Leloup et al., 2005). These domes differ from
one another both in terms of structure and metamorphic conditions, but the age of Barrovian metamorph-
ism in both structures is similar. The Lepontine dome consists of a stack of thin basement nappes (Steck
et al., 2013), separated by their thin Mesozoic covers series. Some of the nappes record Alpine High-
Pressure Low-Temperature metamorphism, in addition to a High Temperature, Barrovian overprint, whose
isograds are discordant to all nappe contacts and trace a domal shape. The stacking itself is inferred to be
completed in the Late Eocene/Early Oligocene (Schmid et al., 1996) and the peak of HT metamorphism per-
sists until approximately 22 Ma (Rosenberg & Berger, 2009). In contrast, the ECM are formed by series of
hinterland dipping basement thrusts, on top of which lies an antiformal stack, solely consisting of cover
nappes. The initiation of these basement thrusts is inferred to be Early Oligocene (Bellahsen et al., 2014),
and their metamorphic peak is bracketed between 29 and 16 Ma (Boutoux et al., 2016), hence partly coeval
with HT metamorphism in the Lepontine, but more persistent through time.

The Triassic to late Eocene/early Oligocene (Pfiffner, 2014) sedimentary cover of the ECM, in which several
asymmetric synrift basins of Early to Middle Jurassic age are preserved (e.g., Lemoine et al., 1986), was also
shortened during collision (Bellahsen et al., 2012; Boutoux et al., 2016; Burkhard & Sommaruga, 1998;
Lemoine et al., 1986).
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Figure 2. Western cross section of the Helvetic nappe complex (see Figure 1 for location) modified after Escher et al.
(1993). Dots indicate the location of samples from Morcles, Diablerets, and Wildhorn nappes after projection parallel to
the fold axes.

In the Mont Blanc area, the main structure is a stack of cover nappes, forming the Helvetic nappes in
Switzerland and their probable equivalent in France, the Mont Joly (Figure 1). These nappes consist of
Mesozoic and Tertiary sedimentary rocks (Upper Triassic to Lower Oligocene; see Pfiffner et al., 2010, for
review). Mesozoic (meta) sediments mostly form alternations of prerift, synrift, and postrift marls and lime-
stones, whereas Cenozoic sediments constitute flysch-type basins (Sinclair, 1997) and Paleogene Wildflysch
in the Ultra-Helvetic Realm, that is, in the most distal part of the European margin.

The geometry of these nappes is very well constrained in western Switzerland (Figures 1-3; Escher et al.,
1993; Huggenberger, 1985). Late uplift (see below) of the underlying Aar and Mont Blanc ECM resulted
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Figure 3. Eastern cross section of the Helvetic nappe complex (see Figure 1 for location) after Burkhard (1988) and
Pfiffner (2011). Dots indicate the location of samples used in this study following the projection parallel to the fold axes,
as well as sample location from Herwegh and Pfiffner (2005).
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Figure 4. Selection of representative Raman spectra of carbonaceous material (CM) obtained in various units of the
Helvetic nappe complex indexed by increasing metamorphic grade. See Beyssac, Goffé, et al. (2002) and Lahfid et al.
(2010) for details regarding RSCM thermometry. For very disordered graphitic carbon that is found in least metamor-
phosed rocks, we assign T < 220 °C.

in tilting of their covers, hence allowing for axis-parallel projection of structures in cross sections. This
enables the reconstruction of the nappe stack over a vertical distance of >10 km (Figure 2; e.g., Escher et al.,
1993), showing that three major cover nappes are piled over the Mont Blanc-Aiguilles Rouges Massif
(Figure 2) and over the Aar Massif (Figure 3). Above the Mont Blanc-Aiguilles Rouges Massif, these nappes
are from top to bottom, the Wildhorn, the Diablerets, and the Morcles/Ardon nappes. The Wildhorn and the
Diablerets nappes are completely detached from their basement (Figure 2) that is inferred to be located
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further SE at depth (Kempf & Pfiffner, 2004; Pfiffner, 2014). In contrast, the Morcles nappe, in spite of a long
and stretched inverse limb that overlies the Aiguilles Rouges basement (Figure 2), shows that its folded core
is still attached to its folded basement, represented by the Mont Blanc Massif (Figure 2). The upper nappes
are characterized by recumbent folds at their fronts, but the lower limbs are either poorly developed or lack-
ing altogether above discrete thrust contacts with underlying nappes (Figure 2).

In contrast, the Morcles nappe, forms a large, recumbent isoclinal fold, in which the inverted and the nor-
mal limbs have the same length, attaining over 10 km (Figure 2). A similar structural trend is observed
further east, above the Aar-Gastern Massif (Figure 3), where the lower nappe (Doldenhorn nappe),
although far transported to the north, still shows a coherent, folded depositional contact with underlying
basement (Figure 3), and consists of a recumbent, isoclinal fold, with a long, well-developed inverted
limb. SW of the Mont Blanc Massif, the Mont Joly nappe (Figure 1) is interpreted as structurally equiva-
lent to the Morcles nappe. The uppermost nappes (Wildhorn, as well as the intermediate ones:
Gellihorn/Jagerchruz/Plammis) are entirely detached from their basement and do not show any inverted
lower limb (Figure 3).

The entire pile of Helvetic and Ultrahelvetic cover nappes lies below the basal Penninic thrust, which forms
the base of the Penninic units. The latter units crop out to the NW (Préalpes) and SE of the Helvetic nappes
(internal zone) and were completely eroded above the large scale antiformal stack of the Helvetic nappes.
The structure of the internal units consists of a nappe sequence, derived from bottom to top from the
Valaisan Domain, the Briangonnais continental sliver, and the Liguro-Piemont oceanic domain. Thrusting
of these internal units over the Helvetic nappes occurred from late Eocene to early Oligocene time (Pfiffner,
1993; Schmid et al., 1996; von Tscharner et al., 2016), hence to have induced metamorphism of the
European nappes in their footwall. The metamorphic peak of the ECM and the amount of shortening of
the alpine External zone increase from south to north (e.g., Bellahsen et al., 2014). In the south of the arc,
in the Oisans Massif (Figure 1, inset), the collisional P-T peak conditions attained 350 °C + 50 °C and 3.5 kbar
+ 1 kbar (Bellanger et al., 2015) with a total shortening for the external zone of 28 km (internal deformation of
the ECM, i.e., distributed shear zones, and thrusting along frontal ramp; Bellahsen et al., 2014). In the Oisans
ECM, the thermal peak and the shortening lasted between 30 and 25 Ma (Bellanger et al., 2015). For the Mont
Blanc Massif (Figures 1 and 2), thermobarometric data from shear zone samples indicate a metamorphic peak
at 400 °C + 25 °C and 5 kbar + 0.5 kbar (Rolland et al., 2008); shortening of the external zone there attained
some 66 km (internal deformation including the Mont Blanc shear zone and frontal ramps; Bellahsen et al.,
2014). In the Mont Blanc ECM, the thermal peak and the main phase of shortening lasted between 30 and
18 Ma (Boutoux et al., 2016). Further north, in the Aar Massif shear zones (Figures 1 and 3), the metamorphic
peak is estimated at 450 °C + 50 °C and 6 kbar + 1 kbar (Challandes et al., 2008; Goncalves et al., 2012; Rolland
et al., 2009) with a total shortening of 69 km (Burkhard, 1988).

The distribution of metamorphic temperatures in the cover (e.g., Morcles nappe, Burkhard & Goy-
Eggenberger, 2001 and Oisans Massif, Crouzet et al., 1999, Bellanger et al., 2015) shows a crosscutting pat-
tern between stratigraphic layers and iso-Ty;ax lines. The Morcles nappe reached a temperature peak corre-
sponding to the diagenetic zone (Tyax < 200 °C) in its frontal parts and the epizone in the rear of the nappe,
both in the normal and inverted limbs (Tyiax > 300 °C, Kirschner et al., 1995, Burkhard & Goy-Eggenberger,
2001). According to Herwegh and Pfiffner (2005) similar P-T conditions were assessed in the eastern, lower
Helvetic nappes (Doldenhorn nappe). Maximum temperatures there range from 180 °C in the frontal part, to
380 °C, in the SW, close to its basement.

The timing and sequence of shortening of the External Zone are well documented. Distributed shortening
in the ECM is coeval with the thermal peak, as detailed above. In the Mont Blanc area, most of the dis-
tributed shortening took place between 30 and 17 Ma, although some deformation occurred later (see
Boutoux et al.,, 2016, and references therein). At 17 Ma, crustal thrust ramps initiated below the
Aiguilles Rouges Massifs, exhuming the ECM as attested by the cooling recorded by thermochronometers
(e.g., Boutoux et al., 2016; Egli & Mancktelow, 2013; Fugenschuh & Schmid, 2003; Glotzbach et al., 2008,
2010, 2011; Leloup et al., 2005; Michalski & Soom, 1990; Rahn, 2001; Seward & Mancktelow, 1994) and
the activation of cover thrusts in the basin (Burkhard & Sommaruga, 1998). At the end of the Miocene,
another crustal ramp initiated and activated the décollement below the Jura (e.g., Burkhard &
Sommaruga, 1998).
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3. Methodology

Sampling for RSCM thermometry analyses was performed in the Helvetic and Ultra-Helvetic nappes, within
metasediments of Jurassic to Eocene age. These marly to calcareous metasediments contain some carbonac-
eous material (CM), which permits the assessment, by RSCM thermometry, of the maximum temperature
attained by these rocks. Indeed, with burial and temperature increase, organic matter originally deposited
in sediments is progressively transformed into graphite. This process is irreversible and thus records the
maximum temperature (Tyax) experienced by the rock during P-T loops (Beyssac et al., 2002; Beyssac
et al., 2002).

The CM is localized preferentially near crystals of pyrite and sometimes trapped in them. The formation of
veins by pressure-dissolution process also leads to measurable concentrations of CM near vein boundaries.

The RSCM is based on the quantitative determination of the degree of graphitization of CM, measured
from Raman spectra. In a spectral window from 700 to 2,000 cm ™, the Raman spectra can be divided into
a graphite band (G) and several defect bands (D1, D2, D3, and D4) attributed to physicochemical defects.
The relative area of these bands reflects the degree of graphitization (see Beyssac et al., 2003, and refer-
ences therein). It can be quantified using the R2 parameter, defined as the relative area of the main defect
bands (R2 = D1/(G + D1 + D2)) (Beyssac, Goffé, et al., 2002). These authors proposed an empirical ther-
mometer, which links R2 to Ty ax for a temperature range of 330 to 640 °C with an intrinsic calibration
error of +50 °C due to uncertainties on petrologic data used for the calibration. The relative uncertainties
on temperature are much smaller, in the range 10-15 °C (Beyssac et al., 2004), allowing for a precise esti-
mate of thermal metamorphic gradients. At lower temperatures, Lahfid et al. (2010) have showed that the
evolution of the Raman spectra of CM under low-grade metamorphism in the Glarus Alps (Switzerland)
is highly correlated with the peak metamorphic temperature in the range of 220-330 °C. They established
a correlation between parameters extracted from the Raman spectra and peak temperatures estimated
from independent methods. It is important to note that the fitting method is different at low temperature
compared with the original approach by Beyssac, Goffé, et al. (2002), because the spectra are more com-
plex with two more defect bands, D3 and D4 (Lahfid et al., 2010). Here Tax is 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) in the range 220-330 °C. Below 220 °C, the temperature is poorly constrained in
Lahfid et al. (2010) as it relies on only one single sample so we adopt a conservative approach and we
attribute a value <220 °C.

Raman spectra were obtained using a Renishaw InVIA Reflex microspectrometer IMPMC Paris). We used a
514.5-nm DPSS Cobolt laser in circular polarization. The laser was focused on the sample by a DMLM Leica
microscope with a 100X objective (NA = 0.85) yielding a spot size of ~1 um. The laser power at the sample
surface was set below 1 mW. The Rayleigh diffusion was eliminated by edge filters, and the signal was finally
dispersed using an 1,800 grooves per millimeter grating and analyzed by a Peltier cooled RENCAM CCD
detector. Before each session, the spectrometer was calibrated with silicon standard. Because Raman spec-
troscopy of CM can be affected by several analytical mismatches, we followed closely the analytical and fit-
ting procedures described by Beyssac, Goffé, et al., 2002, Beyssac et al., 2003). Measurements were made on
polished thin sections, and CM was systematically analyzed below a transparent adjacent mineral, generally
quartz. For each sample 10-20 spectra were generally recorded in the extended scanning mode (700-2,000
cm™!). Spectra were then processed using the software Peakfit following the fitting procedures of both
Beyssac, Goffé, et al., 2002, Beyssac et al., 2003) and Lahfid et al. (2010). As our samples experienced their
temperature peak in the overlap range of the two calibrations described above, Tyiax Was determined for
each sample from the mean peak ratio (R2 or RA1) with the procedure giving the best fit and following
the advices given by Lahfid et al. (2010).

4. Results

Temperatures resulting from this RSCM study are displayed in Table S1 (see supporting information), and
Figures 4-8 and provide estimates of the Tyyax from <220 to 387 °C for the Helvetic complex. The sample
locations have been projected parallel to the trend and dip values of fold axes from the 1/50,000 Swiss maps
of the Helvetic nappes, from the map on two cross sections (Figures 7 and 8). All samples located west of the
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Figure 5. Geological map (modified after University of Bern and University of Bern and FWOG: Geological map of Switzerland 1:500000, 2005, University of
Bern and FWOG: Tectonic Map of Switzerland 1:500 000, 2005; Broquet et al., 1987; Debelmas et al., 1980) of the Helvetic nappe complex showing (a) peak
metamorphic temperatures estimated by RSCM thermometry from this study and temperature data from different methods (see supporting information Table S1).
Cross sections are presented in Figures 7 and 8. (b) Temperature interpolation from MatLab software (nearest neighbor method). (c) Iso-Tyax lines are displayed
according to RSCM temperatures from this study and completed with thermochronological data in Soom (1990), Rahn (1994), Seward and Mancktelow (1994),
Fugenschuh and Schmid (2003), Leloup et al. (2005), Glotzbach et al. (2008, 2011), Valla et al. (2012), and Boutoux et al. (2016).
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Figure 6. Geological map (modified after University of Bern and University of Bern and FWOG: Geological map of
Switzerland 1:500000, 2005, University of Bern and FWOG: Tectonic Map of Switzerland 1:500 000, 2005; Broquet

etal., 1987) of the Mont-Blanc and Aiguilles Rouges Massifs and the Lower Dauphinois nappe showing peak metamorphic
temperatures estimated by RSCM thermometry from this study (see supporting information Table S1) and from Boutoux
et al. (2016).

Rawil depression were projected on the cross section of Figure 7, and all the ones located east of the Rawil
depression were projected on the section of Figure 8. In the Morcles nappes (Figures 5a and 7a), Tyiax is in
the range between <220 and 354 °C. The normal limb of the Morcles nappe exhibits temperatures between
234 and 352 °C. The inverse limb shows temperatures between 232 and 354 °C, with temperature decreasing
toward the hinge region, that is, from SE to NW in map view (Figure 6a). Within the inner part of the
Morcles nappe, temperatures are higher and spread from 340 to 354 °C. In the northwestern frontal part,
temperatures are lower and in the range from <220 to 268 °C. In the overlying Diablerets nappe
(Figures 5a and 7a) only one Tyax was obtained, corresponding to 206 °C. In the Wildhorn nappe
(Figures 5a and 7a) Tyax range between 233 and 350 °C.

In the Doldenhorn nappe (Figures 5a and 8a), our Tax data are located in the internal part of the normal
limb, and they vary between 344 and 358 °C. These values are similar to those from the inner part of the
Morcles nappe (i.e., 340-354 °C). In the Wildhorn nappe, the Tyax range between 344 and 358 °C. A tem-
perature decrease from SE to NW is observed as for the Lower Helvetic nappes.

Southwestward, in the Mont Joly nappe (considered as a Lower Dauphinois nappe), temperatures reached
between 226 and 356 °C (Figure 6). As in the Helvetic nappes, the temperature decreases from SE to NW.

In the Ultra-Helvetic nappes (Figures 5a, 7a, and 8a), temperatures in the range between <220 and 261 °C.

In the Penninic units, east to the Mont-Blanc Massif, three samples from the Valaisan domain (Sion-
Courmayer Unit) provide temperatures between 320 and 387 °C (Figure 6) and one sample from the
Niesen nappe, also derived from the Valaisan Domain (NE), yields 261 °C (Figure 5a).

The above determined temperature data were interpolated in map view and cross section (Figures 5b, 7b,
and 8b), thus defining pattern of iso-Tyax lines (Figures 5c, 7c, and 8c). The interpolation was performed
using a Matlab routine (nearest neighbor algorithm). In map view, results show that iso-Tyax lines strike
ENE and cross cut the nappe boundaries (Figure 5a). Only at the western end of the Aar Massif a marked
deflection from the ENE strike is observed and iso-Tyax lines rotate locally into a NW orientation. In the
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at a maximum of 500 m from each other. See text for details and Table S2 of the supporting information.

western Helvetic nappes, our sampling is denser; hence, the location of the three iso-Tyax lines
corresponding to 350, 300, and 250 °C (Figures 5c, 7c, and 8c) can be considered as robust in this area,
both within the Lower and the Upper Helvetic nappes. On the contrary, for the eastern Lower Helvetic
nappes, only one iso-Tyax line can be drawn based on our own RSCM data, namely, the 350 °C line
(Figures 5c and 8c). The other iso Tyax lines are drawn based on temperature data from Herwegh and
Pfiffner (2005). The iso-Tyax lines are almost continuous across the contact between Lower and Upper
Helvetic nappes.

On both sections, one can see the same results: The iso-Tax lines crosscut the main nappe contacts.
Moreover, the iso-Tyax lines appear folded.

5. Discussion
5.1. Alpine Thermal Peak in the Helvetic Nappes

The range of RSCM Tyax data obtained from the Morcles nappe is consistent with RSCM temperatures from
Boutoux et al. (2016).

They are also in good agreement with temperatures derived from quartz-calcite oxygen isotope thermometry
performed within synkinematic veins, inferred to have formed at the temperature peak (Figure 9; Kirschner
et al., 1995), illite crystallinity data (Burkhard & Goy-Eggenberger, 2001). These techniques revealed tem-
peratures from 240 °C + 30 °C in the frontal part to 350 °C + 30 °C in the internal part of the nappe
(Kirschner et al., 1995. In general, the temperature differences between the methods are within the uncer-
tainty inherent of each method. However, temperatures from O-isotope (Kirschner et al., 1995) are lower
than RSCM temperatures. However, the geometry of the iso-Tyax lines depicted in Figure 7 shows some sig-
nificant differences compared to the geometry reconstructed by Burkhard and Goy-Eggenberger (2001) on
the basis of their illite crystallinity data. Since the structure of illite crystallinity is not irreversible with
respect to temperature (Kubler, 1964), the temperature it indicates may not represent the thermal peak
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but rather retrograde path. Similarly, the temperature derived from isotopic analyses (Kirschner et al., 1995)
may not provide the maximal temperature, depending on the precise timing of vein formation versus peak
temperature, and potential oxygen isotope later reequilibration. Thus, we believe that our data may provide
a better image of the thermal structure at the temperature peak.

The thermal peak reached by the lowermost core of the Morcles nappe, with a maximum temperature of
358 °C, is consistent with the slightly higher thermal peak of 400 + 25 °C determined in Alpine basement
shear zones of the Mont Blanc Massif (Rolland et al., 2003).

In the Doldenhorn nappe, the Tyax derived from our RSCM data (between 344 and 358 °C; Figures 5 and 8)
are consistent with temperatures derived from calcite-graphite carbon isotope thermometry (between 318
and 385 °C, Herwegh & Pfiffner, 2005). As mentioned above, the latter may not all indicate the maximal tem-
perature. Indeed, this geothermometer relies on '*C fractionation between calcite and graphite and allows
for temperature estimates between 300 and 800 °C with an error of +15 °C (Herwegh & Pfiffner, 2005).
The obtained temperatures do not necessarily correspond to the maximum temperature attained by the
rocks, since fluid temperature can be in thermal disequilibrium with the host-rock temperature. However,
Herwegh and Pfiffner (2005) do interpret these data as representing the Tyax which is probably correct in
this case and confirmed by our results.

Therefore, in order to have a more complete representation of the thermal structure of the Helvetic nappes
(see next section), in the eastern Lower nappes (Doldenhorn nappe), RSCM Ty;5x data were combined with
these temperatures based on isotopic analysis. In areas where both the latter data and RSCM data have been
obtained, a difference of approximately 25 °C can be observed (e.g., 318 °C vs. 353 °C, Figures 5 and 8), hence
10 °C larger than the internal, relative error inferred for our RSCM data. Because the two data sets are spa-
tially separated (Figures 5 and 8), any discrepancy in the order of 25 °C would only affect the boundary
region between these two data sets. Therefore, we consider that it is reasonable to combine them, being cau-
tious when interpreting the boundary zone. The maps are interpreted in the next sections.

The thermal peak reached by the inner part of the Doldenhorn nappe, with a maximum T of 358 °C, is con-
sistent with the slightly higher thermal peak of 450 + 30 °C inferred for the basement (thermobarometric
data, Fourcade et al., 1989; see also Challandes et al., 2008).

5.2. Thermal Structure and Its Relation to Tectonic Structures

Contouring all data in map view (Figure 5) shows a regular trend of iso-Tyax lines. Except at the western
margin of the Aar Massif, iso-Tyax lines strike ENE from the Mt Blanc to the Aar Massif, crosscutting all
major tectonic boundaries, and the absolute temperature systematically decreases from SE to NW.

The projection of the samples on the western and eastern cross sections and the contouring of their tempera-
ture show that the iso-Ty;ax lines are folded but much less folded than the nappes themselves. In the western
section (Figure 7c) an asymmetric antiformal structure with a subhorizontal limb in the SE and a subvertical
limb in the NW is clearly visible (Figure 7c). An asymmetric antiformal structure is also observable in the
eastern section (Figure 8c), although the subvertical limb is less developed. Both sections show, as already
observed in map view, that the nappe boundaries are crosscut by the iso-Tyax lines, indicating that the tem-
perature peak was attained well after stacking of the nappes. Given that the upper nappes are entirely
detached from their basements, it can be assumed that large amounts of displacements must have taken
place before the peak of metamorphism was attained.

As best observable within the Morcles nappe (Figure 7), the iso-Tyiax lines are folded, but the amplitude of
folding is by far smaller than the amplitude of the Morcles fold itself, which forms a recumbent isoclinal fold.
Therefore, it can be argued that this lower nappe, which is still attached to its basement, was severely
deformed before (or during, see below) the peak of metamorphism was reached. Even if the temperature
data of Figure 7 are insufficient to constrain possible parasitic folds of the iso-Tyax lines, as observed in
all stratigraphic units of the Morcles nappe, line-length balancing of the folded iso-Tyax lines indicates
approximately 2-3 km of shortening (Figure 7c). This indicates that deformation continued well after the
thermal peak. Indeed, NW directed thrusting is perfectly consistent with the folding of the iso-Tyax lines
from a subhorizontal, possibly gently north dipping orientation into the present asymmetric antiform with
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a northwestern subvertical limb immediately above the major detachment plane (see next section for the
shortening sequence, Figure 10).

The total shortening determined for the Morcles nappe is around 10 km (amount of shortening inferred for
the external Mont Blanc Massif, forming the basement of the Morcles nappe, Boutoux et al., 2014). If, as sug-
gested above, 2-3 km of shortening took place after the peak of metamorphism, possibly around 7 km
occurred before the end of the thermal peak. Therefore, it can be concluded that the Morcles nappe, the
youngest and lowest in the Helvetic stack, had already largely formed when postmetamorphic cooling
initiated. These interpretations are consistent with Burkhard and Goy-Eggenberger (2001) and Kirschner
etal. (1995) who inferred that the syndeformation veins and the formation of the nappes occurred at the tem-
perature peak. This was also suggested in Herwegh and Pfiffner (2005).

The thermal peak recorded in the basement of the Mont Blanc Massif occurred between 30 and 17 Ma
(Boutoux et al., 2016, and references therein) as for the Morcles nappes, where it is inferred to have occurred
between 30 and 16 Ma (Kirschner et al., 1996). Cooling of the Aar Massif initiated between 20 and 22 Ma
(Challandes et al., 2008), but the age of onset of the thermal peak there is still unknown. The age of the
youngest sediments found in the Doldenhorn and Morcles nappes is about 30 Ma (Early Oligocene;
Burkhard & Sommaruga, 1998; Pfiffner, 2014). Although it was suggested that the Rhone-Simplon Fault
may offset the contact between Morcles nappe and Mont Blanc basement (Burkhard & Sommaruga,
1998), we follow most of the other interpretations (e.g., Escher et al., 1993; Pfiffner, 2011, 2012; Boutoux
et al., 2016), indicating a continuity of the folded structures between basement and cover (Figure 10), sug-
gesting coeval shortening of the Morcles nappe and the Mont Blanc basement. As basement deformation lies
mainly between 30 and 17 Ma, coevally with the thermal peak, shortening attested by the Morcles nappe
occurred mainly during the thermal peak. The complete shortening and thermal sequence is described in
the next section (Figure 10).

The youngest sediments in the upper Helvetic nappes are slightly older (late Eocene-early Oligocene;
Burkhard & Sommaruga, 1998) than in the lower Helvetic nappes. The stacking of the upper Helvetic nappes
also occurred quickly, at around 30 Ma (Kirschner et al., 2003), before the onset of the thermal peak. The
burial and heating of these nappes also occurred within a few million years. If the latter interpretations
are correct, the emplacement of the Upper Helvetic nappes took place during increasing temperature condi-
tions, but before the attainment of the metamorphic peak, whereas the lower Helvetic nappes (Morcles and
Doldenhorn nappe) developed possibly before, mainly during but also after the peak of metamorphism.
Considering that these structurally lower nappes were the last ones to form, their displacement probably
initiated under higher-temperature conditions with respect to the upper Helvetic nappes. This conclusion
may shed some light on the different tectonic style of the upper versus lower Helvetic nappes. Whereas
the upper nappes are completely detached from their basement, the lower ones are sheared away from their
basement to form a long, inverted fold limb, but they still remain attached to it in the core of this recumbent
fold. This style difference reflects a smaller rheological contrast between basement and cover in the latter
case, thus allowing for the deformation of both units at the same time and in the same place, in spite of dif-
ferent partitioning of deformation. Indeed, at temperatures above 300 °C, both the quartz-rich basement and
the calcite-dominated cover are expected to deform in the ductile field (Brodie & Rutter, 2000; Mancktelow
& Pennacchioni, 2010). Therefore, although the maximum values of temperature that affected the upper and
lower nappes were similar (Figures 7 and 8), these temperatures were attained after deformation in the
upper nappes, hence not affecting their deformation mechanisms and style. In contrast, a significant part
of displacement of the lower nappes occurred under the peak temperature conditions assessed in
Figures 7 and 8.

Finally, for the Niesen nappe only one Tyax Was obtained (261 °C, Figure 8). Although more data will be
needed to confirm this, it indicates no jump in temperature between upper Helvetic nappes and the
Valaisan domain. This result shows that the Penninic Thrust does not offset the thermal peak structure of
the orogenic wedge, indicating that its activity predates the thermal peak.

5.3. Thermostructural Evolution

As reported above, it is noteworthy that our temperature data are consistent with the P-T peak inferred for
the basement massifs. This observation is consistent with those made in the Lepontine Dome (Wiederkehr
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etal., 2011), showing that the iso-Tyax lines of Barrovian metamorphism crosscut the Penninic Basal thrust,
hence postdate the Penninic nappe stack. The age of the latter metamorphic event (18-19 Ma; Wiederkehr
et al., 2009) coincides with the inferred initiation of cooling of the basement units underlying the Morcles
nappes (Boutoux et al., 2016).

Moreover, the quasi-perfect lateral continuity between temperature of neighbor samples both in map and
section view suggests that these temperatures affected the nappe stack synchronously. Thus, we can most
likely assume that the geometry given by the iso-Tax lines provides a good image of the thermal structure
for the Oligocene-Miocene time and that the iso-Tyax lines represent isotherms. The geometric evolution of
the isotherms in relation to the structural evolution of the Helvetic nappe stack can be linked to geochrono-
logical and thermochronological data visualized in the structural scenario (Figure 10).

From 35 to 30 Ma, the turbiditic sediments of the future Helvetic nappes were deposited (e.g., Burkhard &
Sommaruga, 1998; Figure 10a). The thermal structure is relaxed, and the isotherms are flat (Figure 10a).

At about 27 Ma, the upper Helvetic nappes were stacked on the future Morcles nappe; that is, the latter was
underthrusted below the wedge of the Internal Units (Figure 10b). Assuming that folding of the isotherms
took place in response to folding at the orogen scale (e.g., Batt & Braun, 1997), but not at the nappe scale,
we allow for a gentle climb of the isotherms toward the orogen interior (SE) (Figure 10b). Hence, subhori-
zontal iso-Tyax lines are weakly deflected upward below and within the wedge of the internal zone, where
the isotherms are inferred to crosscut the upper Helvetic nappe stack, starting from 27 Ma, that is, at a time
when these nappes are already detached from their basement and thrust above the future Morcles nappe
(Figure 10b). This geometry of the isotherms in this phase of collision stems from the observation that the
iso-Tvax lines crosscut all nappe boundaries.

Thermobarometric analyses of synkinematic phases in Alpine shear zones provide a P peak in the Mont-
Blanc Massif at 5 + 0.5 kbar and a T peak at 400 + 25 °C (Rolland et al., 2003; Rossi et al., 2005), consistent
with our data. Furthermore, shear zones in the Mont-Blanc and Aiguilles Rouges Massif were active from 30
to 14 Ma, as indicated by geochronologic data (Egli et al., 2016, 2017 Rolland et al., 2008; Cenki-Tok et al.,
2013). Zircon fission track ages in the Mont Blanc Massif are in a range between 11.2 and 16 Ma
(Fugenschuh & Schmid, 2003; Glotzbach et al., 2011; Seward & Mancktelow, 1994) and 17.2 Ma in the
Aiguilles Rouges Massif, where partial resetting is inferred (Soom, 1990). The time gap between the age of
ductile deformation and cooling ages suggests that cooling started around 17 Ma, following a nearly 10-
Ma-long thermal peak (Boutoux et al., 2016). Figure 10c reflects the situation at the end of the thermal peak
and/or at the very beginning of the cooling history. Between 27 and 17 Ma, we show an increase in the
deflection of the isotherms, in line with increased underplating and erosion between 27 and 17 Ma. At 17
Ma, the iso-Tyax lines crosscut the Morcles nappe limbs. As discussed above, the latter nappe formed during
the thermal peak between 27 and 17 Ma.

In the Mont Blanc Massif, (U-Th-Sm)/He on zircon (ZHe) ages are younger than 9 Ma (Boutoux et al., 2016),
apatite fission track ages are younger than 6.8 Ma (Fugenschuh & Schmid, 2003; Glotzbach et al., 2008;
Leloup et al., 2005; Seward & Mancktelow, 1994; Soom, 1990), and apatite (AHe) ages are in the range
1.4-6.4 Ma (Glotzbach et al., 2008). These data are consistent and largely overlapping with those of the
Aiguilles Rouges Massif, where apatite fission track ages are between 3.1 and 8.9 Ma (Leloup et al., 2005;
Rahn, 1994; Seward & Mancktelow, 1994), ZHe ages between 3.9 and 7.8 Ma (Boutoux et al., 2016) and
AHe ages between 4.4 and 6.7 Ma (Valla et al., 2012). These data indicate the continuous cooling, hence
exhumation of the External Zone throughout the Neogene that is expressed by amplification of the antiforms
in Figure 10d.

The closure temperature of zircon fission track is lower than the Ty;ax determined for our samples that lie
above the Mont Blanc and Aiguilles Rouges Massifs (>275 °C; Figure 7). Therefore, since 17 Ma, the RSCM-
derived temperature data can be treated as passive markers that are displaced throughout the nappe stack,
without modifying their fossil temperature values, hence illustrating folding of a paleo-isothermal structure.
Indeed, Figure 10d shows a large bend where the iso-Tyax lines crosscut the folded Morcles nappe that
slightly continued deforming, thereby folding the iso-Tyax lines, after 17 Ma. This is consistent with the fact
that the Mont Blanc shear zone was active and accommodated some shortening after 17 Ma (e.g., Boutoux
et al., 2016; Leloup et al., 2005; Rolland et al., 2008). The amplitude of folding manifested by the iso-Tvax
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lines is much smaller than that of the stratigraphic contacts, because the former was only affected by the last
part of the deformation, namely, the one that took place since the beginning of cooling.

6. Conclusions

An extensive new set of Ty;ax data obtained from RSCM on the sedimentary cover of the Alpine ECM in the
Mont Blanc and the Aar Massifs shows that the thermal peak reached by the Helvetic nappes (lower and
upper complexes) attained below 220 to 358 °C between the Mont Blanc and the Aar Massifs and 226 to
358 °C SW of the Mont Blanc Massif.

Thermal peak iso-Tyax lines (i.e., most likely paleo-isotherms) are oblique with the folded layers and tem-
perature decreases from SE to NW. Thus, the thermal peak and its associated thermal structure in the ECM
sedimentary cover was acquired after most of the shortening of the Helvetic nappes and maintained for over
10 Ma (Boutoux et al., 2016). Therefore, the iso-Tyax lines are only deformed by the last 2-3 km of shorten-
ing. Such paleo-isotherm deformation attest for postthermal peak shortening.

Finally, we show that the upper Helvetic nappes were emplaced before their thermal peak, thus at relatively
low temperature (probably less than 300 °C), which explains the fact that they are detached from their base-
ment. On the contrary, the lower nappes (e.g., Morcles nappe) initiated deformation before attaining the
peak of metamorphism, but mainly during this long lasting peak (Boutoux et al., 2016), and partly even after
its termination. The relatively high temperatures (300-350 °C) attained along the base of the Morcles nappe,
explain the fact the basement cover did not act as a strong rheological contrast.
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Erratum

In the originally published version of this article, an incorrect copy of Figure 7 published. The figure has
since been corrected, and this version may be considered the authoritative version of record.
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