
1. Introduction
The exhumation of basement units from the thickened lower plate is a typical feature of advanced stages 
of collision in mountain belts such as the European Alps (e.g., Bellahsen et al., 2014; Herwegh et al., 2020; 
Rosenberg et al., 2018), the Pyrenees (e.g., Muñoz, 1992), or Taiwan (e.g., Simoes et al., 2007). This process 
is associated with thrusts or reverse faults, which drive uplift and erosion. The thereby exhumed basement 
blocks commonly form orogen-parallel structural domes with strong lateral variation.

Abstract New and published (U-Th)/He data on zircon, apatite, and zircon fission track ages 
constrain the thermal overprint and cooling history of the eastern Aar Massif, Switzerland. The 
timing and pattern of cooling is in agreement with independent kinematic and age constraints from 
exposed shear zones. This suggests that the cooling ages mainly reflect exhumation and that long-term 
exhumation-dynamics were mainly controlled by crustal-scale tectonic processes. Results of a statistical 
inverse model reveal significant diachrony in the timing of exhumation in the along-strike direction. 
Maximum exhumation rates ( E  1 mm/yr) were initially located in the central Aar Massif (from E  22 to 
10 Ma), then gradually migrated to the east between E  10 Ma and present, while the central Aar Massif 
continued to exhume at slower rates ( E  0.5 mm/yr). The diachrony in the timing of exhumation may be 
explained by lateral variations in the inherited thickness or the density of the accreted European crust. 
We attribute the increase in exhumation rates between 2 Ma and present to enhanced glacial erosion. 
Nevertheless, the post 2 Ma exhumation pattern reflects a continuation of noncylindrical massif “growth” 
in the eastward orogen-parallel direction. This indicates that—although at slow rates—thick-skinned and 
buoyancy-driven compressional deformation, likely enhanced by the presence of easily erodible flysch 
units at the surface, might still be ongoing especially in the eastern Aar Massif. Noncylindrical massif-
growth is likely to also affect other External Crystalline Massifs or orogens, but may be overlooked because 
studies often focus on single orogen-perpendicular transects.

Plain Language Summary The high topography of the Aar Massif in Switzerland formed in 
response to the collision of the European and the Adriatic tectonic plates and the associated thickening of 
the underthrusted European crust. Erosion of this topography has exhumed deeply buried rock material 
which cooled as it approached the surface. We analyze new and published data, which document the 
timing and rate at which these rocks cooled on the way to the surface. Using a statistical model, we 
reconstruct how compressional crustal thickening, buoyancy forces and erosion interacted to form the Aar 
Massif. We find large variations in the timing and rate of exhumation, especially along the west-east axis 
of the massif. This is surprising given the south-north transport direction of the involved tectonic plates. 
When buried, a less dense crust will start to thicken and uplift earlier. Therefore, we attribute the early 
initiation of crustal thickening and rapid exhumation in the central Aar Massif to inherited irregularities 
in the thickness and density of the European crust. The shift of maximum exhumation rates from the 
central to the eastern Aar Massif appears to be enhanced by fast erosion of easily erodible sediments 
overlying less erodible crystalline basement of the Aar Massif.
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Key Points:
•  Inversion of thermochronometry 

data reveals significant diachrony in 
the timing of exhumation along the 
strike of the Aar Massif

•  Timing and pattern of exhumation 
are in good agreement with 
independent kinematic and age 
constraints from exposed shear 
zones

•  Neogene exhumation was mainly 
controlled by thick-skinned 
compressional tectonics and efficient 
erosion of overlying sedimentary 
units
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Along the Western and Central European Alps, the External Crystalline Massifs (that is, from southwest 
to northeast, the Argentera, Pelvoux, Belledonne, Aiguilles Rouges, Mont Blanc, and Aar Massifs, Schmid 
et al., 2004, Figure 1a) represent examples of such lower plate basement exposures. These massifs form 
a laterally discontinuous belt of basement domes which are separated by structural saddles (e.g., Egli & 
Mancktelow, 2013).

In the past decades, many studies have used in situ thermochronometry to investigate the rapid Neogene 
cooling and exhumation of these massifs. Most of these studies have either focused on orogen-perpendicu-
lar transects (e.g., Boutoux et al., 2016; Glotzbach et al., 2010; Reinecker et al., 2008) or on lateral variations 
at the orogen scale (e.g., Fox et al., 2016; Vernon et al., 2008).

In the Aar Massif, the youngest published low-temperature thermochronometric ages (Glotzbach et al., 2010; 
Herwegh et al., 2020; Michalski & Soom, 1990; Rahn, 2001; Rahn et al., 1997; Reinecker et al., 2008; Valla 
et al., 2012; Vernon, van der Beek, Sinclair, Persano, et al., 2009) are not situated in the center of the dome, 
as would be expected from the structural relief and exposed metamorphic grade, but at its lateral edges, 
indicating complex along-strike exhumation dynamics (Figures 1 and 2).

Whether lateral variations in the cooling history and the massif 's present geometry are controlled by the on-
going redistribution of mass through changes in the pattern of erosion and deposition, the spatial and tem-
poral distribution of compression and extension within the crust or inherited structures remains difficult 
to answer, which is due to the strong coupling of these parameters (e.g., Fox et al., 2016; Robert et al., 2011; 
Sternai et al., 2019).

In this contribution, we investigate the role of tectonic processes during the Neogene exhumation of the 
eastern Aar Massif from maximum burial to the present, based on new and published (U-Th)/He data 
on zircon (ZHe), apatite fission track (AFT), and zircon fission track (ZFT) ages, together with published 
peak temperature data. A particularly high spatial resolution of thermochronometric and peak temperature 
constraints allows the timing and pattern of exhumation to be resolved in the orogen-perpendicular and 
orogen-parallel directions.

Many studies have investigated the Aar Massif (e.g., Herwegh et al., 2020), so that it's tectonic architecture 
and evolution is well known. The European top basement, an orogen-scale marker, highlights the overall 
Alpine deformation and exhumation of the massif (Pfiffner, 2011, Figure 1). By assessing the geometric 
relationship between the present topography of the European top basement and cooling age patterns, we 
establish the timing of exhumation. A statistical inverse technique based on thermochronometric ages (Fox 
et al., 2014; Herman & Brandon, 2015) provides quantitative constraints on the space-time evolution of ex-
humation rates over the last E  16 Myr. Finally, we compare exhumation patterns to independent kinematic 
and age constraints from exposed shear zones to discuss the roles of tectonics, erosion, and structural in-
heritance during the formation and exhumation of the Aar Massif. Better understanding the fundamental 
controls of lateral variations in kinematics and exhumation rates at the scale of the Aar Massif ( E  100 km) 
and thus beyond major spatial variations in climate, may provide more general insight into the complex 
interaction of these parameters in other massifs or mountain belts.

2. Setting
2.1. Geological Architecture and Tectonic Evolution

The Aar Massif is a E  120 km long and 20 km wide east-northeast-trending structural dome located in the 
Central Swiss Alps (Figure 1). It is classically viewed as the result of convergence between Europe and Adria 
and the associated post-35 Ma continent-continent collision (e.g., Froitzheim et al., 1996; Pfiffner, 2015; 
Schmid et al., 1996). The Aar Massif is the easternmost and largest External Crystalline Massif, exposing the 
crystalline basement of the thickened lower European plate (e.g., Schmid et al., 2004). The main tectonic 
units in the study area, in ascending tectonic position, are the Aar Massif basement including its sedimen-
tary cover (Lower Helvetic), the Upper Helvetic and Penninic nappes (Figure 1). These units were generally 
emplaced in sequence from top to bottom and from south to north (Burkhard, 1988; Ramsay et al., 1983; 
Trümpy et al., 1980). The Helvetic nappes (Upper Helvetic) are interpreted to represent the sedimentary 
cover to the Gotthard and Tavetsch nappes, mostly consisting of crystalline basement (Figure 1, Trümpy 
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et al., 1980). They contain a carbonate shelf sequence with prominent massive limestones as well as se-
quences of marl and shale. In the east, Flysch and Bündnerschiefer units of the Penninic nappes, mostly 
consisting of marls and shales, are exposed (e.g., Schmid et al., 2004, Figure 1).

Deformation and exhumation of the Aar Massif has occurred relatively late and mostly postdates the em-
placement of the overlying nappes as illustrated by passive folding and tilting of the basal Helvetic thrust 
(Figure 1b, Burkhard, 1988; Milnes & Pfiffner, 1977; Rahn & Grasemann, 1999; Schmid et al., 1996). The 
transition from the emplacement of the Helvetic nappes to basement-involved deformation in the Aar Mas-
sif coincides with a decrease in estimated convergence rates between Europe and Adria from E  13 mm/yr in 
the Oligocene to E  2 mm/yr in the Neogene (Handy et al., 2010; Schmid et al., 1996).

Figure 1. (a) Simplified structural map of the central Swiss Alps (modified from Schmid et al., 2004) and traces of cross sections A-A’ (along-strike transect), 
B-B’ (Reuss Valley transect), C-C’ (Glarus transect), and D-D’ (Vättis transect). Contour lines of the European top basement are adapted from Pfiffner (2011). 
The External Crystalline Massifs are highlighted in green (see inset). Profile edge coordinates for cross sections A-A’, B-B’, C-C’, and D-D’ are given in Text S1 in 
Supporting Information S1. (b) Cross section B-B’ is after Brückner and Zbinden (1987), Pfiffner (2011), and Nibourel et al. (2021).
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The Aar Massif entered the Alpine orogenic wedge after E  34–28 Ma, as constrained by the Rupelian age 
of the youngest sediments deposited onto the Lower Helvetic domain prior to its burial below the Helvetic 
nappes (e.g., Lu et al., 2018; Menkveld-Gfeller et al., 2016). Massif-wide cooling and exhumation is recorded 
from ca. 20 Ma onwards (e.g., Fox et al., 2016; Herwegh et al., 2020).

The Aar Massif exposes a dense network of Alpine fault zones. The kinematics and the age of these fault 
zones have been investigated over the past decades, especially in the central Aar Massif (see Herwegh 
et al., 2017, 2020, for review). This gives us the opportunity (a) to independently constrain the timing of 
deformation and exhumation and (b) to asses the relationship between tectonics and exhumation. In the 
central Aar Massif, an early set of ductile steep to sub-vertical NW-SE striking shear zones with mostly 
S-block up kinematics was recognized (e.g., Choukroune & Gapais, 1983; Herwegh et al., 2017, in press; 
Nibourel et al., 2021; Steck, 1968; Wehrens et al., 2017, see Figure 1). These reverse faults were dated at 
ca. 21–17 Ma based on isotopic ages on syn-kinematic micas (Challandes et al., 2008; Rolland et al., 2009).

In the southern central Aar Massif, these reverse faults are overprinted by mostly east-west striking dex-
tral strike-slip faults (Wehrens et al., 2017). The transition from compressional to transpressional tectonics 
occurred at 14–10 Ma, as indicated by isotopic ages on syn- to post-kinematic minerals from cross-cutting 
strike-slip faults and associated Alpine clefts (Bergemann et al., 2017; Berger, Wehrens, et al., 2017; Chal-
landes et al., 2008; Janots et al., 2012; Ricchi et al., 2019; Rolland et al., 2009).

At the northern central massif front, the steep reverse faults are overprinted by an array of NNW-vergent 
thrusts (i.e., Pfaffenchopf thrusts, Figure  1, Mock,  2014; Nibourel et  al.,  2021; Wehrens et  al.,  2017). A 

Figure 2. Simplified structural map modified from Schmid et al. (2004) including published peak temperature data based on Raman Spectroscopy on 
carbonaceous material (Berger et al., 2020; Beyssac et al., 2002; Erne, 2014; Girault et al., 2020; Hafner, 2016; Lahfid et al., 2010; Mair et al., 2018; Negro 
et al., 2013; Nibourel et al., 2018, 2021; Wiederkehr et al., 2011) and calcite-dolomite thermometry (Herwegh & Pfiffner, 2005). Isograd lines representing peak 
Alpine metamorphic temperature in the Lower Helvetic domain are from Nibourel et al. (2021).
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distinct jump of ZFT ages across the Pfaffenchopf thrust indicates active thrusting after ca. 13 Ma (Herwegh 
et al., 2020).

In the absence of larger basement exposures east of the Glarus area, structural investigations have main-
ly focused on the Lower Helvetic sediments (Käch,  1972; Milnes & Pfiffner,  1977; Pfiffner,  1972,  1978; 
Schmid, 1975). According to these authors, a penetrative greenschist facies foliation and associated shear 
zones dominate the structural appearance. For details on phases and overprinting relationships in the 
Glarus area, the reader is referred to Milnes and Pfiffner (1977), Gasser and Den Brok (2008), Herwegh 
et al. (2008), Dielforder et al. (2016), Dielforder (2017), and von Däniken and Frehner (2017). Both, foliation 
and associated faults are dipping to the south-southeast and are dominated by down-dip stretching linea-
tions with mostly reverse kinematics.

In the adjacent Subalpine Molasse, compressional deformation initiated in the Oligocene (Kempf et al., 1999; 
Schlunegger et al., 1997) and lasted until ca. 6–4 Ma (Mock et al., 2020; von Hagke et al., 2012, 2014). In 
the Jura fold-and-thrust belt, the main phase of compressional deformation occurred from ca. 14 to 4 Ma 
(Becker, 2000; Looser et al., 2021). From ca. 5 Ma onwards, it is suggested that the entire North Alpine Fore-
land was affected by accelerated uplift and erosion (Cederbom et al., 2011; Schlunegger & Mosar, 2011; von 
Hagke et al., 2012). Despite decreasing convergence between Europe and Adria, fast and episodic exhuma-
tion focused on the Aar and other External Crystalline Massifs through the Neogene (e.g., Fox et al., 2016; 
Fügenschuh & Schmid, 2003; Vernon et al., 2008).

Two maxima of modern surface uplift rates coincide with the east and west corners of the exposed Aar 
Massif, while rates generally decrease toward the massif center (Schlatter, 2014). Geodetically derived mod-
ern uplift rates are generally consistent with estimated erosion rates from cosmogenic nuclides in river 
sediments (0.9  E   0.3 mm/yr) over the past 0.4 to 1.5 ka (Wittmann et al., 2007). Geodetic analyses indicate 
ongoing north-south convergence in the central Alps at rates ( E  1 mm/yr) in the central Aar Massif, increas-
ing to up to 2 mm/yr in the Eastern Alps (e.g., Sternai et al., 2019).

2.2. Age and Grade of Alpine Metamorphism

In order to quantify the amount and pattern of early cooling and relate it to exhumation, we analyze peak 
temperature estimates and associated independent age constraints. In this section, we first discuss the age 
of metamorphism and then present a compilation of peak temperature estimates for the study area (e.g., 
Figure 2).

Alpine metamorphism in the Lower Helvetics results from tectonic burial below the accreted Upper Hel-
vetic, Penninic, and Austrolpine nappes. In the study area, the age and grade of exposed metamorphism 
increase across the basal Helvetic thrust from the Lower into the Upper Helvetic (Frey & Ferreiro-Mähl-
mann,  1999; Hunziker et  al.,  1986). To account for such variations in the thermal overprint, peak tem-
perature data and thermochronometric ages from the tectonically higher Upper Helvetic, Penninic, and 
Austroalpine units are highlighted with different symbols through this study (Figures 3–5).

In the Lower Helvetic, the age of Alpine peak metamorphism is not completely resolved. Available isotopic 
ages on Alpine greenschist facies sheet silicates are often ambiguous and can be interpreted as crystalliza-
tion or cooling ages (e.g., Challandes et al., 2008; Hunziker et al., 1992; Rolland et al., 2009). In the central 
southern Aar Massif, the age of peak metamorphism can be estimated at 22–17 Ma based on Ar-Ar, Rb-Sr, 
and K-Ar data on micas, which are part of peak metamorphic mineral assemblages (e.g., Berger, Wehrens, 
et al., 2017; Challandes et al., 2008; Rolland et al., 2009). This age is also supported by thermal models sug-
gesting that at least 10 Myr are required to heat the Aar Massif basement to its estimated peak temperature 
of 450E  C, if instantaneous burial is assumed (Challandes et  al.,  2008). In the adjacent Urseren-Garvera 
zone (Figure 1), peak metamorphism was dated at 21–17 Ma based on U-Th-Pb ages on allanite (Janots & 
Rubatto, 2014). In the northern and eastern Aar Massif, the age of peak metamorphism is poorly document-
ed. In these areas, the onset of cooling is constrained by the northernmost possibly reset ZFT ages, ranging 
between 27 and 17  Ma (Michalski & Soom,  1990; Wangenheim,  2016) and by retrograde hydrothermal 
monazites from Alpine clefts which were dated at 17–6 Ma (Bergemann et al., 2017; Janots et al., 2012; 
Ricchi et al., 2019).
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Figure 3. Spatial distribution of new and published zircon fission track (ZFT) and apatite fission track (AFT) central 
ages and unweighted mean (U-Th)/He ages on zircon (ZHe) including isoage contour lines for the 1,500 m elevation 
level. References are given in the text. All data are shown without filtering of unreliable or unreset ages. naf—Northern 
Alpine front, other abbreviations as on Figure 1.
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Alpine peak metamorphism in the Lower Helvetic reached sub-greenschist to greenschist facies conditions 
(Frey & Ferreiro-Mählmann,  1999). Figure  2 shows the exposed pattern of Alpine peak metamorphism 
in the lower Helvetic, based on published Raman thermometry and calcite-dolomite thermometry data 
(e.g., Nibourel et al., 2021). The peak-metamorphic grade generally increases from ∼ 240E  C in the north to 
350– 520E  C in the south (i.e., Urseren-Garvera zone on Figure 2). Along strike, exposed peak temperature 
values decrease from up to 500E  C in the center of the massif to 350E  C toward its eastern rim, which reflects 
the easterly axial plunge of the eastern Aar Massif. In the following, we use the peak temperature pattern 
as a proxy for total exhumation between peak temperature conditions at ca. 22–17 Ma (in the central Aar 
Massif) and present.

2.3. Existing Thermochronometric Data

A number of thermochronological studies have been conducted in the Aar Massif and adjacent areas (ref-
erences are given in the methods section). Reinecker et al.  (2008) observed a two-fold increase of exhu-
mation rates from ca. 0.5 to 1.2 mm/yr at 3.5 Ma and northward tilting of the western Aar Massif between 
3.5 Ma and present. This was interpreted to reflect a change from orogen-parallel to orogen-perpendicular 
extension resulting in tectonic exhumation in the footwall of the Simplon-Rhône fault (Sue et al., 2007). In 
the central Aar Massif, thermochronometry studies revealed relatively steady exhumation at rates of 0.5  
E   0.2 mm/yr from ca. 12 Ma to present (Herwegh et al., 2020; Michalski & Soom, 1990; Vernon, van der 
Beek, & Sinclair, 2009; Vernon, van der Beek, Sinclair, Persano, et al., 2009), probably with pulses of acceler-
ated exhumation occurring from 9 to 3 Ma (Vernon, van der Beek, Sinclair, Persano, et al., 2009). Wangen-
heim (2016) also found evidence for a post-2 Ma increase in relief due to enhanced glacial erosion, which 
is consistent with thermal modeling results from the southeast corner of the Aar Massif (Valla et al., 2012). 
For the Reuss Valley, Glotzbach et al. (2010) found nearly constant exhumation of E  0.5 mm/yr through the 

Figure 4. (a) Topography and topographic relief, (b) thermochronometric ages, and (c) structural relief along cross section A-A’. (a) Swath profile showing 
the present-day minimum and maximum elevation (gray, swath width = 20 km), mean elevation (dashed line), and topography along the section trace (thin 
black line). (b) New and compiled zircon fission track ages (ZFT), (U-Th)/He ages on zircon (ZHe), and apatite fission track ages (AFT) along the cross 
section (references are given in the text), normalized to 1,500 m. Age trends for ZFT, ZHe, and AFT data are qualitatively highlighted as bold lines. Maximum 
projection distance (perpendicular to section trace) = 5 km. (c) The cross section is partly based on Schmid (1975) and Pfiffner (2011). naf—Northern Alpine 
front, other abbreviations as on Figure 1. Additional information and profile edge coordinates are given in Texts S1 and S5 in Supporting Information S1. The 
asterisks and the thin dotted black lines indicate the northern front of the Aar Massif.
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past 14 Myr, but two possible phases of accelerated exhumation at 16 to 14 Ma and at 10 to 7 Ma. These 
authors interpreted the Aar Massif to be in long-term exhumational steady state and not affected by recent 
tectonic activity or climate change. In the Glarus area, Rahn et al. (1997) and Rahn and Grasemann (1999) 
found evidence for differential exhumation including the northward tilting of the northern parts of the ba-
sal Helvetic thrust plane by  7E  after the closure of the AFT system between 5 and 12 Ma, which they related 
to active shortening in the Aar Massif (Figure 1). At the east corner of the massif (Vättis area), Persaud and 
Pfiffner (2004) observed a spatial correlation between young AFT cooling ages, post-glacial reverse faulting, 
seismic activity and geodetically derived modern uplift rates, which they attributed to active compressional 
tectonics. Overall, a complex picture has emerged from these studies. The timing of exhumation appears to 
vary along the strike of the Aar Massif, but also at the scale of the orogen (e.g., Fox et al., 2016).

2.4. Detrital Thermochronometry and Sediment Budget Analysis

Detrital thermochronometry is commonly used to study variations in erosion rate, especially as averaged 
over large regions. Overall, the lag time of the youngest populations of zircons in Alpine sediments (i.e., dif-
ference between the depositional and the ZFT cooling age), indicate relatively steady peak exhumation rates 
of E  1 mm/yr at the scale of the orogen since ca. 30 Ma (Bernet & Spiegel, 2004; Bernet et al., 2001, 2004, 2009; 
Dunkl et al., 2001; Glotzbach, Bernet, & van der Beek, 2011; Spiegel et al., 2000). In contrast, sediment 
budget analysis reveals a more than two-fold increase of sediment yield since E  5 Ma (Kuhlemann, 2000; 
Kuhlemann & Kempf, 2002). This increase coincides with the transition to a more erosive climate and with 
the Messinian salinity crisis (Willett et al., 2006). Although there is significant uncertainty attached to the 

Figure 5. (a) Topography and topographic relief, (b) new and published zircon fission track ages (ZFT), (U-Th)/He ages on zircon (ZHe), and apatite fission 
track ages (AFT), and (c) major fault zones and top basement along cross section B-B’ (left), C-C’ (center), and D-D’ (right). (a) The swath profile shows the 
present-day minimum and maximum elevation (gray, swath width = 20 km), mean elevation (dashed line) and topography along the section trace (thin black 
line). (b) Cooling ages along the cross section (references are given in the text), normalized to 1,500 m. Maximum projected distance perpendicular to the 
section trace = 15 km (cross sections B-B’ and D-D’), 10 km (cross section C-C’). Age trends for ZFT, ZHe, and AFT data are qualitatively highlighted as bold 
lines. (c) Cross section B-B’ is based on Nibourel et al. (2018). Cross sections C-C’ and D-D’ are simplified from Pfiffner (2011). Profile edge coordinates are 
given in Text S1 in Supporting Information S1. naf—Northern Alpine front, other abbreviations as on Figure 1.
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estimation of sediment volumes in the Alpine foreland basins, these very contrasting observations have 
stimulated research on feedback mechanisms between tectonic and climatic processes (e.g., Willett, 2010).

3. Methods
3.1. New and Compiled Low-T Thermochronometry Data

Thermochronometry quantifies the timing and velocity at which rocks cool, for example, as they approach 
the earth's surface as a result of exhumation (e.g., Reiners & Brandon, 2006, see also Text S2 in Support-
ing  Information  S1). A thermochronometric cooling age records the time elapsed since a rock cooled 
through a given temperature, generally referred to as closure temperature ( cE T  , Dodson, 1973). If the closure 
temperature is at a known depth (closure depth), a thermochronometric age simply corresponds to the time 
required to move from that depth to the surface (Willett & Brandon, 2013) and can thus be used to infer 
exhumation rates. However, knowing the closure depth of a given thermochronometric age requires an un-
derstanding of the thermal structure of the crust and the cooling rate at the time equivalent to the cooling 
age (e.g., Reiners & Brandon, 2006). Besides exhumation, cooling ages can also be affected by processes such 
as hydrothermal activity, in situ heat production or thermal relaxation after peak metamorphism.

The fission track method is based on the retention of damage trails (fission tracks), which are induced by 
the spontaneous fission of 238U contained in zircon or apatite (e.g., Reiners & Brandon, 2006, see also Text S3 
in Supporting Information S1). Partial annealing of fission tracks usually occurs between 190E  C and 380E  C 
in zircons and between 60E  C and 120E  C in apatites (Rahn et al., 2004). Associated closure temperatures 
range from 190E  C to 260E  C for the ZFT system and from 80E  C to 190E  C for the AFT system (calculated for 
fluorapatite and radiation damaged zircon, using the program Closure, Brandon et al., 1998). The low and 
high values represent slow and fast cooling rates, respectively.

In apatite, the annealing capacity of fission tracks is strongly influenced by the ratio between Cl and F (e.g., 
Green et al., 1986). Fission tracks in fluorine-rich apatites anneal more rapidly than in chlorine-rich apatites 
(Crowley et al., 1991; Donelick et al., 1999; Green et al., 1986). This compositional influence is estimated 
by measuring Dpar values, reflecting the length of etch pits parallel to the crystallographic c-axis (Burtner 
et al., 1994). Partial annealing in fluorine-rich apatites (Dpar  E  1.75  E  m) occurs at temperatures of 110  E    

20E  C, while partial annealing in chlorine-rich apatites (Dpar  E  1.75  E  m) occurs at temperatures of 130  E     
20E  C (Donelick et al., 2005).

The annealing kinetics of ZFTs particularly depend on radiation damage in the crystal (Garver et al., 2005; 
Kasuya & Naeser, 1988; Rahn et al., 2004). In zircons with little radiation damage, fission tracks anneal at 
temperatures between E  280 and 300E  C (Garver et al., 2005). In contrast, fission tracks in radiation damaged 
zircons anneal at E  180– 200E  C (Garver et al., 2005).

The ZHe method is based on the radioactive decay of 238U, 235U, 232Th, and 147Sm isotopes and the associated 
retention of the daughter product 4He in a zircon crystal below a given closure temperature (e.g., Reiners & 
Brandon, 2006, see also Text S4 in Supporting Information S1). He retention in zircon, among other factors, 
is mainly affected by the crystal size and morphology, anisotropy, source zonation, and on radiation damage 
(Farley et al., 1996). While the effects of crystal size, morphology and source zoning are routinely estimated 
by applying an alpha ejection correction (e.g., Hourigan et al., 2005), interactions between radiation damage 
and He diffusivity appear to be more complex (e.g., Guenthner et al., 2013). The degree of radiation dam-
age depends on the concentration of effective uranium (eU) and on the time elapsed since the sample has 
cooled below the partial annealing zone. Positive eU-age relationships appear to reflect isolated radiation 
damage zones interrupting existing crystallographic He diffusion pathways in crystals with relatively little 
radiation damage (Guenthner et al., 2013). Negative eU-age relationships are considered to be the result 
of interconnected damage zones generating suitable pathways for He diffusion in zircons with moderate 
to high radiation damage (Guenthner et al., 2013). The degree of radiation damage can be estimated with 
Raman Spectroscopy (Nasdala et  al.,  2004). The closure temperature of the ZHe system is estimated at 

140E  C– 195E  C (Reiners et al., 2002; Stockli, 2005). In crystals with high alpha damage densities, it can be even 
lower (Guenthner et al., 2013).
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For AFT, ZFT, and ZHe analysis, apatite and zircon bearing lithologies were mostly collected from the Low-
er and Upper Helvetic (see Table S1 in Supporting Information S1 for sample information). Complementary 
to the intensively studied Lötschberg (western Aar Massif, Reinecker et al., 2008), Haslital (Vernon, van der 
Beek, Sinclair, Persano, et al., 2009; Wangenheim, 2016), Reuss Valley (Glotzbach et al., 2010), and Glarus 
(Rahn et al., 1997) transects, we provide 18 new ZFT, 29 new ZHe, and 47 new AFT ages for the central to 
eastern Aar Massif and adjacent regions (Figure 2). For AFT and ZFT analysis, 7–40 grains per sample were 
analyzed depending on the availability of grains and the central age was plotted for each sample. Two to 
four grains per sample were measured for ZHe analysis and the sample age represents an unweighted mean 
age. Single grain ZHe ages ages which were identified as outliers based on the Dixon and the Grubbs tests 
were rejected for the calculation of the unweighted average sample age (Table 1, Dixon, 1950; Grubbs, 1950, 
see also Tables S4–S6 in Supporting Information S1). For sample disaggregation and mineral separation, 
standard procedures were applied (selfrag, jaw crusher, mill, sieve shaker, Wilfley table, magnetic separator, 
heavy liquids, Hurford, 1990; Hurford & Green, 1982, see Text S4 in Supporting Information S1). AFT and 
ZFT analysis was conducted by M. Rahn, mostly at University of Basel, Switzerland. ZHe analysis was con-
ducted at the Geoscience Centre, University of Göttingen in Germany.

In addition to the 94 new thermochronometric ages, we compiled 595 AFT, (U-Th)/He on apatite (AHe), 
ZFT, and ZHe ages from previous studies (Berger et al., 2020; Campani et al., 2010; Cederbom et al., 2004; 
Ciancaleoni, 2005; Elfert et al., 2013; Evans, 2011; Giger, 1991; Glotzbach et al., 2009; 2010; Hess, 2003; 
Hunziker et al., 1992; Hurford, 1986; Janots et al., 2008; Keller et al., 2005; Lihou et al., 1995; Michalski & 
Soom, 1990; Mock et al., 2020; Price et al., 2018; Rahn, 1994, 2001; Rahn et al., 1997; Reinecker et al., 2008; 
Schaer et al., 1975; Spiegel et al., 2000, 2001; Steiner, 1984; Timar-Geng et al., 2004; Valla et al., 2016; Ver-
non, van der Beek, Sinclair, Persano, et al., 2009; von Hagke et al., 2012, 2014; Wagner & Reimer, 1972; 
Wagner et al., 1977, 1979; Weh, 1998; Weisenberger et al., 2012), by building on an existing compilation by 
Fox et al. (2016). These are the data that are shown on Figures 3–5, with no filtering of potentially unreliable 
ages applied.

In contrast, only ages fulfilling the criteria given below were selected for inverse modeling (Table 1, Fig-
ures 6–8). ZFT and AFT ages which did not pass the  2E  test at the 5% level were excluded as highlighted in 
Table 1 (see Tables S2 and S3 in Supporting Information S1, for details). Ages of poor quality (e.g., E  10 grains 
analyzed for AFT/ZFT) and AHe/ZHe ages for which the standard deviation differs for more than 100% or 
10 Ma from the average, or ages that were reported as such in the literature were rejected. Ages based on 
the population method were also excluded (for details, see Gallagher et al., 1998). Where age uncertainties 
have not been reported, a conservative value of 20% was assigned. Only ages E  30 Ma were classified as likely 
Alpine reset. This age limit corresponds to the initiation of burial of the Lower Helvetic in the footwall to 
the basal Helvetic thrust, as indicated by the Rupelian age of the youngest sediments in the Lower Helvetic 
(Menkveld-Gfeller et al., 2016). Ages E  30 Ma were not considered for the qualitative analysis of cooling age 
patterns and the inverse modeling.

Our study represents a regional update of the results presented in Fox et al. (2016) who studied the exhu-
mation history at the orogen scale. We re-evaluate the exhumation history of the eastern Aar Massif by 
considering 171 new and recently published thermochronometric ages. Especially the 51 new and recently 
published (Price et al., 2018) ZHe ages significantly improve the spatial and temporal resolution in the study 
area.

3.2. Qualitative Analysis of Regional Cooling Age Patterns

The good spatial resolution allows cooling age patterns to be evaluated in map (Figure 3) and in section view 
(Figures 4 and 5). For this qualitative evaluation, we used all ages with no filtering. To highlight regional 
age trends rather than local age differences which may to a first order reflect the high variability in sample 
elevation ranging between 400 and 3,500 m (Table S1 in Supporting Information S1), we performed an ele-
vation correction on the cooling ages. Age elevation relationships of 0.7 km/Myr (ZFT), 0.7 km/Myr (ZHe), 
and 0.5 km/Myr (AFT) were used for the correction and represent mean values for the Lower Helvetic of 
the study area. Comparable values were found by Rahn et al. (1997) and Glotzbach et al. (2010). The ages 
were corrected to the 1,500 m elevation level, which approximately corresponds to the mean topography 
and sample elevation in the study area.
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Sample Latitude Longitude
Elevation 

(m)

Central 
ZFT age 

(Ma)a
1 E   

(Ma)

Central 
AFT age 

(Ma)a
1 E   

(Ma)

Unweighted 
ZHe mean 
age (Ma)a

1 E   
(Ma)

KAW 2408 8.30331 46.64358 1,140 3.7 E e 1.1

KAW 2983 9.21767 46.78026 710 3.1 E e 0.5

MR P 025 8.57672 47.05338 590 43.3 E e 6.9

MR P 027 8.62301 47.01549 450 258.3 21.9

MR P 032 8.63257 46.91338 600 88.3 E e 8.9 8.2 0.5

MR P 035 8.58290 46.84641 1,830 99.3 E e 9.5 7.1 0.6 25.2 4.3

MR P 037 8.62032 46.85763 675 6.3 E e 1.1

MR P 039 8.63290 46.83951 480 120.9 E e 8.6 4.9 0.4

MR P 040 8.65013 46.88278 675 67.4 E e 7.4 7.2 1.0 11.6 0.3

MR P 042 8.60853 46.87620 520 8.3 0.6

MR P 043 8.58853 46.89799 560 99.9 E e 16.7 6.9 0.6 11.7 3.2

MR P 046 9.41186 46.98250 2,050 132.2 E e 6.6 7.4 E e 0.6

MR P 048 9.45373 47.02271 490 83.3 E e 7.7 8.2 0.7

MR P 049 9.58764 46.97556 530 4.2 0.8

MR P 051 9.53785 46.96307 760 4.8 0.5

MR P 054 9.60267 47.01253 2,370 149.2 E e 15.4 8.7 0.6

MR P 058 9.39141 46.95541 2,755 6.9 0.6

MR P 060 9.39039 46.95245 2,580 7.0 0.8

MR P 062 9.39148 46.94272 2,180 92.3 E e 11.3 11.2 1.0

MR P 065 9.43466 47.21038 620 149.3 E e 13.4 18.7 E e 1.6

MR P 100 9.05145 46.78435 1,530 10.4 E e 1.1 3.9 0.5 6.5 0.3

MR P 101 9.53982 47.18808 470 17.9 1.2

MR P 140 9.45657 47.15754 750 91.8 E e 24.5

MR P 142 9.54431 47.10099 860 10.4 0.8

MR P 144 9.43159 46.90828 1,000 2.7 0.4

MR P 146 9.39610 46.82440 600 8.7 0.9 1.6 0.2

MR P 148 9.02587 46.80513 1,880 13.6 1.2 3.6 0.3 7.8 0.3

MR P 149 9.55882 46.86829 820 3.6 0.7

MR P 151 9.01899 46.83870 1,870 5.1 0.8

MR P 153 8.65852 46.81315 485 100.1 E e 9.8 7.2 0.5

MR P 154 8.67115 46.77505 510 13.7 1.6 6.7 0.5 9.4 0.2

MR P 155 8.52992 46.99797 530 9.4 E e 1.4

MR P 167 9.01574 46.82839 1,845 28.9 E e 2.7 5 E e 0.4 8.0 0.2

MR P 169 9.41513 46.91055 1,205 10.4 E e 1.2 2.4 E e 0.3 6.0 0.6

MR P 175 8.18432 46.71926 610 9.2 E e 0.7

MR P 211 9.22471 46.88983 2,360 2.0 E e 0.7

MR P 215 8.79791 46.58837 1,915 7.5 1.2

MR P 216 8.84397 46.63333 1,490 8.4 1.5

MR P 217 8.85588 46.67907 1,230 5.8 1.1

MR P 218 8.95567 46.69704 1,245 5.6 1.1

MR P 219 9.04306 46.71798 2,155 5.0 1.0

Table 1 
New Thermochronometric Zircon Fission Track (ZFT), Apatite Fission Track (AFT), and (U-Th)/He Ages on Zircon 
(ZHe)



Journal of Geophysical Research: Solid Earth

NIBOUREL ET AL.

10.1029/2020JB020799

12 of 34

Such a global elevation correction may introduce minor artifacts, especially in regions with spatial varia-
tions in the cooling history. However, major artifacts can be excluded as they would have been recognized 
during the careful inspection of the isoage patterns in section view. The elevation correction was not ap-
plied for the quantitative assessment described in the following chapter. It only serves to give the reader a 
fast overview of the spatial distribution of the ages. For this purpose, the simple global correction applied 
appears to be adequate.

The isoage contour lines shown in Figure 3 were calculated using the marching squares interpolation meth-
od provided in Matlab R2015B with a 2 × 2 km grid size. The isoage contour lines were then manually 
adjusted in the vicinity of anomalous ages (less than 15 ages) and masked in areas with poor data coverage. 
Most of these ages were possibly affected by local fluid flow and have been identified as such in the original 
publications. Adjustments were made with great care to ensure that isoage contour lines highlight the re-
gional age trends. No potentially arbitrary constraints such as tectonic boundaries were used in this initial 
interpolation or the subsequent minor adjustments.

Table 1 
Continued

Sample Latitude Longitude
Elevation 

(m)

Central 
ZFT age 

(Ma)a
1 E   

(Ma)

Central 
AFT age 

(Ma)a
1 E   

(Ma)

Unweighted 
ZHe mean 
age (Ma)a

1 E   
(Ma)

MR P 260 9.31517 46.65768 2,110 5.3 0.8

MR P 283 8.44624 46.72895 2,225 7.1 0.7 11.0 0.7

MR P 284 8.40170 46.78430 1,905 11.3 E e 2.0

MR P 297 8.81967 46.86269 1,360 6.4 E e 0.9

MR P 299 8.24843 46.86006 670 8.2 1.0

MR P 303 8.10985 46.65244 1,950 10.4 E e 1.1

MR P 466 8.45512 46.69893 3,502 9.7 0.7

MR T 009 9.04482 46.86470 3,100 8.9 0.9

MR T 180 8.98439 46.91187 875 18.5 5.1

EZ-15-07 8.71413 46.71901 2,200 11.8 0.8

BR-15-05 8.80540 46.76570 2,060 8.9 1.0

ME-15-03 8.60251 46.71170 990 9.5 0.3

GO-15-01 8.50146 46.65014 1,760 9.4 0.3

AN-15-01 8.59034 46.64650 1,420 7.1 0.1

GU-15-01 8.62770 46.75094 1,250 9.3 0.4

TO-15-04 8.95433 46.82365 1,850 7.2 0.3

KL-15-06 8.72560 46.86983 850 23.3 7.7

AL-15-01 8.61138 46.87460 450 18.3 4.1

ER-15-30 8.63253 46.83921 480 9.4 0.4

ER-15-31 8.65796 46.79964 550 9.8 1.2

MA-15-03 8.69494 46.76889 770 8.9 0.2

TV-15-01 8.79949 46.68341 1,560 9.9 0.6

ME-15-04 8.45510 46.69882 3,500 11.0 1.1

WI-16-04 8.74390 46.79872 2,300 19.5 1.5

SU-16-01 8.53172 46.83688 2,390 26.1 9.3

SU-16-04 8.51315 46.81879 1,750 11.2 0.3

BR-16-02 8.68145 46.73716 3,070 9.8 0.3
ae = excluded for inverse modeling.
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3.3. Inversion Model Setup and Parameters

In a late-stage orogenic setting such as the Neogene European Alps with estimated convergence rates no 
higher than 2 mm/yr (Schmid et al., 1996), cooling ages may to a first order reflect exhumation. In such a 
setting, in situ heat production or thermal relaxation after peak metamorphism may not have a significant 
impact on the cooling ages. Hydrothermal activity (Valla et al., 2016) or infiltration of meteoric water (Ar-
nost, 2016) may lead to short-lived and local thermal anomalies, but cannot explain the overall smooth age 
distribution at the scale of the Aar Massif (Figure 3). In the inversion model approach we apply, cooling 
ages are assumed to reflect exhumation.

For the quantitative assessment of exhumation rates in space and time, we applied an inversion method 
on new and compiled ZFT, ZHe, AFT, and AHe ages. This inversion method was first established by Fox 

Figure 6. Calculated exhumation rates from 16 Ma to present for 2 Myr time steps based on the inversion of new and 
published thermochronometric data (references are given in the text). Section traces are highlighted as black lines in 
the top left sub-figure. The Aar Massif boundary and other tectonic boundaries are highlighted with red and black lines, 
respectively. Abbreviations as on Figure 1.
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Figure 7. (a) Modeled exhumation rates, present-day surface uplift rates (Schlatter, 2014) and (b) cumulative exhumation calculated for 2 Myr time steps over 
the past 16 Ma along section A-A’. Regions of accelerated exhumation are shaded. The total exhumation since Alpine peak temperature conditions is inferred 
from depth-converted peak metamorphic temperature data (Figure 2). The red “1” highlights early exhumation from the moment of peak metamorphic 
conditions to 16 Ma (gray area). Red “2” highlights the rapid exhumation restricted to the central Aar Massif from 16 to 10 Ma. Red “3” highlights eastward 
migration of exhumation from 10 Ma to present. (c) Structural relief and major detachments along section A-A’. Legend and abbreviations as on Figure 1.

Figure 8. Inverse model results plotted along (a) cross section B-B’, (b) cross section C-C’, and (c) cross section D-D’. See Figure 7 for explanations. Legend and 
abbreviations as on Figure 1. References to peak temperature data are given in Figure 2. The asterisks and the thin dotted black lines indicate the northern front 
of the Aar Massif. Present-day surface uplift rates are from Schlatter (2014).
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et al. (2014) and Fox et al. (2015). We used here an updated version, which is described in Herman and Bran-
don (2015). The method exploits ages from multiple thermochronometric systems, distributed in space. We 
only considered ages younger than 30 Ma for our calculations.

Quantifying the closure depth cE z  requires an estimate of the thermal structure in the crust at a given time  
in the past. This thermal structure can be perturbed mainly by two processes: (a) topography representing 
the external boundary condition and (b) heat advection due to exhumation (e.g., Fox et al., 2016). In this 
method, the closure depth cE z  is described as the integral of the exhumation rate E e from a given cooling age E  
to the present (e.g., Stalder et al., 2020). The model assumes one simple exhumation event and is not able to 
capture reburial (i.e., negative exhumation rates). To avoid negative exhumation rates, this equation is thus 
translated to a logarithmic space:

      
0 0ln exp( ) ,cz edt (1)

where   ( )cE ln z  and   ( )E ln e  .

Using a flux bottom boundary condition, the thermal structure of the crust was estimated as a function of 
heat advection and topography. This way, geothermal gradients and cooling histories were calculated for 
each time step. The closure depth was derived from the thermal histories.

This inverse problem was then solved using the nonlinear least-squares method (e.g., Tarantola, 2005). To 
achieve this, the integral in Equation 1 was first discretized into fixed time intervals E t :


 



 
  

 


0
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As a next step, we imposed a spatial correction of E  by defining an a priori model covariance matrix ME C  (Fox 
et al., 2014; Stalder et al., 2020). ME C  contains the horizontal distance E d between the  th and E j th data points, 
and a Gaussian correlation function for each time interval E t :


        

2
2( , ) exp ,M

dC i j
L

 (3)

where E L represents the correlation length scale and  2E  is the a priori variance, which mainly serves as a 
weighting factor (Stalder et al., 2020). This way, the calculated exhumation rates are spatially correlated 
within a given distance but free to vary through time, which results in a smooth distribution, regardless of 
major detachments (e.g., Fox et al., 2014). Since both the calculations of the closure depth and the thermal 
structure depend on the erosion rate estimated by the model (Fox et al., 2014), a second nonlinear problem 
has to be solved using the steepest descent algorithm (Tarantola, 2005).

      
     1

1 ( ( ) ( )),t
m m M D m obs m priorC G C (4)

where E m is the iteration number,  priorE  the logarithm of the value chosen as a priori erosion rate priorE e  , DE C  
is the data covariance matrix, E  is an arbitrarily chosen parameter which controls how rapidly the mod-
el parameters evolve, mE  and  obsE  represent the logarithms of the modeled and observed closure depths 
and E G represents the derivative of ln exp t

i i( ( ) * ) 0

    with respect to E  (Herman & Brandon, 2015; Stalder 
et al., 2020).

A list of input parameters is given in Text S6 in Supporting Information S1. Fifteen time intervals of 2 Myr 
between 30 Myr and present were used by the model. Given the spatial and temporal resolution of ages, 
reliable results can be shown for the 8 last 2 Myr time steps between 16 Myr and present. Therefore, the 
pre-16 Myr time steps are not shown in the results section. An a priori value for priorE e  of 0.6  E   0.3 km/Myr 
was chosen. This value represents the mean exhumation rates in the Alps since 35 Ma, which is based on 
the sedimentary record (e.g., Bernet et al., 2001; Glotzbach, Bernet, & van der Beek, 2011). We assume an 
undisturbed initial prior geothermal gradient 0E G  of 20E  C/km. This value is close to independent pressure 
temperature estimates from the study area (Challandes et al., 2008; Goncalves et al., 2012) and reflects the 
spacing between peak metamorphic isograd surfaces in Wiederkehr et al. (2011). The model was run with a 
correlation distance of 20 km (see also Text S6 in Supporting Information S1).

The input parameters 0E G  , priorE e  , and the 30 Myr model run time define the final geothermal gradient ( 33E  C/
km) at the end of the prior model. This value is close to the  30E  C/km estimated from surface heat flux 
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data across the study area (Bodmer & Rybach, 1984). These data are, however, relatively old and poorly 
constrained by only a relatively small number of borehole or tunnel data.

priorE e  influences all time steps of the model, because it remains part of the solution (see Equation 4, Jiao 
et al., 2017; Willett et al., 2020). This influence is more pronounced when the data have a poor temporal 
or spatial resolution, which is not the case in our study area. Given the coupling between the geothermal 
gradient and exhumation rate also 0E G  influences the model results. For example, assuming a high prior 
geothermal gradient leads to more shallow closure depths. As a consequence, our model predicts lower ex-
humation rates. Therefore, a sensitivity analysis was performed for 0E G  ranging between 15 and 30E  C/km. To 
test the model sensitivity, we performed additional model runs for priorE e  values of 0.4, 0.8, and 1.0 km/Myr, 
respectively. These values represent the estimated minimum and maximum exhumation rates over the past 
20 Myr in the study area (Glotzbach et al., 2010; Nibourel et al., 2021; Vernon et al., 2008).

The model calculates an average transient geotherm from a 1-D solution to the advection-diffusion equa-
tion for heat transfer to an isothermal boundary condition at the Earth's surface, which is set to 15E  C (at 
0 m elevation, see also Text S6 in Supporting Information S1). This value is arbitrarily chosen and has lit-
tle influence on the modeled exhumation rates. Nevertheless, paleo climate reconstructions (e.g., Zachos 
et al., 2001) indicate that the value chosen represents a realistic estimate of the mean temperature value 
over the past 30 Myrs. The model operates with a thermal thickness of 50 km, which corresponds to the 
crustal thickness below the central Alps (Schmid et al., 1996). The advective term in the heat equation is 
determined using the above a priori values 0E G  and priorE e  . The thermal diffusivity of 30  2E km  /Myr used in the 
model is in agreement with heat flow data from the study area (Bodmer & Rybach, 1984).

The closure temperature and cooling rate (at the time equivalent to the cooling age) for a specific thermo-
chronometric age is updated during the optimization of the exhumation model (Fox et al., 2014). To update 
the closure temperature, the model uses the annealing/diffusion kinetic parameters given in Reiners and 
Brandon (2006), assuming the conventional cooling rate of 10E  C/Myr.

The calculation of the temperature perturbations downward from the topographic surface required (a) a 
90 m digital elevation model (Jarvis et al., 2006), (b) an estimate of the atmospheric lapse rate ( 6E  C/km), 
and (c) the determined geotherm, which is derived from the average transient solution for the relevant time 
(Fox et al., 2016). Using a spectral method, temperature perturbations were then extended downwards to 
the depth of interest (Fox et al., 2016; Mancktelow & Grasemann, 1997; Stüwe et al., 1994). Finally, this 
perturbation in temperature was converted to a perturbation of a given closure depth isotherm using the 
transient geotherm calculated for the relevant time. The model assumes a stationary topography over time 
(Fox et al., 2014). This is in agreement with Campani et al. (2012) and Schlunegger and Kissling (2015) who 
found evidence for a relatively constant topography of the Alps since the Miocene.

The reliability of the solution was assessed by computing the reduced variance (the ratio between the a pos-
teriori and a priori variance, Fox et al., 2014, see Figure S1 in Supporting Information S1). At a temporal or 
spatial resolution of cooling ages close to 0, calculated exhumation rates will not significantly deviate from 
the a priori value of 0.6 km/Myr. Values close to 1 indicate that our solution was defined and improved by a 
high number of thermochronometric constraints.

4. Results
4.1. Thermochronometric Ages

New ZFT, AFT, and ZHe ages are summarized in Table 1. Detailed information on the ages can be found on 
Tables S2–S6 in Supporting Information S1, track length data (only available for key samples) for the ZFT 
and AFT ages are shown in Tables S7 and S8 in Supporting Information S1. New and published ages are 
shown in map view (Figure 3), along a transect parallel to the massif (Figure 4) and along three transects 
perpendicular to the massif (Figure 5).

New ZFT ages E  30 Ma are mostly situated at the northern border of the Aar Massif. These ages are older 
than the the age of Alpine peak metamorphism in the Lower Helvetic and were not reset during the Alpine 
orogeny (Figure 5). Further south, ages are generally E  30 Ma and were at least partially reset during the 
Alpine cycle. Alpine reset ZFT ages cluster between 8.7 and 13 Ma (Figures 4 and 5). ZFT track lengths (only 
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available for key samples) are in the order of 7.7–10.6  E  m (see Table S7 in Supporting Information S1). In 
three out of six young ( E  30 Ma) ZFT ages, track lengths E  10  E  m and a unimodal track length distribution 
(Tagami et al., 1998) point to a complete reset (Table S7 in Supporting Information S1). In contrast, the pres-
ence of short tracks in the relatively young ZFT age from the Vättis window (MRP169, 10.4 Ma) suggests no 
complete reset in these zircons.

The youngest AFT ages (1.6–7  Ma) are found in the Vättis window. Samples from the Helvetic nappes 
yielded AFT ages up to to 20 Ma. Dpar values range from 1.38 to 2.26  E  m (Table S3 in Supporting Infor-
mation S1) and highlight the presence of fluorine- and chlorine-bearing apatites, thus indicating nonuni-
form annealing kinetics. However, Dpar values of all key samples along the strike of the Aar Massif are 
fluorine-rich (Dpar   E  1.75   E  m). Hence, the age increase from the eastern to the central Aar Massif does 
not reflect compositional variation. AFT track lengths ( E  14   E  m, Table S8 in Supporting Information S1) 
indicate fast cooling in the Vättis window, decreasing toward the central Aar Massif and toward the north 
(see Figure 3, Vernon et al., 2008). Fast post-6 Ma cooling in the Vättis area is also confirmed by an inverse 
relationship between AFT ages and associated mean track lengths (Rahn, 2001).

New ZHe ages range between 6 and 27 Ma and are mostly younger than associated or nearby ZFT ages 
(Table 1). ZHe ages E  13 Ma are restricted to the Lower Helvetic sediments north of the Aar Massif (Fig-
ure 5) and are characterized by a relatively large spread of single grain ages (see also Tables S4–S6 in Sup-
porting Information S1). In the central Aar Massif, ZHe ages are between 7 and 11 Ma without clear age 
trends (Figures 4 and 5). Errors (1 E  ) do not exceed E  1.2 Ma. In the eastern Aar Massif, ages range between 
8 and 6.5 Ma. The youngest age (6  E   0.6 Ma, sample MRP169) was reported in the Vättis window (Figure 4). 
Two samples from the Helvetic nappes yielded ages of 26.1 and 8.9 Ma, respectively. ZHe ages with weakly 
negative eU-age relationship are restricted to areas of higher Alpine metamorphic overprint (peak temper-
ature   E 330E  C, Figure 2), thus suggesting relatively weak radiation damage. Four single ages were, given 
their age which is older than the onset of burial ( E  30 Ma) estimated for the Lower Helvetic, identified as 
unreset and therefore rejected for the calculation of the unweighted mean sample age (see Tables S4–S6 in 
Supporting Information S1).

4.2. Isoage Maps

Figure 3 shows new and published ZFT, ZHe, and AFT ages together with inferred isoage contour lines for 
the 1,500 elevation level. Elevation-corrected ZFT ages show a decrease from E  15 Ma in the central southern 
Aar Massif to 10 Ma in the Vättis window. The 20 Ma isoage line closely follows the northern boundary of 
the central Aar Massif and is situated close to the northern end of the reset zone. Isoage lines are oblique to 
major tectonic boundaries such as the Urseren-Garvera zone. A zone with ages E  10 Ma coincides with the 
Vättis area and with the eastern Gotthard nappe.

Elevation-corrected ZHe ages gently decrease from an average value of 10 Ma in the central Aar Massif to 
6 Ma in the Vättis window (Figures 3 and 4). Ages increase rapidly north of the Aar Massif. The region with 
the youngest ZHe ages extends into the Penninic domain southeast of Chur (Figure 3). From Chur, ages 
increase toward the south and east. The area north to the Vättis window is not covered by ZHe data.

In the central Aar Massif, elevation-corrected AFT ages range between 6 and 8 Ma. The youngest AFT are 
situated in the Vättis window and increase toward the central Aar Massif. A concentric area with the young-
est ages is aligned with the easternmost exposure of the Aar Massif. No significant jump in ages is observed 
across major detachments such as the basal Helvetic thrust or the Penninic front (Figure 3). We interpret 
the rapid increase of ZFT and ZHe cooling ages toward the north and partially toward the east to reflect var-
iations in the metamorphic overprint (Figure 2). Ages from this zone are considered not completely reset. 
In contrast, age variations within the reset zone, such as the systematic decrease of all cooling ages from 
the central Aar Massif toward the Vättis window, are likely to reflect a different timing or rate of cooling.

4.3. Age Constraints on Deformation

Figures 4 and 5 highlight the surface topography and the distribution of cooling ages along a cross section 
parallel and three published cross sections perpendicular to the massif (Nibourel et al., 2018; Pfiffner, 2011).
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In along-strike direction (Figure 4), top basement descends from an estimated elevation of 7 km in the 
central Aar Massif to an elevation E  1 km east of the Vättis window with a mean axial plunge of 5– 10E  (Her-
wegh et al., 2020; Hitz & Pfiffner, 1994; Nibourel et al., 2018). In orogen-perpendicular direction, top base-
ment increases from an elevation of −6 km in the footwall of the Alpine sole thrust (Pfiffner et al., 1997) 
to approximately 7 km at the crest of the Aar Massif, then comes back down to sea level south of the Aar 
Massif (Pfiffner, 2011), which corresponds to an amplitude of up to 12 km (Figure 5, cross section B-B’). 
This amplitude decreases to less than 9 km along cross section D-D’ (Figure 5). The present-day geometry 
of top basement serves as an independent proxy for the integrated amount of exhumation since the time top 
basement was gently dipping in southward direction prior to the Aar Massif uplift (Nibourel et al., 2018).

As highlighted on Figure 4, the ages decrease from the central Aar Massif to the Vättis window. The young-
est ZFT, ZHe, and AFT ages are situated at the easternmost exposure and not in the center of the massif. In 
contrast, the exposed metamorphic grade (Figure 2) and the present-day structural relief (Figures 1 and 5c) 
highlight that total exhumation was overall largest in the central southern Aar Massif. This suggests that 
most of the dome shape of the Aar Massif shown on Figure 5 developed between the time of peak metamor-
phic conditions at ∼22–17 Ma and the closure of the ZFT system at 10–15 Ma.

Distinct changes in the age pattern also occur perpendicular to the massif (Figure 5). Along the Reuss Valley 
transect, elevation-corrected and Alpine reset ZFT, ZHe and AFT ages are relatively constant (Figure 5, left). 
No significant ZFT age jump is observed between the Aar Massif and the Gotthard nappe, indicating the 
absence of significant differential vertical movements between the two tectonic units after the closure of the 
ZFT system at ∼13–15 Ma (Glotzbach et al., 2010; Peters, 2012). Near-constant ZHe and AFT age patterns 
do not reflect the dome structure and associated major faults in the internal parts of the massif (Figure 5). 
This suggests that this part of the Massif exhumed with minor internal differential vertical movements (“en 
bloc”) at least since the closure of the ZHe system at ∼9–11 Ma. As a consequence, the structural relief and 
associated reverse faults in the internal parts of the massif must have developed earlier.

In contrast, clear age trends are observable along the Glarus and Vättis transects (Figure  5, centre and 
right). In the Vättis transect, the youngest AFT ages coincide with the crest of the eastern Aar Massif and 
ages increase particularly to the north but also to the south (Figure 5). Although less pronounced, the same 
age pattern can be recognized along the Glarus transect (Figure 5, see also Rahn et al., 1997). This points to 
continued development of the structural relief after AFT closure between E  10 and 2 Ma.

4.4. Exhumation Rates in Space and Time

Inverse modeling results are presented in the form of an array of maps. These maps show the evolution of 
exhumation rates for the past 16 Ma for 2 Myr time steps (Figure 6). Figure S1 in Supporting Information S1 
shows a high temporal resolution of model input data, especially for the Lower Helvetic domain from 14 Ma 
to present. This corroborates the reliability of our model observations.

Figures 7a and 8a show the modeled exhumation rates along the four studied transects. On the same figures, 
exhumation rates for each time step multiplied by time (2 Myr) are cumulatively plotted to add up to the 
modeled sum of exhumation from 16 Ma to present, in the following referred to as modE e  (Figures 7b and 8b). 
Exhumation has likely initiated earlier, but is poorly constrained by cooling ages. As a consequence, modE e  
does not represent the total amount of exhumation, but rather the time interval for which model results 
yield a sufficiently good spatial and temporal resolution. Therefore, complementary to the model results, an 
approximation of the total exhumation ( totE e  ) is shown in Figures 7b and 8b. It is inferred from Alpine peak 
temperature data converted to paleo depth at the time of peak temperature conditions, assuming a constant 
geothermal gradient of 25E  C/km at peak temperature conditions (at E  17–22 Ma in the central Aar Massif, 
Nibourel et al., 2018).

The assumed geothermal gradient is comparable to the average transient geotherm calculated by the in-
verse model for that time, which is a requirement for the comparison of the two data sets in Figures 7b 
and 8b. Furthermore, the assumed geothermal gradient is in agreement with the spacing of peak temper-
ature isograd surfaces in the study area (Nibourel et al., 2021) and with independent pressure temperature 
time constraints (Challandes et al., 2008; Goncalves et al., 2012; Rolland et al., 2009). Peak metamorphism 
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in the Lower Helvetic domain is due to the burial in the footwall to the basal Helvetic thrust, represent-
ing the main active tectonic boundary at that time (Pfiffner, 2015). According to numerical models (Shi & 
Wang, 1987), temperature perturbations across shallow-dipping active thrusts with slip rates no higher than 
5 mm/yr, such as the basal Helvetic thrust, re-equilibrate rapidly (Nibourel et al., 2021; Pfiffner, 2015) so 
that the assumption of a constant geothermal gradient of 25E  C/km appears justified for this time step, even 
if minor temperature perturbations cannot be excluded.

The inverse model allows temperature gradients to vary through time and in space (Fox et al., 2014). The 
25E  C/km gradient we applied to convert peak temperatures to depth is thus not necessarily equivalent to the 

temperature gradient calculated by the inverse model at that given time at a given locality. Hence, absolute 
differences between totE e  and modE e  have to be considered with caution.

Calculated exhumation rates highlight a distinct space-time evolution, especially along the strike of the Aar 
Massif. Between 16 and 10 Ma, maximum rates of up to 1 mm/yr are situated in the central Aar Massif while 
the eastern Aar Massif exhumes at much slower rates ( E  0.5 mm/yr, Figure 6, see also vertical red arrow 
labeled with a “2” on Figure 7). From 10 Ma onwards, maximum exhumation rates progressively migrate in 
orogen-parallel direction, from the central to the eastern Aar Massif, reaching the Vättis area at ca. 6–2 Ma 
(see horizontal red arrows labeled with a “3” on Figure 7).

Exhumation rates do also vary in the direction perpendicular to the massif (Figures 6 and 8). Along the 
Reuss Valley transect, exhumation rates are relatively constant through the past 16 Ma (see “en bloc” exhu-
mation in Figure 8a). In contrast, model results highlight differential exhumation with its maximum near 
the crest of the eastern Aar Massif from 8–6 Ma to present (i.e., “late differential exhumation” on Figures 8b 
and 8c).

From 2 Ma to present, the model results show a twofold increase of exhumation rates affecting the study 
area at a larger scale. However, the spatial distribution of exhumation rates is consistent with the pre-2 Ma 
evolution (i.e., eastward-migration of exhumation, see Figure 6).

The cumulatively plotted model results on Figures 7 and 8 illustrate the progressive exhumation of a hypo-
thetical initially horizontal marker through the past 16 Myrs. The difference between modE e  and totE e  highlights 
the amount of exhumation between peak temperature conditions and 16 Ma (i.e., gray areas on Figures 7b 
and 8a). Our results demonstrate that a large amount of the west-east structural relief developed prior to 
16 Ma (i.e., “early exhumation” highlighted with a red “1” on Figure 7b). Along the Reuss Valley transect, 
the structural relief in the internal parts of the massif must have developed prior to 16 Ma (i.e., “early dif-
ferential exhumation” on Figure 8a, left). From 16 Ma onwards, the model predicts nonsteady but spatially 
uniform “en bloc” exhumation (Figures 8b and 8c). Along the Glarus and the Vättis transects, modE e  and totE e  
reflect the present-day geometry of top basement (Figures 8b and 8c). In contrast to the central Aar Massif, 
this points to continued differential rock uplift in the eastern Aar Massif after 6 Ma.

Along the Reuss Valley transect, average modeled exhumation rates of ca. 0.5 mm/yr are in agreement with 
estimates by Glotzbach et al. (2010). However, pulses of faster exhumation from 16 to 14 Ma and from 10 
to 7 Ma as proposed by Glotzbach et al. (2010) were not reproduced by our model results. This could be 
due to the 2 Myr time step used in our model, which might be too large to resolve pulses of relatively short 
duration. Along the Glarus transect, our results highlight differential exhumation and an associated  7E  
northward tilting after ca. 8 Ma, north of the underlying Aar Massif (Figure 8b). The post-2 Ma acceleration 
of exhumation rates in the Vättis region is consistent with a similar increase since 3 Ma found by Vernon 
et al. (2008) and Fox et al. (2016).

In order to test the robustness of the model observations, we evaluated the influence of the following key 
input parameters on the key observations: (a) the a priori exhumation rate, (b) its uncertainty, and (c) the 
correlation distance (Fox et  al.,  2014; Herman & Brandon,  2015). Exhumation patterns and their space 
time evolution, including the migration of peak exhumation in along-strike direction, were stable features 
through the sensitivity analysis, thus confirming the robustness of our first order observations.

In the inverse model, the closure depth of a specific cooling age at the time equivalent to the cooling age is 
calculated based on the present-day topography. Changes in position of valleys and peaks or in the overall 
topography in the past cannot be predicted by the model but could influence our results, especially the 
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calculated closure depths of AFT and AHe data. Closure temperatures E 200E  C are not significantly influ-
enced by topography (Mancktelow & Grasemann, 1997). Additionally, rates calculated for the time interval 
between the closure of the last thermochronometer and present might vary as a function of the assumed 
rock temperature at surface. Therefore, the post-2 Ma signal has to be interpreted with caution. Another 
limitation of the used inversion method is the assumption of a purely vertical exhumation path of the 
rock toward the surface. Nibourel et al. (2018) estimated a ratio of vertical uplift to shortening E  0.7 for the 
exhumation of the central Aar Massif. Hence, particle paths had a horizontal component. This cannot be 
captured by the model but could potentially influence the thermal history in the area. Furthermore, heter-
ogeneous retention and annealing kinetics in apatites and zircons, as well as heat conductivity variations 
between the sedimentary cover and crystalline basement are not considered by the model.

4.5. Independent Kinematic and Age Constraints From Exposed Fault Zones

Overall, independent kinematic and age constraints from exposed shear zones are in good agreement with 
thermochronometry-based modeled exhumation dynamics. This corroborates our model results and points 
to a strong link between basement-involved crustal thickening and exhumation during the Neogene.

Our thermochronology-based results (Figure 8a) suggest that most of the deformation in the internal parts 
of the central Aar Massif developed after the thermal peak (22–17  Ma) and prior to ZFT closure at ca. 
16–14 Ma. This is in agreement with the 21–17 Ma age of an early set of steep ductile reverse faults with 
mostly S-block up kinematics in this area (see Section 2.1 for details). The early exhumation with simulta-
neous differential N-S rock uplift in the internal parts of the central Aar Massif (including the Reuss Valley 
transect, “early differential exhumation” in Figure 8a) can thus be attributed to these early reverse faults.

The transition from compressional to transpressional tectonics at 14–10 Ma provides a good explanation for 
the absence of significant N-S differential exhumation in the internal parts of the massif along the Reuss 
Valley transect (Figure 8a) from 14 Ma onwards (see Section 2.1 for details). Our thermochronometry based 
results highlight no significant gradient in the exhumation rates across the central Aar Massif between 
16 Ma and present, in the following referred to as “en bloc” exhumation (Figures 7b and 8a). This spatially 
uniform exhumation rates may reflect “en bloc” exhumation in the hanging wall of frontal crustal ramps, 
such as the exposed Pfaffenchopf thrusts (see Section 2.1 for details).

4.6. Earthquake Data

Recent seismicity gives additional insights regarding the distribution and kinematics of deformation over 
the past decades. Figure 9 shows available earthquake focal mechanisms for the study area, colored for 
distance to top basement (Deichmann, 2014; Diehl et al., 2014, 2015, 2018; Kastrup et al., 2004; Marschall 
et al., 2013). The estimated uncertainty related to the focal depths is E  3 km for high-quality hypocentral 
solutions, but could be larger for lower quality localizations (for details on quality assessment of focal depth 
uncertainties, see Deichmann et al., 2000; Diehl et al., 2014). A cluster of earthquakes indicating thrust tec-
tonics can be identified north of the Vättis area (marked by black arrows on Figure 9). Most of these earth-
quakes occurred at relatively shallow depths and associated hypocenters are situated close to the top base-
ment horizon (Persaud & Pfiffner, 2004). Two clusters of strike-slip dominated earthquakes are observed in 
the Glarus area and between Feldkirch and Chur (Figure 9). Many of these events might be located within 
the basement, or within the Lower Helvetic sediments.

Seismic activity in the Penninic domain south of Chur is characterized by normal faulting, indicating south-
west-northeast extension. Given the very low convergence rates between Europe and Adria, the seismic 
record (covering the period from 1984 to 2018) represents a very short time interval and associated interpre-
tations should be considered with caution. Although the seismicity in the Helvetic domain is overall dom-
inated by E-W and N-S strike-slip faulting, we observe an increased tendency to compressional tectonics, 
which coincides with the approximate position of the Alpine sole thrust (Figures 1 and 9, Pfiffner, 2011) 
and with the region of most rapid and differential post-2 Ma exhumation in the hinterland (see highlighted 
area around Vättis on Figure 9). Regions for which our model calculates comparatively low post-2 Ma exhu-
mation rates, such as the central Aar Massif (Figure 6), are characterized by low seismic activity including 
strike-slip and/or normal faulting (Figure 9).
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5. Discussion
5.1. Kinematic Scenario for Noncylindrical Orogen-Parallel Massif Growth

Our results highlight a noncylindrical evolution of the Aar Massif associated with eastward migration of 
exhumation in an orogen-parallel direction, and thus perpendicular to the overall north-northwest trend-
ing transport direction in the Helvetics (e.g., Pfiffner, 2011). We propose a kinematic scenario for the devel-
opment of the Aar Massif in which exhumation is mainly driven by compressional tectonics (Figures 10 
and 11). In the central Aar Massif, the scenario is well constrained by independent thermochronometry and 
field constraints. In the east, the distribution of basement shear zones is poorly known and our interpretation 
has to be considered with caution. Possible positive feedback mechanisms with erosional processes are ad-
dressed below. Schematic tectonic sketch maps on Figure 10 illustrate the structural evolution for three time 
intervals. Likely active faults and associated regions with maximum exhumation are highlighted for each 
time interval. The schematic 3D sketches on Figure 11 illustrate the active faults and the associated devel-
opment of the structural relief as well as the resulting exhumation signal for the same three time intervals.

1.  22–16 Ma: Shortening and crustal thickening in the basement first initiated in the central southern Aar 
Massif. We correlate this early phase of rapid and differential exhumation with the exposed east-north-
east-striking and steeply south-southeast dipping to sub-vertical reverse faults and with a pervasive 
greenschist facies foliation (Figure 10, “Reverse faults” on Figure 11, e.g., Herwegh et al., 2017; Rolland 
et al., 2009; Wehrens et al., 2017). This early phase produced (a) the structural relief as seen in the in-
ternal parts of the central Aar Massif (“early differential exhumation” on Figure 8a), and (b) the N-S 
metamorphic gradient (Figures 2 and 8a, Nibourel et al., 2018, 2021). In the Vättis area, our data (ther-
mochronometric ages and peak temperatures) do not record significant exhumation during this period.

Figure 9. Compiled earthquake focal mechanisms in the study area, colored after distance to top basement for the years 1984–2018 (see text for references). 
Where identified, fault planes are highlighted as bold black lines. Top basement topography (shown as gray contour lines in the background) including major 
detachments (at the level of top basement) are from Pfiffner (2011). The Aar Massif exposure is outlined by a solid red line. Black arrows highlight thrust-
related earthquakes north of the Vättis area, the region of maximum post-2 Ma exhumation rates (red ellipse with dashed outline).
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2.  14–10 Ma: In the southern central Aar Massif, cross-cutting relationships and isotopic ages suggest a tran-
sition to transpressional tectonics with a dominant strike-slip component (Figure 10, “strike-slip faults” on 
Figure 11). Simultaneously, compressional deformation along the northern central massif-front progrades 
toward the North Alpine Foreland where new north-northwest-vergent crustal ramps/thrusts are activated 
(i.e., “frontal thrusts” on Figure 11), which correlates with imbricate thrusting in the Subalpine Molasse 
(Mock et al., 2020; von Hagke et al., 2012). Relatively rapid “en bloc” exhumation from ca. 14–10 Ma is 
observed in the hanging wall of these crustal ramps. The transition to strike-slip dominated tectonics ex-
plains the absence of differential exhumation in the southern central Aar Massif. From 10 Ma onwards, the 
focus of crustal thickening and exhumation migrates in an orogen-parallel and eastward direction toward 
the east corner of the massif. At ca. 8–6 Ma, the area of maximum crustal thickening and exhumation 
reaches the Glarus region where it causes tilting in the overlying Helvetic nappes (see Figures 7, 8b and 10, 
Rahn et al., 1997). At the same time, we observe a decrease of exhumation rates in the central Aar Massif.

Figure 10. Schematic tectonic sketch maps illustrating the structural evolution and exhumation of the central and eastern 
Aar Massif (see text for references and discussion). Recent seismicity highlights an increased tendency to thrust faulting near 
the basement-cover interface in front of the Vättis area (stress regime symbols modified from Marschall et al., 2013). Red 
arrows highlight the orogen-parallel migration of exhumation initiating at ca. 10 Ma. Legend as on Figure 1.
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3.  4 Ma to present: Our results highlight continued eastward migra-
tion of exhumation toward the present-day (Figures  10 and  11). 
Compared to the eastern Aar Massif, the central Aar Massif con-
tinues to exhume at slower rates. The good correlation between 
exhumation maxima and top basement highs in the Vättis area 
suggests that at least the pattern of exhumation is to a first or-
der controlled by crustal thickening. However, exhumation rates 
above 1.5 mm/yr estimated for this time interval are equal or high-
er than present-day convergence rates ( E  1 mm/yr) and compara-
ble to modern surface uplift rates up to 1.5  mm/yr (e.g., Sternai 
et al., 2019). Such high exhumation rates relative to slow conver-
gence rates may result from positive feedback mechanisms be-
tween crustal thickening and efficient erosion of the sedimentary 
units overlying the Aar Massif, especially during the Quaternary 
glaciations (e.g., Seguinot et al., 2018). Interpreted faults in cross 
section D-D’ (Figure 8) indicate multiple detachments with a fault 
dip increasing from N to S (Pfiffner, 2011). This interpretation was 
considered for our kinematic model on Figure  11, which is con-
sistent with the cluster of thrust-related earthquakes north of the 
Vättis area (Figure 9).

In the above kinematic scenario, along-strike exhumation variations 
are linked to changes in the distribution or intensity of compressional 
deformation in the Aar Massif basement. This may be achieved (a) by 
displacement or dip variations along the strike of thrusts and reverse 
faults, (b) by laterally varying spacing of thrusts and reverse faults, or 
(c) by decoupling individual fault segments by transverse faults. There 
is some field evidence for large displacement variations, for example 
along the strike of the Windgällen-Färnigen zone (Figure 10, Nibourel 
et al., 2018, 2021) and the Frisal line (Figure 10, Pfiffner, 1978). Both 
reverse faults appear to die out laterally, but in opposite directions (Ni-
bourel et al., 2021). An overall change in the spacing of faults from the 
central to the eastern Aar Massif is not observed (Baumberger,  2015; 
Nibourel et al., 2021). In contrast there is some field evidence for trans-
form faulting. The most prominent examples, from west to east, are 
the Oberaar fault zone (Belgrano et al., 2016; Egli et al., 2018; Rolland 
et  al.,  2009; Wehrens et  al.,  2017), the Panixer Pass transverse zone 
(e.g., von Däniken & Frehner,  2017), or the Kunkels Pass transverse 
fault (Pfiffner, 1972). The presence of transverse faults is also indicat-
ed by strike-slip dominated recent seismicity in the Helvetics (Figure 9, 
Deichmann, 2014; Diehl et al., 2014, 2015, 2018; Kastrup et al., 2004; 
Marschall et al., 2013).

5.2. Present-Day Situation

Although the two-fold increase of exhumation rates between 2 Ma and 
present predicted by the model has to be considered with caution, it is 
consistent with other studies (e.g., Vernon et al., 2008) and with inde-

pendent geodetically derived present-day surface uplift rates (see dotted black lines in Figures 7a and 8, 
Schlatter, 2014). This suggests that at least the predicted pattern of exhumation rates represents a mean-
ingful result.

The position of the concentric post-2 Ma exhumation peak centered around the Vättis window represents 
the logic continuation of the eastward migration of exhumation—a process that, according to our results, 

Figure 11. Schematic sketches showing the development of the Aar 
Massif (top basement) and the eastward migration of exhumation in 
orogen-parallel direction for the time intervals shown on Figure 10. Key 
structural elements such as reverse faults and frontal thrusts (purple) 
as well as strike-slip faults (red) are highlighted. Purple arrows indicate 
hypothetical displacement variations along these structures. Associated 
exhumation rates are shown for two transects perpendicular to the central 
and the easternmost Aar Massif (Vättis area) and along one axial transect. 
See text for discussion and references.
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initiated at ca. 10 Ma. This suggests that compressional deformation and crustal thickening, although at 
relatively slow rates, might still be active processes especially in the easternmost Aar Massif.

Some evidence for continued compressional tectonics is also found in the recent seismic activity. Focal 
mechanisms in the Aar Massif/Helvetic domain are overall dominated by strike-slip. However, an increased 
tendency to thrust-faulting can be observed in the vicinity of the Alpine sole thrust north of the most rapidly 
exhuming Vättis area (Figure 9). The comparatively slow post-2 Ma exhumation rates in the central Aar 
Massif are reflected by moderate seismic activity, dominated by strike-slip or normal faulting (Figure 9).

Given the slow ( E  1 mm/yr) present-day convergence rates (Sternai et al., 2019) estimated for the eastern Aar 
Massif, tectonic processes alone are unlikely to explain the post-2 Ma acceleration of exhumation affecting 
the study area at a larger scale. The observed acceleration is likely related to the Quaternary glaciations, 
which affected the entire Alpine orogen (Ehlers et al., 2011). As elaborated by previous studies, post-glacial 
isostatic adjustment (Champagnac et al., 2007; Persaud & Pfiffner, 2004) and enhanced glacial erosion (Fox 
et al., 2015; Valla et al., 2012) could produce very similar exhumation and uplift patterns. One of the key 
parameters defining the rate of glacial erosion is the ice sliding velocity (Herman et al., 2015). Models of the 
ice dynamics during the last glacial maximum in the Alps (Seguinot et al., 2018) highlight a band with ice 
sliding velocities higher than 300 m/a following the Rhine valley, which could have contributed to higher 
erosion rates in the easternmost Aar Massif. The impact of glacial erosion could be even more pronounced 
due to the presence of easily erodible Flysch and Bündnerschiefer units along the large and partly oro-
gen-parallel Rhine catchment (Glaus et al., 2019; Schlunegger & Hinderer, 2001).

5.3. Potential Geodynamic Framework

As illustrated on Figure 12a, inherited lateral variations in the thickness and/or density could result in a 
different timing of basement-involved crustal thickening and exhumation in the underthrusted lower plate 
of the orogen. In such a scenario, basement-involved deformation would first initiate in areas with a thicker 
and more buoyant crust as indicated by the red arrows on Figure 12a. Indications for inherited thickness 
variations can be found in the sedimentary cover of the Aar Massif. Mostly south-vergent normal faults 
separated the basement blocks of the Aar Massif and the Gotthard nappe already during the passive margin 
evolution (e.g., Trümpy et al., 1980). The Aar Massif, situated in the northern footwall block to these normal 
faults, was uplifted and exposed, as indicated by the absence of Early Jurassic sediments (i.e., “Alleman-
nisches Land,” Pfiffner, 2015). Additionally, the Central Aare Granite, situated in the axial zone of the Aar 
Massif, represents one of the largest exposed intrusive bodies of the Alps (e.g., Berger, Mercolli, et al., 2017). 
On average, the density of this granite may be lower relative to the surrounding polycyclic metamorphic 
basement with an overall higher content in heavier mafic minerals. Both of these factors might have con-
tributed to the early onset of basement-involved deformation in the central Aar Massif.

Additionally, along-strike changes in the thickness of syn-orogenic sediment deposits could cause a var-
iable timing and magnitude of basement-involved deformation (Figure 12c, Erdős et al., 2015; Schwartz 
et al., 2017). According to these authors, a larger syn-orogenic sediment thickness favors thin-skinned tec-
tonics and, thereby, delays the transition to basement-involved deformation. A corresponding increase in 
thickness of syn-orogenic Tertiary sediments, estimated based on the accreted cross sectional sediment 
thickness in Figure 5 from E  3 km (transect B-B’) to E  6 km (transect D-D’) would be consistent with an early 
initiation of thick-skinned deformation in the central Aar Massif. There might be a direct link between the 
thickness and density of the accreted crust as shown on Figure 12a and the geometry of the foreland basin.

Geophysical, geomorphological and isostatic considerations suggest that the tectonic evolution of the Cen-
tral and Western Alps is strongly influenced by the dynamics of the European continental slab (see Kissling 
& Schlunegger, 2018, for a review). Two main aspects have to be considered with respect to the evolution 
of the Aar Massif. (a) It was recently proposed that delamination of mid to lower crustal material due to a 
rollback mechanism and the associated accretion of buoyant crustal material could drive vertical tectonic 
movements and explain the pattern of steep to sub-vertical reverse faults and rapid exhumation focused 
at the Aar Massif (Herwegh et al., 2017). (b) Seismic tomography reveals that the European continental 
slab appears to be detached below the Western Alps (Lippitsch et  al.,  2003), while a continuous slab is 
observable below the Central Alps. This was interpreted to reflect a lateral slab tear propagating to the 
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northeast (Lippitsch et al., 2003). In the absence of detectable present-day convergence in the Western Alps 
(Nocquet et al., 2016), active slab detachment together with enhanced glacial erosion has been proposed 
to be responsible for the post-2 Ma increase in exhumation rates which is restricted to the Western Alps 
(Fox et al., 2015, 2016). Ongoing eastward propagation of the slab-detachment could potentially explain 
the migration of exhumation in eastward direction. However, the role of continental slab dynamics needs 
further geophysical investigations.

As discussed above, climate-driven erosion is considered to be one of the main driving forces for the Plio-
cene-Pleistocene increase of exhumation rates at the scale of the Western and Central Alps, and particularly 

Figure 12. Schematic sketches of possible explanations for orogen-parallel migration of exhumation with time (red 
arrows): (a) shortening of a convex edge-shaped continental margin, (b) along-strike variations in the configuration 
of the continental slab or slab break-off and tear, propagating in orogen-parallel direction, (c) different timing of 
thick-skinned deformation due to thickness variation in the syn-orogenic front-range sediments, and (d) decrease of 
exhumation rates in the center of a dome due to the progressing exposure of less erodible basement units and isostatic 
adjustment.
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in the External Crystalline Massifs (e.g., Cederbom et al., 2004; Fox et al., 2015; Kuhlemann et al., 2002; 
Valla et al., 2012; Willett, 2010; Willett et al., 2006). Given the low plate convergence rates (2 mm/yr) esti-
mated for the Neogene (Handy et al., 2010), efficient erosion is likely to play an important role also for the 
long-term exhumation history of the Aar Massif (Nibourel et al., 2018). However, changes in the climate 
cannot explain a lateral shift of peak exhumation rates at the scale of a 100 km over a time span of 10 Myr, 
such as the along-strike migration of peak exhumation in the eastern Aar Massif.

East of the Vättis window, the extent of maximum post-4 Ma exhumation shown on Figure 6 coincides 
with the exposure of easily erodible Flysch and Bündnerschiefer units (Schmid et al., 2004) rather than 
with the Aar Massif basement high (see top basement topography on Figure 1a). East of the Rhine Valley, 
these units are more than 6 km thick (Weh, 1998; Zerlauth et al., 2014). In our reconstruction (Figures 7b 
and 7c), the initiation of the eastward migration of exhumation coincides with the estimated first expo-
sure of the crystalline basement in the central Aar Massif. As sketched on Figure 12d (left), the exposure 
of less erodible basement units, the associated decrease of erosion rates and isostasy-driven rock uplift 
could have lead to lower exhumation rates in the central Aar Massif from 10 Ma onwards (Figure 7b). 
The progressing exposure of less erodible basement units with time could be a potential driver for to the 
eastward migration of exhumation and for the rapid post-2 Ma exhumation of the Vättis area, also in the 
absence of significant convergence and crustal thickening (see Figure 12d, right). This scenario implies 
that the structural dome shape of the Aar Massif was most pronounced prior to its exposure at the surface 
approximately 10 Ma ago (Figure 11). According to Sternai et al. (2019), the isostatic adjustment due to 
deglaciation and erosion together account for 50% or more of the recent surface vertical displacements of 
the Central to Eastern Alps.

5.4. Implications for the Alps and Other Orogens

Our findings have important implications for Alpine tectonics, as they suggest that crustal thickening and 
associated differential exhumation, although at relatively slow rates and likely accelerated by the impact of 
the Pleistocene glaciation and by the exposure of easily erodible rocks at the surface, might still be active, 
especially at the eastern end of the Aar Massif. Comparable observations and interpretations were made by 
Schwartz et al. (2017) who found evidence for the exhumation of an incipient “hidden” External Crystalline 
Massif at a frontal position between the Pelvoux and Argentera massifs (Western Alps), which is clearly 
younger than the two adjacent exposed massifs.

Many studies have invoked a kinematic link between the Aar Massif and the Subalpine Molasse as well as 
the Jura fold-and-thrust belt (e.g., Boyer & Elliott, 1982; Burkhard, 1990; Burkhard & Sommaruga, 1998; 
Pfiffner, 1990; Pfiffner et al.,  1997; von Hagke et al.,  2012). In this regard, the diachronous exhumation 
pattern of the Aar Massif has implications for the prediction of long- and short-term dynamics, including 
seismic hazard, of the North Alpine Foreland. Other studies have also found evidence for slow but ac-
tive and potentially basement-involved compressional deformation, for example in the Subalpine Molasse 
(Mock & Herwegh, 2017; von Hagke et al., 2014), in the Swiss Molasse basin (e.g., Ibele, 2011; Mock & Her-
wegh, 2017) and in the Jura mountains (Madritsch et al., 2010). An along-strike decrease of cooling ages in 
the Subalpine Molasse reflecting the cooling age and exhumation pattern of the Aar Massif is not observed 
(Heuberger et al., 2016; Mock et al., 2020; von Hagke et al., 2012, 2014). Instead, the youngest reset AFT 
and AHe ages from the Subalpine Molasse show relatively little lateral variation (e.g., Mock et al., 2020; 
Rahn, 2001), which questions the concept of a direct kinematic link between the External Crystalline Mas-
sifs and foreland deformation (see also von Hagke et al., 2014).

Noncylindrical massif growth may also affect other Alpine massifs and orogens, in which plates with in-
herited lateral irregularities are involved. Orogen-parallel migration of peak exhumation can explain both 
(a) the different timing of exhumation pulses at different localities along the External Crystalline Massifs 
(e.g., Glotzbach et al., 2010; Glotzbach, van der Beek, & Spiegel, 2011; Reinecker et al., 2008; van der Beek 
et al., 2010; Vernon et al., 2008; Vernon, van der Beek, Sinclair, Persano, et al., 2009) and (b) near steady-state 
exhumation rates but changing source areas at the scale of the Central and Western Alps as revealed by 
detrital thermochronometry (e.g., Bernet et al., 2001; Glotzbach, Bernet, & van der Beek, 2011). Because 
thermochronometric studies are commonly focused along orogen-perpendicular transects and located near 



Journal of Geophysical Research: Solid Earth

NIBOUREL ET AL.

10.1029/2020JB020799

27 of 34

the center of structural domes, along-strike variations and exhumation dynamics have the potential to be 
overlooked.

6. Conclusions
The enhanced spatial resolution of new and published thermochronometric data together with estimates 
on metamorphic peak temperature offer the opportunity to quantitatively assess the Neogene exhumation 
history of the eastern Aar Massif in the directions perpendicular and parallel to the Alpine orogen. Our re-
sults highlight that maximum exhumation at rates of 1 mm/yr and more were focused on the central massif 
during an early stage between 22 and 10 Ma. The region with maximum exhumation rates then gradually 
migrated along-strike from the central to the eastern Aar Massif, while the central Aar Massif continued 
to exhume at slower rates (0.5 mm/yr). This indicates a noncylindrical evolution associated with eastward 
migration of exhumation in an orogen-parallel direction (i.e., perpendicular to the main orogenic transport 
direction).

In the central Aar Massif, exhumation dynamics are in good agreement with independent age and kinemat-
ic constraints from exposed fault zones. This suggests a strong link between exhumation and crustal-scale 
tectonic processes. Its noncylindrical exhumation points to crustal thickening as the main driving force for 
long-term exhumation, rather than climate change.

We infer that the noncylindrical evolution of the massif, including the migration of peak exhumation in 
orogen-parallel direction, mainly reflect variations in the timing of basement-involved deformation, associ-
ated crustal thickening and efficient erosion. The early initiation of basement-involved deformation in the 
central Aar Massif, relative to surrounding areas, may be due to a larger inherited thickness and/or a lower 
density of the crust. The decrease of exhumation rates in the central Aar Massif and the lateral migration of 
maximum exhumation rates in eastward direction from 10 Ma onwards may be enhanced by the progress-
ing exposure of less erodible basement units in the central Aar Massif and by the presence of more easily 
erodible flysch and Bündnerschiefer units in the east of the study area.

The two-fold increase in exhumation rate between 2 Ma and present affecting the study area at a larger scale 
is attributed to enhanced erosion and isostatic adjustment due to glaciation/deglaciation since the Pleisto-
cene. The good correlation between the post-2 Ma exhumation maximum and the top basement high of the 
eastern Aar Massif points to ongoing crustal thickening and thus the continuation of eastward migration 
of the Aar Massif growth to the present-day. This is supported by a similar distribution and magnitude of 
geodesy-based modern uplift rates and by earthquake focal-mechanisms indicating an increased tendency 
to thrust tectonics at the external front of the eastern Aar Massif.

Our findings suggest that crustal thickening, although at relatively slow rates and likely accelerated by 
the impact of the Pleistocene glaciation, might still be active, especially at the lateral edges of the External 
Crystalline Massifs and the adjacent forelands. Noncylindrical massif growth provides an explanation for 
the apparent mismatch between Alpine-wide steady-state exhumation, as suggested by detrital thermochro-
nometry, and distinct exhumation peaks occurring at a variety of times, as revealed by regional-scale in situ 
thermochronometric studies. The process is likely to affect other Alpine massifs and mountain belts, but 
might be overlooked when studies focus on single orogen-perpendicular transects.

Data Availability Statement
All data included in the inverse model have been previously published (Berger et  al.,  2020; Campani 
et al., 2010; Cederbom et al., 2004; Ciancaleoni, 2005; Elfert et al., 2013; Evans, 2011; Giger, 1991; Glotzbach 
et al., 2009, 2010; Hess, 2003; Hunziker et al., 1992; Hurford, 1986; Janots et al., 2008; Keller et al., 2005; Lihou 
et al., 1995; Michalski & Soom, 1990; Mock et al., 2020; Price et al., 2018; Rahn, 1994, 2001; Rahn et al., 1997; 
Reinecker et al., 2008; Schaer et al., 1975; Spiegel et al., 2000, 2001; Steiner, 1984; Timar-Geng et al., 2004; 
Valla et al., 2016; Vernon, van der Beek, Sinclair, Persano, et al., 2009; von Hagke et al., 2012, 2014; Wagner 
et al., 1977, 1979; Wagner & Reimer, 1972; Weh, 1998; Weisenberger et al., 2012) or are available in Fox 
et al. (2015) which was the basis of the compilation used in this study. All new thermochronometric ages 
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from this study are listed in the Supporting Information S1. Samples and mineral separates are archived at 
the collection of the Institute of Geological Sciences (University of Bern).
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