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Abstract The inversion of crystalline basement units of former passive continental margins is a
typical feature of late-stage collisional mountain belts. In this study, a new large-scale 3D geological
model of the main lithostratigraphic and structural units of the Aar Massif was built to investigate
how the 3D geometry of the passive margin and inherited extensional structures influenced the
tectonic evolution during late-stage continent-continent collision. Cross-section restoration of such
units and of metamorphic peak temperature data allowed us to reconstruct the 4D geodynamic
evolution of the massif during the late-stage Alpine orogeny. Our results show that: (i) The Aar
Massif results from the inversion of the unevenly stretched proximal zone of the passive European
margin. (ii) 20% of the present-day structural relief of the massif is a legacy of the 3D architecture of
the Permian to Mesozoic passive continental margin. Mesozoic rifting structures formed larger-scale
basins separated by a central topographic high subdividing the Aar Massif into three SW-NE trending
basement blocks. (iii) The inherited spatial variations in graben/basins geometry and associated
sediment and crustal thickness variations caused an in-sequence, non-cylindrical exhumation of the
Aar Massif, controlled by a dense network of reverse and thrust faults. This interplay between crustal
dynamics and crustal inheritance resulted in the uplift and emplacement of the Aar Massif. The
results of this study highlight the importance of integrating regional-scale 3D geological modelling
in the analysis of complex geological systems, such as orogens. By enabling a comprehensive
understanding of their 4D evolution and geodynamic processes, this methodology opens the door

to a wide range of applications in tectonics, resource exploration, and hazard assessment.

1 Introduction

The closure of suture zones owing to convergent plate
movements leads to a transition from ocean-continent
subduction to continent-continent collision (e.g.,
Beaumont et al., 2000; Bellahsen et al., 2014; Lacombe
and Mouthereau, 2002; Mohn et al., 2012). In this
process, the former passive continental margin of the
subducting lower plate is progressively integrated into
the upper plate, first involving the distal margin and
then the proximal margin (e.g., Mouthereau et al.,
2013). Numerous studies have shown that thick-skinned
tectonics and the development of shear zones in the
crystalline basement are typically observed during
the advanced stages of continent-continent collision
involving an increasingly thick and buoyant proximal
continental margin (Lacombe and Bellahsen, 2016;
Munoz, 1992; Boutoux et al., 2014, 2016; Pfiffner,
2006; Rosenberg et al., 2015; Granado and Ruh, 2019,
e.g.,). During the inversion of former passive continental
margins (e.g., Taiwan: Beyssac et al., 2007; Zagros:
Vergés et al., 2011; Western Alps: Tricart, 1984;
Bellanger et al., 2014; Spitz et al., 2020), the evolution
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is influenced by factors such as pre-collision crustal
geometry, crustal thickness, and the reactivation or
inhibition of inherited structures (e.g., Rosenberg and
Kissling, 2013; Lafosse et al., 2016; Herwegh et al., 2024;
Nibourel et al., 2021a; Musso Piantelli et al., 2022).
Such inversion-related exhumation processes occur on
a large scale (hundreds of km3) and display highly
non-cylindrical geometries (Nibourel et al., 2021b; Yin,
2006). The complexity of such geometric variations
in the orogen-parallel direction cannot be captured
using 2D methods alone. Regional-scale 3D geological
modelling is a powerful tool that allows the resolution
of such complex three-dimensional settings and is often
the key to new insights into the evolution of orogens
(Mock et al., 2020; Brisson et al., 2023; Frings et al.,
2023). When restoration is applied to the 3D model, it
is possible to study the orogen in 4D, which improves
the understanding of the complex tectonic evolution in
mountain belts and its lateral variability.

Along the Western and Central European Alps,
the External Crystalline Massifs (from southwest to
northeast, the Argentera, Pelvoux, Grandes Rousses,
Grand Chatelard, Belledonne, Aiguilles Rouges, Mont
Blanc, Aar and Gotthard Massifs; Schmid et al.,
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Figure 1 — Geological map and cross-section of the study area. (A) Regional overview map simplified after Schmid et al.
(2004). (B) Geological map illustrating the large-scale trends of the main structural elements, the profile traces of Figure 2,
the viewpoints of Figure 3, and the thin sediment wedges (Sed. W.) as well as the positions of the Susten-Windgélle (SWi
PC), Doldenhorn (D PC) and Wenden (We PC) Permo-Carboniferous troughs. (C) Large-scale cross-section of the study area,

modified after swisstopo (2024).

2004, Figure 1) are examples of antiformal complexes
resulting from the inversion of the former European
passive continental margin. These massifs form a
laterally discontinuous belt of basement domes, which
are separated by structural saddles (e.g., Egli and
Mancktelow, 2013; Granado and Ruh, 2019; Herwegh
et al., 2024). A large number of field, structural,
numerical and petrochronological studies have been
conducted to understand the geodynamic processes
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leading to the formation of such basement domes (e.g.,
Frey et al., 1980; Burkhard, 1988; Herwegh and Pfiffner,
2005; Leloup et al., 2005; Pfiffner, 2006; Bellahsen et al.,
2012; Boutoux et al., 2014; Bauwville and Schmalholz,
2015, 2017; Lacombe and Bellahsen, 2016; Granado and
Ruh, 2019; Girault et al., 2020, 2022; Herwegh et al.,
2024). These previous approaches have documented
and studied deformation structures in structural maps
and/or on cross-sections, while the three-dimensional
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and non-cylindrical architecture and evolution of these
complexes remain largely unexplored, with only limited
studies addressing these aspects (Campani et al., 2014;
Musso Piantelli et al., 2022; Mercier et al., 2023).

In this work, we selected the Aar Massif (Central
European Alps; Figure 1), the easternmost of
the External Crystalline Massifs, to examine how
passive margin geometry, inherited structures and
crustal thickness variations influenced the late stages
of continent-continent collision. To visualise the
three-dimensional architecture of the massif, we
constructed a large-scale explicit 3D geological model of
the main lithological and tectonic boundaries of the area.

By combining cross-section restoration, published
metamorphic peak temperature data (Nibourel et al.,
2021b, and references therein), and a series of
structural, geomorphological, thermochronological,
and geochemical studies conducted in recent years
(Burkhard, 1988; Hdinni and Pfiffner, 2001; Herwegh
and Pfiffner, 2005; Pfiffner et al., 2011; Berger et al.,
2017a,b, 2020; Wehrens et al., 2016, 2017; Schneeberger
et al., 2017; Herwegh et al., 2017, 2020, 2024; Mair
et al., 2018; Nibourel et al., 2018, 2021b,a; Baumberger
et al., 2022; Musso Piantelli et al., 2022, 2023), we
then built a 4D crustal geodynamic reconstruction of
the evolution of the Aar Massif during the late stage of
Alpine collision (22-0 Ma).

2 Geological Setting and Age
Constraints

The Aar Massif is an east-northeast-trending structural
half dome outcropping for more than 2000 km? at an
average elevation of ~2200 m a.s.l. in the central Swiss
Alps (Figure 1). The Aar Massif is the largest and
easternmost of the External Crystalline Massifs (e.g.,
Herwegh et al., 2024). Tt exposes the basement units
of the thickened lower European plate as a result of the
convergence with the Adriatic plate and the associated
post-35 Ma continent-continent collision (e.g., Froitzheim
et al., 1996; Pfiffner, 2024; Schmid et al., 1996, 2004).

The basement units consist predominantly of
pre-Variscan polycyclic metamorphic gneisses,
migmatites and amphibolites (Abrecht, 1994; Berger
et al., 2017a). These gneissic units were intruded
by Variscan to post-Variscan plutons, mostly in the
central regions of the massif where they outcrop
over ~760 km? (Figures 1 and 2). The emplacement
of these plutons was associated with the formation
of Permo-Carboniferous half-graben structures in the
upper crust, which were filled by volcanic-, volcanoclastic
and sedimentary sequences. The overlying succession
of limestone, marl, shale, and sandstone, composing
the para/autochthonous sedimentary units, were
deposited during the Mesozoic to Cenozoic. Part of
the autochthonous sedimentary cover of the Aar Massif
was tectonically detached from its substrate. These
detached units, referred to as the parautochthonous
cover, form a series of nappes or tectonic slices. They
contain incomplete successions of the same stratigraphic
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units preserved in the autochthonous cover (see Berger
et al., 2017a) and are therefore described and discussed
together in this contribution. The geometry of the
margin and the sedimentation pattern were controlled
by extensional Mesozoic faults, resulting in large
thickness variations that can still be observed along the
strike of the massif (Figure 2 Giinzler-Seiffert, 1952;
Trimpy, 1980; Strasser, 1982; Burkhard, 1988; Cardello
and Mancktelow, 2014; Pfiffner, 2024; Musso Piantelli
et al., 2022). These thickness variations have been
documented by several authors at multiple locations
within the Aar Massif, commonly presented in the
form of stratigraphic columns (Krebs, 1925; Rohr, 1926;
Collet, 1947; Masson et al., 1980; Dolivo, 1982; Gisler
et al., 2007; Krayenbuhl and Steck, 2009; Ziegler and
Isler, 2013; Mair et al., 2018). Importantly, these
columns consistently document greater thicknesses to
the western and eastern regions of the massif, and more
limited thickness and stratigraphy in its central part
(see Musso Piantelli et al., 2022).

Along the strike of the massif, Permo-Carboniferous to
Cenozoic sediments are also locally preserved in narrow
WSW-ENE-trending steep wedges (Figures 1 and 3c;
e.g., Rohr, 1926; Herwegh et al., 2020; Nibourel et al.,
2021a). The occurrence of these wedges is aligned along
specific intensely deformed gneiss boundaries traceable
along the strike of the massif (see Berger et al.,
2017b). In this study, such zones have been named
as follows: Susten-Windgélle, Doldenhorn, Wenden and
Gastern Permo-Carboniferous troughs (Figures 1 and
2). The structural crustal discontinuities formed by
these half-grabens often represent the sites of subsequent
extension by normal faulting during Mesozoic rifting.

During the collisional stage, the Aar Massif
experienced a protracted exhumation history from
approximately 22 Ma to the present (Herwegh et al.,
2020), accompanied by the development of a dense
network of Alpine faults. Metamorphic conditions during
deformation varied significantly across the massif. At
its northern rim, Alpine metamorphic temperatures
did not exceed ~250°C (e.g., Bambauer et al., 2009;
Berger et al., 2017b; Herwegh et al., 2017; Rosenberg
et al., 2021). At the southern boundary, peak Alpine
conditions reached approximately 450°C and 600 MPa,
corresponding to upper greenschist facies (Goncalves
et al., 2012; Herwegh et al., 2020). Under these
conditions, the basement units were primarily deformed
in a ductile manner, as evidenced by the formation
of mylonites and ultramylonites. = However, brittle
precursors and episodes of rapid embrittlement also
contributed to strain localization (Wehrens et al., 2016,
2017). This deformation resulted in a dense network of
subvertical to steeply inclined shear zones that dissect
the Aar Massif (see Baumberger et al., 2022, and
references therein).

With progressive deformation and exhumation, the
basement rocks reached shallower crustal levels and lower
temperatures. During this stage, brittle deformation
often reactivated pre-existing ductile structures. This
led to the formation of brittle fractures, cataclasites,
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Figure 2 — Cross-sections of the study area. The profiles show main structural elements, the overlying Helvetic, Penninic
and Austroalpine nappes and the Susten-Windgélle (SWi PC), Doldenhorn (D PC), Wenden (We PC) and Gastern (Ga PC)
Permo-Carboniferous troughs as well as several sedimentary wedges (Sed W.). Reverse faults are shown using a patterned style
due to their high frequency and dense distribution. In sections AA’, BB’ and CC’ the outline of the overlying upper Helvetic
nappes has been modified after Herwegh and Pfiffner (2005), Hinni and Pfiffner (2001), and Musso Piantelli et al. (2022). The
sections highlight the half dome-shape of the crystalline units of the massif, which reaches an elevation of 6 km a.s.l. in the
central regions (CC’) and loses elevation on the sides (AA’ and FF’). Furthermore, along the strike of the massif, significant
changes in the thickness of the Para/Autochthonous sedimentary cover can be observed.

fault gouges, and breccias. As a result, individual 2017, 2020; Nibourel et al., 2021a, and references

structural discontinuities often exhibit both ductile and
brittle deformation characteristics, behaving as shear
zones at depth and as faults at shallower levels, with a
brittle-ductile transition in between. To aid in clear and
consistent communication, we refer to these structures
collectively as ”faults” throughout this contribution,
following the nomenclature of Sibson (1977).

The kinematics and the age of these faults have
been investigated and described in many scientific
publications over the past decades (see Herwegh et al.,
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therein). In this study, we largely rely on such literature
for the kinematics and age of the faults. A summary per
fault type is provided below, but the reader is encouraged
to consult the cited literature for more details.

2.1 Reverse Faults

Between 22 Ma and 12 Ma steep to sub-vertical
NW-SE striking reverse faults formed within the massif,
contributing to its exhumation (e.g., Handegg phase;
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Steck, 1968; Wehrens et al., 2017; Bergemann et al., 2017,
Herwegh et al., 2017, 2020; Mair et al., 2018; Nibourel
et al., 2021a). Kinematic indicators at both outcrop and
microscale predominantly show south-block-up motion
along these faults. Although individual fault planes
accommodate only small displacements (few tens of
metres or often less), their cumulative effect produces
significant differential uplift at the regional scale.
This is well observable where steep basement reverse
faults locally steepen the originally shallow-dipping
basement—cover contact (e.g., Figure 3c). Because these
small offsets are distributed across many faults, they
cannot be shown individually at map or cross-section
scale (1:25,000). Consequently, Figure 4 includes only
the most prominent structures. In cross-sections and
field images of this work, a pattern style was used to
depict the overall trend and orientation of these reverse
faults. In the southern regions of the Aar Massif, these
reverse faults have been dated to start around 22-20 Ma
and were active till about 14-12 Ma, as dated on the
base of isotopic Rb/Sr and Ar/Ar ages on micas (Berger
et al., 2017a; Challandes et al., 2008; Rolland et al., 2009)
as well as monazites and adularia from associated clefts
(Bergemann et al., 2017; Ricchi et al., 2019). During this
reverse faulting a peak metamorphic gradient from 450°C
to 250° evolved from S to N indicating differential uplift
during progressive in-sequence northward propagation of
new reverse faults. The time-integrated lateral migration
of the reverse faults in space and time led to the passive
“up-doming” of the overlaying sedimentary cover of the
massif and Helvetic and Penninic nappe stack (Figure 2;
e.g., Handegg faults; Mock, 2014; Wehrens et al., 2017;
Herwegh et al., 2020; Nibourel et al., 2021a,b).

2.2 Thrust Faults

In the Aar Massif, two main stages of thrusting have
been documented, which are separated both temporally
and spatially: (a) early and (b) late thrusts. The
previously described reverse faults passively rotate and
overprint the early thrusts, but are cut by the late
thrusts, providing robust relative age constraints for
the deformation sequence: early thrusts, reverse faults,
late thrusts (see Nibourel et al., 2021a,b, and references
therein). Offsets along the basement-cover contact or
slickenlines on these thrust surfaces consistently indicate
top-to-the-NNW kinematics (e.g., early thrusts = see D2
thrusts; Nibourel et al., 2021a,b, and references therein;
late thrusts = Pfaffenchopf faults; Mock, 2014; Wehrens
et al., 2017; Herwegh et al., 2020, and references therein).

(a) Early thrusts are currently exposed at the highest
elevations formed at a transitional stage between latest
Helvetic nappe stacking and at the early stages of
massif exhumation. This is documented by field
measurements and cross-sections of Nibourel et al.
(2021a) and references therein, showing early thrusts
(D2; Nibourel et al., 2021a) being overprinted and rotated
by subsequent steep to sub-vertical reverse faults (D3;
Nibourel et al., 2021a). The timing of this phase of early
thrusting is poorly constrained by zircon fission track
ages and (U-Th)/He ages on zircon between 27 and 19
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Ma along the northern Aar Massif (Michalski and Soom,
1990; Nibourel et al., 2018).

(b) Today, late thrusts are exposed at the
northernmost regions of the Aar Massif. In the
northern Hasli Valley, zircon fission-track ages (Herwegh
et al., 2020) date a major late-thrust system to ~12
Ma, post-dating the reverse faults described above.
Based on interpretations of NFP20 seismic profiles and
P-wave tomography (Pfiffner et al., 1997; Diehl et al.,
2021), additional late-thrust systems were inferred by
Herwegh et al. (2020, 2024) to occur at depth. From
a geodynamic perspective, these systems were active
between ~12 and 5 Ma, accommodated large offsets (up
to several kilometres), and produced an “en bloc” staged
exhumation of the massif (Herwegh et al., 2020, 2024;
Nibourel et al., 2021a,b). These structures therefore
formed sequentially, from the highest presently exposed
thrusts down to the lowermost thrusts at the base of the
massif (e.g., Herwegh et al., 2020, 2024; Nibourel et al.,
2021a,b).

2.3 Dextral Strike-slip and Back Thrust
Faults

Synchronous with the “en bloc” exhumation of the
massif, shortening combined with dextral shearing
affected the southern rim of the Aar Massif. In the
south-eastern Aar Massif, widely spaced south-vergent
back-thrust faults, ranging from a few tens to a
few hundred meters in length, developed (Nibourel
et al., 2021a,b). Because of their limited size, these
back-thrusts cannot be displayed or resolved in the
regional-scale 3D model of the Aar Massif. Their
occurrence becomes increasingly rare toward the central
part of the massif.

This deformation phase is instead dominated by
pronounced crustal-scale dextral strike-slip faults, most
notably the Grimsel shear zone system (Figure 1;
Oberaar phase: Wehrens et al., 2017; Herwegh et al.,
2020, 2024). The age of these faults is constrained by
isotopic ages on syn-kinematic white mica and biotite
from cross-cutting strike-slip faults (Challandes et al.,
2008; Rolland et al., 2009) and monazites in structurally
controlled clefts (Bergemann et al., 2017; Ricchi et al.,
2019). From a geodynamic perspective, dextral shearing
in the Aar Massif is both kinematically and temporally
linked to activity along the Simplon normal fault, which
operated between ~18 and 5 Ma (e.g., Campani et al.,
2012, 2014; Wolff et al., 2024). Above the low-angle
Simplon fault, the hanging wall underwent SW-directed
stretching and transport (e.g., Mancktelow, 1985). This
extensional regime is decoupled north of the Rhone Line,
which forms a steep lateral boundary accommodating
dextral strike-slip motion (Figure 2; Grosjean et al., 2004;
Campani et al., 2014). This dextral kinematic framework
correlates with the Oberaar-phase shearing in the Aar
Massif.
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Figure 3 — Profile-like view of three type localities of the Aar Massif; viewpoints are indicated in Figure 1, and coordinates in
the Supporting Information. Reverse faults are shown using a patterned style due to their high frequency and dense distribution.
(A) Eiger-Monch-Jungfrau complex. One of the structurally highest large-scale thrust dissects the basement units and pushes
a rigid basement slab into the sedimentary cover. The main thrust plane is bent and dips to the NW. (B) Sedimentary
cover-basement contact. The basement units are dissected by several reverse faults and small-scale thrust faults. At the
northern front, the basement-cover contact dips steeply to the NW. (C) Farnigen zone (modified after Nibourel et al., 2021a).
The zone comprises two synformal sediment wedges, bounded by two early Jurassic normal faults (purple), and associated
Permo-Carboniferous sediments. The original half-graben geometry, as well as the inherited normal fault, are still recognizable
and preserved in the field. Field data from Nibourel et al. (2021a) indicate that the normal faults were only weakly reactivated

during Alpine inversion.

3 Methods

3.1 Geological Data Compilation,

Establishment of a Stratigraphic
Model and Fieldwork

A detailed geological and structural map of the massif
was produced, mapping the major stratigraphic and
tectonic boundaries of both the sedimentary cover and
basement units (see Supporting Information and Figure
4). Faults were identified remotely at a scale of 1:25 000
using high-resolution orthophotos (SwissImage, raster
resolution 0.25 x 0.25 m; swisstopo), a high-resolution
Digital Elevation Model (swissALTI3D, downsampled
raster resolution 2 x 2 m, version 2013; swisstopo), and
derived hillshade maps. The accuracy of remote fault
detection was assessed at multiple scales by integrating
UAV imagery and subsequent field verification at
several sites, which showed a high correspondence
(see Baumberger et al., 2022; Musso Piantelli et al.,
2023).  The geological map was further validated
at key field locations through detailed mapping and
structural data collection (see Musso Piantelli et al.,
2022). The geometry of the structures was characterised
by more than 2500 field measurements (fault planes,
dip direction/dip, and stretching lineation/slickenlines,
of which over 1000 were collected in this study and the
rest compiled from Baumberger et al., 2022; Wehrens
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et al., 2016; Mair et al., 2018; Nibourel et al., 2021Db)
and by the generation of rose plots. These were based
on the remotely sensed lineament maps and calculated
using a line-bearing Python algorithm (Line direction
histogram).

3.2 3D Explicit Geological Modelling

All available data (mapped boundaries and structures,
strike and dip data, tunnels and seismic sections) were
imported into the software Move™ (Petex, v.2019.1)
and projected onto a DEM (raster resolution 35x35
m). Here, a dense regularly spaced (500 m) network
of NNW-SSE striking constructional cross-sections was
generated (Supporting Information). By applying
3D interpolation and meshing techniques (i.e., the
spline curve method), lithological and structural
boundaries were interpolated between the constructional
cross-sections and continuous 3D spatial information
derived from: (i) lithostratigraphic and structural
contacts of model units exposed between ~400 and
~4200 m a.s.l.; (ii) borehole and railway tunnel logs
from the Lotschberg-Gotthard transect; and (iii) all
available seismic data. Following this approach, the 3D
tectonic architecture of the Aar Massif was modelled
with an explicit approach incorporating all available field
observations, structural analyses at the outcrop scale,
tunnel and literature data, as well as large-scale seismic
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profiles from the NFP20 atlas and 3D tomographic
imaging (Pfiffner et al., 1997; Diehl et al., 2021).

3.3 Cross-section Restoration and 4D
Reconstruction

To reconstruct the tectonic evolution of the Aar Massif
during the Alpine collision (22 — 0 Ma), six NNW-SSE
cross-sections, extracted from the 3D model (see traces
AA’ to FF’ in Figure 1), were retro-deformed by
line-balancing (i.e., for the crystalline basement -
sedimentary cover contact; Supporting Information).
Furthermore, peak temperature data, compiled by
Nibourel et al. (2021a) estimated by crystallinity of
carbonaceous matter, lying within 4 km of the sides of
each section and close to the cover-basement contact,
were selected and normally projected onto the sections
(the data points used for each cross section are available
in the Supporting Information). The peak temperature
data were restored along with the cross-sections to obtain
a paleogradient of the basement units at 22 Ma.

The  cross-section  restoration  involved  five
assumptions: (i) constant length of top-basement and
constant area of the crustal basement in cross-section
view; (ii) the pre-collisional geometry of the proximal
part of the European passive continental margin was
bent by ~10° below the tectonically active boundary of
the overriding Helvetic nappes, based on the study of
Nibourel et al. (2018, 2021b). These studies indicate
that the intersection angle between inferred isograds
and the top basement, as well as the basal Helvetic
thrust, ranged from 10° to 15°, implying that both
marker horizons at peak temperature dipped southward
at this angle; (iii) no significant Alpine deformation
affected the basement units of the Aar Massif prior
to the thermal peak. This assumption is supported
by the data and thermo-kinematic models of Nibourel
et al. (2018, 2021a), which build upon and integrate
the earlier findings of (Burkhard, 1988), Rahn and
Grasemann (1999), and Glotzbach et al. (2010); (iv)
constant mean topographic elevation throughout the
restored sections, as stated by Campani et al. (2012)
and Schlunegger and Kissling (2015); (v) the location of
Permo-Carboniferous and sedimentary wedges (Figures
1, 3, and 4) served as markers for the locations of
syn-rift faults. This assumption is supported by
field observations of Jurassic extensional structures in
multiple Permo-Carboniferous and sedimentary wedges
across the massif (e.g., Susten, Windgélle, T6di, and
Gastern, see e.g., Rohr, 1926; Nibourel et al., 2021b).
The throws of the normal faults were reconstructed
using as a minimum estimate the vertical extent of the
multiple sedimentary wedges and Permo-Carboniferous
troughs (for details see Musso Piantelli et al., 2022).

The retro-deformation was performed considering five
time-stages: 0 (present), 10, 15, 18, and 22 Ma. During
the 0 to 10 Ma time-interval, a transpressional regime
defined by strike-slip to oblique movements was active
in the southwestern units of the massif (Wehrens et al.,
2016, 2017). The displacement is difficult to quantify in
the field as it is partitioned into a large number of shear
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zones. However, at the contact between the sedimentary
cover and the basement in the western Aar Massif,
the displacement is limited to a few meters (Figure 1;
note that the major Rhone-Simplon related strike-slip
displacements occurred in the Rhone valley, therefore, its
impact on the Aar Massif basement units was limited; see
3D model of Campani et al., 2014). For this reason, the
strike-slip phase was neglected for Aar Massif internal
deformation and corresponding out-of-plane movements
were not included in the overall estimation of shortening
and exhumation of the basement units. We note also
that local back-thrusting occurred along parts of the
southern boundary of the Aar Massif (see D4 in Nibourel
et al., 2021a). This deformation is responsible for
the north-westward dip of the southern boundary in
some areas (see section BB’ and sections 4/, and
§8’ in the Supporting Information).  Because this
local back-thrusting involved only minor displacements,
these deformation structures were not included in our
retrodeformation model.

Each cross-section resulting from the retrodeformation
at the above-mentioned time stages was then integrated
in Move™. 3D interpolation was subsequently applied
between the reconstructed sections to produce a 3D
model of each stage of retrodeformation, which were
finally combined into a 4D model.

4 Results

In this section, a new structural map of the exposed
basement units and a DEM of the top of the basement
units derived from the 3D geological model constructed
for this study (Figures 4 and 6) reveal the present-day
half dome-shaped architecture of the Aar Massif. A
simplified downsampled, 3D representation of the Aar
Massif model built for this study can be visualised
here: https://skfb.ly/pA8Qx or from the swisstopo
3D viewer: https://viewer.swissgeol.ch/ (see also
Supporting Information). The results of the cross-section
restorations are presented as a 4D, stepwise evolutionary
sequence, assuming an in-sequence, south-to-north
propagation of deformation affecting the basement units
of the massif from 22 Ma to the present (Figure 7). As
already outlined in the geological setting section this
assumption is supported by the following observations
and arguments: (i) Nibourel et al. (2021a, and references
therein) documented that early thrust faults currently
exposed at the highest elevations formed during the early
stages of exhumation of the massif are overprinted and
rotated by subsequent steep to subvertical reverse faults
formed in the central regions of the massif (D3; Nibourel
et al., 2021a). (ii) Mock (2014); Wehrens et al. (2017);
Herwegh et al. (2020); Musso Piantelli et al. (2023)
showed that the late thrust faults currently exposed at
northernmost regions of the massif cut and post-date the
northernmost exposed reverse faults, recording a younger
phase of deformation (e.g., Figure 5e). (iii) The lowest
thrusts, imaged in seismic profiles (NFP20; Pfiffner
et al., 1997) and 3D tomographic models Diehl et al.
(2021), cut and offset an already steepened and partially
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Figure 4 — Structural map of the Aar Massif, showing the main fault pattern and the field localities of Figure 5. As outlined
in Section 2, the term ‘faults’ refers to both brittle faults and ductile shear zones. The faults are classified according to their
kinematics into: reverse faults (red), thrust faults (blue), dextral strike-slip faults (green) and Rhone-Simplon fault system
(purple). The massif is subdivided into five structurally consistent domains R1 to R5. On the sides of the map, the stereoplots
show the fault planes poles, mean poles and slickenlines /stretching lineations for each domain. In R4 and 5, note that in the
stereoplots of the thrust faults, as highlighted by the color code of the poles, the fault planes progressively increase their dip

angle from north to south

exhumed northern front of the massif and correlate with
young thrusting in the Subalpine Molasse (8-5 Ma).

4.1 Structural Map of the Aar Massif

The more than 120 km long axis of the Aar Massif shows
a bent in the central regions, along a NW-SE trending
line between Innertkirchen and Furkapass (Figure 4).
The shear zone map presented in Figure 4 shows the
distribution of Alpine deformation structures arranged
in networks of faults. Most of the structures described
are limited in width (dm to few m) but are very
persistent in length and often traceable over several
kilometres (Figure 5, see also Steck, 1968; Choukroune
and Gapais, 1983; Wehrens et al., 2016, 2017; Herwegh
et al., 2017, 2020; Nibourel et al., 2021a). According
to the orientations and kinematics characterised in the
field, we subdivide the Aar Massif into five structural
regions (named RI1-R5; Figure 4). Regions R1, R2,
and R3, which belong to the inner domain of the Aar
Massif, are dominated by reverse faults (red) and dextral
strike-slip faults (green). In contrast, regions R4 and R5,
situated in the outer domain (Figure 4) are characterized
by thrust faults (blue in Figure 4) and reverse faults.

The fault density generally increases toward
the southern boundary of the massif (Figure b5c;
Musso Piantelli et al., 2023). Most of the faults are
steep reverse faults (red in Figures 4 and 5¢), locally
reactivated in strike-slip to oblique slip mode, especially
in region R1 (green in Figures 4 and 5d). The reverse
faults of R1 and R3 show mirror symmetry with respect
to the massif’s centre (Figure 4). In these regions,
two main fault systems bound un- or weakly-deformed
rhomboid-shaped basement blocks (Figure 5a, b). In R1
the two systems strike SW-NE and SSW-NNE, while in
R3 WSW-ENE and E-W (stereoplots in Figure 4). The
central region R2 represents a transition zone between
R1 and R3 and is characterised by the coexistence of
both reverse fault patterns. Therefore, since the fault
systems isolate rhomboid basement blocks, the pattern
of reverse faults in the southern domain of the massif
has an overall arcuate geometry. This observation
is also supported by the rotation of the average dip
direction/dip of the reverse fault planes in the three
regions from 146/60 (R1) to 153/57 (R3, Figure 4).

Irrespective of the faults’ strike and the domain

in which they occur, the reverse faults are
steeply  SE-dipping, with down-dip stretching
lineations/slickenlines  and  kinematic  indicators

mostly indicating an upward movement of the S-block
(stereoplots in Figure 4). Strike-slip reactivation
localised mainly along the preexisting SW-NE striking

9|

reverse faults (Figure 5d). In R1, where most of the
reactivation occurred, stretching lineations/slickenlines
and kinematic indicators indicate dextral strike-slip
movement. In R2 and R3, however, reactivation is
restricted to the southern boundary of the massif
(Figure 4) with dextral oblique movements (Nibourel
et al., 2021a).

In contrast to the south, the faults of the northern
regions R4 and R5 show consistent strike and dip along
the strike of the massif (Figure 4). Both regions are
dominated by NW-vergent thrusts (formed at angles
<35°) and reverse faults (Figure 5e). These two sets of
faults record a long-lasting evolution and show complex
cross-cutting relationships as described in sections 2.2
and 4. Exposed thrust planes in the southern areas of
the regions (R4-R5) exhibit a gentle curvature, dipping
moderately SW before progressively flattening in the
central areas and even gently tilting to the NW towards
the northern rim of the massif (e.g., the thrust plane at
Jungfrau, Figure 3a; see also Figure 4). In the northern
areas of R4 and R5, reverse faults strike SW-NE and
dip towards the SE at lower angles than in the southern
regions of the massif. These faults are subsequently cut
by the thrust faults now exposed at the northernmost
regions of the massif Figure 6b; e.g., Figure 5e).

4.2 Overall 3D Shape of the Aar Massif

In this work, a regional 3D geological model of the
basement units and main structures of the Aar Massif
was built with explicit modelling techniques (for a
simplified downsampled 3D visualization click here: ht
tps://skib.ly/pA8Qx or from the swisstopo 3D viewer:
https://viewer.swissgeol.ch/; see also Supporting
Information). The reconstructed top of the basement
shows the half dome-shape of the Aar Massif (Figure 6).
Neglecting erosion, the centre of the massif would have
reached a maximum elevation of > 6 km a.s.l. However,
~3800 km? of basement have been eroded to reach the
present day maximum topographic elevation of 4.2 km
a.s.l. Permo-Carboniferous, Triassic, Early and Middle
Jurassic sediments are aligned along major structures
and locally pinched between the basement (Figures 1
and 3c). The erosion of the basement units, coupled
with lateral geometric variation has resulted in different
degrees of preservation and exposure of these sediment
wedges (Figures 1 and 3).

At the northern front, the top basement is dissected
by multiple NW-vergent thrust faults and dips steeply
to the NW toward the frontal thrust of the massif,
which separates it from the largely undeformed basement
units underlying the North-Alpine foreland. To the
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Figure 5 — Sequence of field images of the main characteristic structures of the Aar Massif. Field locations indicated in Figure
4 and coordinates are provided in Supporting Information. (A and B) Details of regions R1 (A) and R3 (B) with the detected
structures on hillshade maps. The two main systems of reverse faults bound large-scale rhomboid blocks, mirrored in regions
R1 and R2. (C) Gneiss unit dissected by a series of steep reverse fault zones. (D) Basement units dissected by steep reverse
faults and locally reactivated by dextral strike-slip faults (modified after Musso Piantelli et al., 2023). (E) Gneiss unit dissected
by thrust faults that cut the reverse faults.
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Figure 6 — Map view of the modelled (A) paleo-isotemperature map and (B) top of the crystalline basement units of the Aar
Massif. (A) Paleo-isotemperature map (published by Nibourel et al., 2021b) showing the peak Alpine metamorphic conditions
reached in the massif prior to 22 Ma. The general pattern of isogrades at the 1500 m (a.s.l.) elevation level closely follows the
trend of the structures (Figure 4) and reflects the three-dimensional architecture of the Aar Massif. (B) 2D top view of the half
dome-shape of the massif with the central regions exhumed to 6 km a.s.]. and the flanks at —4 km a.s.]. Multiple large-scale

thrust faults (blue lines) dissect and steepen the northern front of the massif.

west and east, the massif’s top basement gradually
plunges to a modelled elevation of -4 km on both sides
(Figure 6). This results in an elevation difference of
10 km between the sides and the central region of the
massif. The pattern of the paleo peak temperature
isograds published by Nibourel et al. (2021a) closely
resembles the trend of the structures and reflects the
three-dimensional half dome-shape of the Aar Massif,
both in massif-perpendicular and along-strike directions
(Figure 6a).

As shown in Figure 2, the basal thrust is a prominent
feature of the Aar Massif. The offset of the basement
units is currently estimated from reflection seismic
profiles and 3D tomographic imaging (Pfiffner et al.,
1997; Diehl et al., 2021). It increases along the strike
of the massif from west to east. Indeed, in profile AA’
the thrust offsets the basement for ca. 3 km, whereas in
profile FF’ for ca. 9 km.
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4.3 Dynamics of Alpine Deformation

Six NNW-SSE striking geological cross-sections (AA’
to FF’; traces in Figure 1) were retro-deformed
independently to reconstruct how the Aar Massif reached
its present-day geometry. For each retrodeformation
stage a 3D model was generated by interpolating the six
sections, resulting in a 4D reconstruction of the evolution
of the Aar Massif in space and time. This section shows
the result of the retro-deformation of cross-section D-D’,
as a representative example (Figure 7, Cross-section
view), and the corresponding generated 3D model of
the retrodeformation stages (Figure 7, 3D view). The
other retro-deformed sections are stored in Supporting
Information. Figure 7 is a simplified version of a larger
figure (Figure 7 extended) that includes a map view of
the evolution in addition to the cross-section and 3D
views, which is available here: https://doi.org/10.608
4/m9.figshare.31055788.

22 Ma (Figure 7a): At the onset of Alpine deformation
the former passive continental margin of the European
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Figure 7 — 3D geological model and cross-section restoration of the D-D’ section from 22 Ma to the present. For each
deformation stage, the corresponding active deformation phase is indicated by thicker line and distinct colour. Reverse faults
are shown with a patterned style due to their high frequency and dense distribution. (A) At 22 Ma, the massif is situated
beneath the Helvetic, Penninic and Austroalpine nappes, as well as Paleogene sediments to the north. (B) At 18 Ma, the
southern region of the massif was exhumed by the formation of steep reverse faults (red lines) and thrust faults (blue lines).
(C) At 15 Ma, the exhumation of the basement units proceeded to the central region of the massif, with the formation of
subvertical reverse faults and shallow-dipping thrusts. (D) At 10 Ma, the exhumation advanced to the northern region of the
massif, with a strong reverse fault component. This phase resulted in the formation of the steep northern front of the massif
and the passive up-doming of the overlying nappe stack. (E) From 10 Ma onwards, flat- to moderately SE-dipping thrust faults
(blue lines) dissected the basement units. This resulted in an ‘en bloc” exhumation (Herwegh et al., 2020, 2024; Nibourel et al.,
2018, 2021b) of the basement units with ~9 km of shortening. A larger version of this figure including a map view is available

here: https://doi.org/10.6084/m9.figshare.31055788.

plate was bent by ~10° and buried at a maximum
depth of -15 km in the footwall of the overriding nappes
(Ebert et al., 2008; Nibourel et al., 2018, 2021a). In
the lower plate, the interpolation of the retrodeformed
peak temperature data (compiled by Nibourel et al.,
2021a) resulted in near-horizontal isotherms with an
average geothermal gradient of 26°C/km (Supporting
Information). Along the strike, the basement units were
dissected by normal faults, still visible in the field (as
described with field data by Nibourel et al., 2021a),
often associated with former Permo-Carboniferous half
grabens (e.g., Burkhard, 1988; Musso Piantelli et al.,
2022). To the sides of the massif, sections AA’, BB’
and EE’, FF’, the large volume of Autochthonous and
Parautochthonous sediments was deposited into large
basins. In the central regions, sections C-C’ and D-D’
reveal a topographic high with absence of large basins
and small volumes of sediments.

22 - 18 Ma (Figure 7b): Uplift of the basement units
began at 22 Ma in the southern regions of the developing
massif with the formation of steep reverse faults (red
lines) and thrust faults (blue lines). The reverse faults
developed in the basement units forming rhomboid
basement blocks. Such faults, as described in field data
by Nibourel et al. (2021a), did not, or only weakly
reactivate the south-dipping Jurassic extensional normal
faults. Along the strike, the reverse faults had larger
displacement in the centre compared to the sides of the
massif (see also section 4.4). The central regions of the
massif were uplifted to a depth of -10 km, while the sides
remained buried at about -12 km, developing an early
stage of the half dome-shape of the massif (see Figure 7
extended: https://doi.org/10.6084/m9.figshare.310557
88). The thrust faults were localised at the front of this
southern region, directed by the presence of the major
Susten-Windgglle and Doldenhorn Permo-Carboniferous
troughs (Figures 1, 2 and 7). Together, the reverse and
thrust faults produced what today corresponds to the
highest exposed thrusts in the Aar massif, as for example
the Windgéllen complex and the Susten and Jungfraukeil
synformal wedges of Mesozoic and Permo-Carboniferous
sediments, with steeply dipping and locally overturned
strata (e.g., Figure 3a, c; see also D4, D3 Nibourel et al.,
2021a).

18 - 15 Ma (Figure 7c): With ongoing convergence,
exhumation of the basement units progressed towards
the central regions of the massif. Steep to sub-vertical
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reverse faults and shallow-dipping thrusts were active
thus exhuming top basement to a depth of about -6 km
in the centre and -10 at the E- and W-sides of the massif.
The reverse faults overprint and locally rotate the thrust
faults developed during the previous time interval (D4,
D3 Nibourel et al., 2021a, and reference therein). Thrust
faults localised at the front of the central region where
the Wenden and Gastern Permo-Carboniferous troughs
were located. Such thrust faults cut and dislocate the
reverse faults developed at the front of the exhumed
massif (D3 Nibourel et al., 2021a,b). As a result, such
reverse faulting and thrusting produced what today
corresponds to the intermediate level of exposed thrusts
in the Aar Massif, such as, Wetterhorn and Gastern
(Figures 1, 2 and 7) synformal wedges of Mesozoic and
Permo-Carboniferous sediments.

15 - 10 Ma (Figure 7d): Basement exhumation
moved into the northern units of the massif. Beginning
around 13-12 Ma, thrusts that are now exposed in the
northernmost regions of the massif developed, cutting
and displacing the reverse faults formed during the
previous stage. For additional information, see the
Pfaffenchopf faults described by Mock (2014), Wehrens
et al. (2017), Herwegh et al. (2020), Nibourel et al.
(2021a,b), and Musso Piantelli et al. (2023). The
accumulated reverse faulting and thrusting over this and
the previous stages caused the steep north-dipping top
basement at the northern front of the massif and the
passive up-doming of the overlying Helvetic/Penninic
nappe stack. Most of the structures which formed
during and after this interval remain buried at depth
are not exposed at the surface today (see Figure 2).
For this reason, no field information can be provided,
and the thrusts and reverse faults are inferred from
large-scale seismic profiles (NFP20; Pfiffner et al., 1997)
and 3D tomographic imaging (Diehl et al., 2021). In
the central northern Aar Massif, top basement descends
from an elevation of 2 km to an elevation of -8 km
over a horizontal distance of a few kilometers. At
the W- and E-sides the top basement dips toward the
N more gently from 0-2 km to -8 km. In the south
western regions of the massif, reactivation of the reverse
faults in dextral strike-slip mode initiated (green lines
Figure 7d, e). During the same period, transtensional
movements along the Rhone Simplon fault system were
documented (Purple line in Figure 7d,e; Grosjean et al.,
2004; Campani et al., 2014; Cardello et al., 2024).
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Figure 8 — Plots of horizontal shortening (A) and
exhumation (B) calculated from the trajectories of the
highest-elevation points of the present-day basement—cover
interface (dashed lines) along six cross sections throughout
the restoration time intervals. (A) Horizontal shortening
was greater in the central units than in the flanks of the
massif. (B) The plot of the exhumation of the basement units
shows a strong exhumation component between 22 and 12
Ma, followed by a decrease after 12 Ma. (C) The plot of the
combination of horizontal shortening and exhumation shows
that the central units of the massif (dark grey area) generally
experienced greater exhumation and shortening than the
flanks (light grey).
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10 Ma - today (Figure 7e): In contrast to previous
time intervals, reverse faulting is no longer active after
10 Ma (Herwegh et al., 2020, 2024). In the north
of the massif, horizontal to moderately SE-dipping
thrust faults (blue lines) dissected the northern front
and accommodated NW-SE-directed shortening. The
deformation was mostly localised at the base of the
massif, forming a large-scale thrust that uplifted the
massif up to 6 km in the centre and ~2 km on the
sides. These deeper thrust faults are not exposed
today (see Figure 2) and are inferred from large-scale
seismic profiles (NFP20; Pfiffner et al., 1997) and 3D
tomographic imaging (Diehl et al., 2021). At the same
time, strike-slip reactivation of the reverse faults was also
active in the SW (green lines Figure 7d, e), as was the
Rhone Simplon transtensional system, which dissected
the south-western edge of the massif by ~2.5 km of
vertical offset (Purple line in Figure 7d,e; Grosjean et al.,
2004; Campani et al., 2014; Cardello et al., 2024).

4.4 Horizontal Shortening and Vertical
Uplift

The plots in Figure 8 show the horizontal shortening and
vertical uplift components recorded by the trajectories
of the present-day highest point in elevation of the
basement-cover interface in the six retro-deformed
sections over the relative time intervals. Horizontal
shortening and vertical rock uplift of the Aar Massif
were both initiated at 22 Ma with the onset of reverse
faulting and thrusting. The deformation recorded by the
basement-cover interface is characterised by a shortening
component of 15 to 19 km and an uplift component
of 16.5 to 20.5 km (Figure 8a and b). These values
correspond to an average shortening rate of 0.7 mm/yr
and uplift rates of 0.9 mm/yr. However, the cumulative
trajectory of each section shows that the central units of
the massif have experienced greater uplift and shortening
than the western and eastern flanks of the massif (dark
grey field in Figure 8c).

Shortening rates (Figure 8a) between 22 Ma and 12-10
Ma range from 0.46 to 0.98 mm/yr, and show a stronger
shortening component in the centre than in the west and
east. From 12-10 Ma to the present, the shortening rates
increase to 0.67 - 1 mm/yr with now higher shortening
rates at the E- and W-sides of the massif than central
region.

Uplift rates (Figure 8b) between 22 Ma and 12-10
Ma range from 1.1 to 1.5 mm/yr and are higher in the
centre, decreasing towards the eastern and western flanks
of the massif. From 12-10 Ma to the present, uplift
rates decrease drastically and progressively from east (0.4
mm/yr) to west (0.18 mm/yr) along strike.

5 Discussion

The results obtained by restoring the six cross-sections
and the corresponding 3D model generated for each stage
of retrodeformation provide new insights into the 4D
geodynamic evolution of the Aar Massif and into the
broader perspective of the External Crystalline massifs
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of the European Alps from a passive continental margin
to their emplacement within the orogen.

5.1 The Aar Massif, as a Portion of the
European Passive Margin

The Aar Massif was located on the proximal European
passive continental margin. As observable in
present-day examples of the mid-Norwegian, Iberian,
or Angola-Gabon proximal domains along the Atlantic
rift system, such regions of extensional tectonics
are characterised by weakly developed rift-related
lithospheric and crustal thinning (e.g., Mohn et al.,
2011; Peron-Pinvidic et al., 2013). The generation of
accommodation space is, therefore, restricted to graben
and half-graben basins (e.g., Wilson et al., 2001; Tugend
et al., 2015). This tectonic scenario fits well with
our reconstructed 3D architecture of the Aar Massif
segment of the European passive continental margin
(Figure 9). As described in section 3.3, the locations
and vertical extent of the multiple sedimentary wedges
and Permo-Carboniferous troughs (Figures 1, 3, and 4)
served as markers for the locations of syn-rift faults and
the formation of Mesozoic half-graben basins. The latter
were named after the deriving nappes or geographic
location.

The reconstructed passive margin represented in
Figure 9 exhibits a prominent topographic high
highlighted by the black contour line and, at the sides,
three asymmetric half-grabens called the Doldenhorn,
Susten-Windggllen, and Toédi-half grabens. The
basement high is referred to as ‘Aar topographic high’,
coinciding with a southern promontory of the Alemannic
Land (see Figure 9b and c¢; Trimpy, 1952). The
basins were bounded by northeast-southwest trending,
southeast-dipping normal faults (e.g., Figure 3c). Such
normal faults are still preserved in the field at some
locations in the Aar Massif and have been described by
several authors (e.g., Rohr, 1926; Nibourel et al., 2021a).
As indicated by thickness variations in the sedimentary
wedges distributed within today’s Aar Massif. The
estimated throw of these normal faults was larger at the
W- and E-sides of the massif (up to about 2 km) and
decreased towards the Aar topographic high in the centre
(a few hundred metres; Figure 9b, ¢; Musso Piantelli
et al., 2022).

This asymmetric rifting scenario resulted in
differential tectonic subsidence, which had a direct
impact on the volumetric disposition and stratigraphic
thickness of the para- and autochthonous sedimentary
units of the massif. Up to 2 km thick sedimentary
sequences were deposited in the basins, at the sides of
the massif, whereas only a few hundred metres thick
sedimentary sequences were deposited onto the Aar
Massif topographic high (Figure 9c¢; see also Kempf and
Adrian Pfiffner, 2004; Cardello and Mancktelow, 2014;
Musso Piantelli et al., 2022). This palaeogeographic
reconstruction explains the thickness variation of the
Aar Massif's para- and autochthonous sedimentary
cover in the orogen-parallel direction (Figure 2).
Furthermore, it indicates that the present-day 10 km
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elevation difference from sides to centre of the Aar
Massif (see paragraph 4.2) was inherited in part (20%)
from the passive margin geometry. Indeed, prior to
the onset of the Alpine collision, an elevation difference
of the basement-cover contact of about 2 km existed
between the evolving massif’s sides (basins) and the Aar
basement high (Figure 9b).

Besides this large-scale 3D margin architecture,
the reconstruction highlights a direct link between
Mesozoic margin topography/basin asymmetries and
the pre-existing crustal structures of the basement
units imposed by the multiple Permo-Carboniferous
troughs (e.g., Santantonio and Carminati, 2011; Lafosse
et al., 2016; Baldzs et al., 2017). The large number
of wedges with Mesozoic sediments associated with
the occurrence of the pre-existing Permo-Carboniferous
troughs (e.g., Figure 3c) indicates a strong correlation
between Mesozoic normal faulting and inherited crustal
structures (Berger et al., 2017a). This suggests that the
geometry of the European proximal continental margin
was largely controlled by the localisation of normal faults
within pre-existing Late Carboniferous-Permian crustal
structures (see also, e.g., Badertscher and Burkhard,
1998; Masini et al., 2013; Ballévre et al., 2018; Nibourel
et al., 2021a; Musso Piantelli et al., 2022). In the case
of the Aar Massif, the Susten-Windgélle, Doldenhorn,
Wenden, Gastern Permo-Carboniferous troughs and a
hypothesised trough at the front of the future massif,
divide the margin into three major large-scale crustal
blocks (Figure 9b). On the western and eastern sides
of the massif, the block boundaries were dissected
by major Mesozoic normal fault. In contrast, the
central part of the massif experienced only limited
fault offset, on the order of a few hundred meters,
resulting in less pronounced block boundaries. Notably,
despite the Mesozoic extension, overall crustal thinning
remained moderate, leaving basement thicknesses of
about 25-27 km, which are values close to the normal
crustal thickness of undisturbed continental crust. For
a classical passive margin geometry (e.g., Mohn et al.,
2012), the Aar Massif, like the other External Crystalline
Massifs, therefore represented the proximal part of
the European passive continental margin (see also
Herwegh et al., 2024). Substantial crustal thinning
occurred farther south, corresponding to the distal
margin domains now represented by the Gotthard nappe
and the Lepontine gneiss nappes (e.g., Steck, 2008).

The reconstructed local geometry of the Mesozoic Aar
Massif paleogeography may also have implications for the
plate tectonics scale of the proximal European Passive
continental margin and its associated rift kinematics:
(1) Belledonne, Aiguilles Rouges/Mont Blanc and Aar
Massifs are all lentoid in shape with their axes parallel to
the former plate margin (Figure 9a; e.g., Herwegh et al.,
2024). (2) The Aar Massif grades laterally into basins
at the western and eastern side, whereby both depth
and width diminish gradually towards the Aar basement
high. (Figure 9b,c). (3) In a similar way all the other
massifs form a laterally discontinuous belt of basement
domes which are separated by structural saddles, see for
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Figure 9 — Map and 3D block reconstruction of the restored passive margin. (A) inset modified after Handy et al. (2010). (B)
Map view of the top basement units of the reconstructed passive margin. The elevation contour highlights the ~2 km elevation
difference between the Aar basement high and the basins on both flanks. The map view shows the subdivision of massif blocks
and highlights the strong control of Permo-Carboniferous troughs. (C) 3D block reconstruction of the restored passive margin
and sediment basins. A series of Jurassic normal faults opened three asymmetric half-grabens on the western and eastern flanks
of the margin, respectively. This asymmetric rifting scenario controlled the accommodation space for para-/autochthonous
sediment deposition, resulting in thicker units in the basins and a thinner cover over the basement high.
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example the top basement isohypse maps of Pfiffner et al.
(2011).

These features (1-3) have already been recognized
by Burkhard (1988) and Pfiffner et al. (2011), who
inferred a dextral transfer fault between the Aar Massif
and the Aiguilles Rouges/Mont Blanc massifs. As
a possible interpretative model, we suggest that such
a geometry may be explained by an initial stage of
oblique rifting between Europe and Adria (Herwegh
et al., 2024, and references therein), with sequential
pull-apart basins developing between basement highs
(Figure 9a). This scenario is consistent with patterns
observed in oblique rift systems reproduced in analogue
modelling experiments (e.g., McClay and White, 1995;
Mart and Dautewil, 2000; Corti et al., 2007). We
emphasize, however, that this should be regarded as a
conceptual model since such transfer zones are largely
buried beneath thick sedimentary successions and thus
cannot be directly observed.

5.2 Peak Temperature and P-T
Conditions

The general pattern of the Alpine peak temperature
isograds recorded in the study area (Nibourel et al.,
2021b) closely resembles the three-dimensional half
dome-shape of the massif and the trend of the
exhumation-related structures (compare Figures 4 and
6). These observations support the interpretation that
most of the Alpine deformation and the associated
development of the present structural relief occurred
after the peak temperature conditions, which is also
generally consistent with the data and thermo-kinematic
models of Nibourel et al. (2018, 2021a), which build
upon and integrate the earlier findings of Burkhard
(1988), Rahn and Grasemann (1999), and Glotzbach
et al. (2010).

Retrodeformation along the six cross-sections of the
peak temperature data allowed reconstruction of the
paleo-gradient of peak temperature conditions before
the onset of Alpine deformation (22 Ma, Figure 10a).
Interpolation of the retrodeformed peak temperature
data indicates in this portion of the margin an
average geothermal gradient of 26°C/km (Supporting
Information). Peak metamorphism in the study area was
reached by burial in the footwall to the basal Helvetic
thrust, the main active tectonic boundary at the time,
above which was situated the ca. 15km thick Alpine
nappe stack of Helvetic, Penninic and Austroalpine
nappes (Figure T7a; Pfiffner, 2024). By assuming
near-horizontal isograds during peak metamorphism, the
peak-temperature becomes a key constraint, defining
the depth of our retrodeformed continental margin
prior to the onset of Alpine contractional deformation.
Note that in a setting with rapid tectonic movements,
heat advection could result in oblique or locally even
inverted thermal gradients (e.g., Girault et al., 2020).
However, numeric models (e.g., Shi and Wang, 1987)
indicate that thermal perturbations across low-angle
thrusts such as the basal Helvetic thrust, having
slip rates lower than 5 mm/a re-equilibrate rapidly,
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(Nibourel et al., 2021b; Pfiffner, 2024).  Although
minor temperature perturbations cannot be excluded,
this supports the assumption of an overall steady
geothermal gradient of about 25°/km depth around
peak metamorphic conditions. The peak-temperature
at maximum burial conditions of the reconstructed
sedimentary—basement contact along the margin shows a
pronounced north-to-south increase, rising from 240°C
in the north to 380-460°C in the south (Figure 7
extended: https://doi.org/10.6084/m9.figshare.31
055788). Along the strike of the southern regions,
temperatures increased from 380°C in the centre to up
to 460°C on the sides of the massif, at a depth ranging
between 18-20 km, reflecting the inherited topography
of the passive margin (see 400°C isograd line in Figure
10a). Such reconstruction is in good agreement with
the thermochronometric and structural data of Nibourel
et al. (2021b); Berger et al. (2020); Herwegh et al.
(2017, 2020) and the pressure estimate of 6.5 kbar from
Goncalves et al. (2012).

5.3 The 4D Geodynamic Evolution of
the Aar Massif

In our reconstruction, we propose an in-sequence
exhumation of the basement units, showing how
deformation initiated in the southern crustal block
of the massif, then migrating gradually towards the
northern front of the present-day massif. In the following
section, we present the 4D crustal-scale geodynamic
reconstruction of the Aar Massif evolution, subdivided
into four stages (Figures 7 and 10). The 3D block
sketches, based on our 4D model, highlight the active
collisional faults and the resulting shortening/uplift
of the top crystalline basement that produced the
present-day half dome-shape of the massif from 22 Ma
to the present.

22-18 Ma: during this initial phase of deformation,
steeply south-dipping to sub-vertical reverse faults
localised in the southern block of the massif (Figure
10b).  The northern limit of the block was defined
by the Permo-Carboniferous to Mesozoic and bounding
faults of the Doldenhorn and Susten-Windgéllen basins
(Figures 9a, 10a). The localization of steep reverse
faults was induced by buoyancy forces acting on
mid- to upper-crustal rocks that were decoupled from
the underlying European lower crust and lithospheric
mantle (Herwegh et al., 2017, 2020, 2024; Kissling
and Schlunegger, 2018).  Given the greater degree
of exhumation observed in the central region of the
block, we hypothesise that the buoyancy forces in
question were more pronounced in the centre of the
massif, where the crust was thicker and less stretched
in comparison to the sides of the massif. The resulting
reverse faults were localised as a dense network of
anastomosing faults that divided the large crustal block
into a series of small-scale rhomboidal blocks (Figure 5a,
b). The individual rhomboid blocks recorded differential
exhumation leading to a larger uplift component in the
central, decreasing toward the E- and W-sides of the
massif. In addition to the reverse faults, thrust faults
were also localised at the northern limit of the block.
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It was during this phase that the thrusts currently
located at the highest elevation within the Aar massif
(Jungfrau, Windgéllen and Wetterhorn) were developed
(Figure 3; Butler et al., 2006; Mair et al., 2018; Nibourel
et al., 2021a). Consequently, a combination of enhanced
horizontal shortening and vertical exhumation rates
(Figure 8c) in the central region of the block, induced
a +4 km uplift of the basement-cover contact relative to
its depth at maximum burial (see Figure 10a).

18-15 Ma (Figure 10b, c): Due to the progressive
shortening caused by the advancing orogen, differential
vertical uplift by reverse faulting gradually shifted
northwards to the middle-block of the Aar Massif. Such
reverse faults overprinted and rotated the previously
developed thrust faults (see Nibourel et al., 2021a).
The Wenden and Gastern Permo-Carboniferous troughs
mark the northern boundary of this block. (Figures
9b, 10c). At these locations, thrust structures were
generated and, together with reverse faulting, they
induced a further exhumation of basement units, which
was greater in the central regions (+4 km) compared
to the western and eastern sides (+2 km). During this
deformation event, the thrust faults cut and dislocate
the reverse faults developed at the front of the exhumed
block (D3; Nibourel et al., 2021a,b). This process
produced the thrust systems that are today exposed
at intermediate elevations in the Aar Massif, such as
Wetterhorn and Gastern.

15-10 Ma (Figure 10c, d): The exhumation of
the basement units progressed into the northern crustal
block. The reverse faulting induced vertical rock uplift
decreasing toward the northern limit of the block.
From 13-12 Ma, thrusts that are now exposed in the
northernmost regions of the massif developed, cutting
and displacing the reverse faults formed during the
previous stage. For additional information, see also
the Pfaffenchopf faults (Mock, 2014; Wehrens et al.,
2017; Herwegh et al., 2020; Nibourel et al., 2021a,b;
Musso Piantelli et al., 2023). As observed for the
southern and middle blocks, we hypothesise that the
limit of the northern block of the massif was marked
by the presence of a Permo-Carboniferous trough.
However, this hypothesis cannot be confirmed since
the trough is currently buried at an elevation of -7/8
km. Interpretations of the available seismic data in the
area are difficult and associated with high uncertainties
(Pfiffner et al., 1997; Diehl et al., 2021). Additionally, as
also stated in the result sections, the structures formed
during and after this time interval, remain inaccessible
to surface observations (see Figure 2). Consequently, the
thrusts and reverse faults can be inferred primarily from
large-scale seismic profiles (NFP20; Pfiffner et al., 1997)
and 3D tomographic imaging (Diehl et al., 2021). This
inevitably introduces some uncertainty into the proposed
4D reconstruction and structural model. In this context,
alternative structural solutions remain possible, given
the limited resolution of the deep geophysical datasets.

The cumulative vertical uplift between 22 and 10 Ma
led to a significant uplift of the Aar Massif. This
uplift also caused passive bending of the overlying,
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already-emplaced Helvetic nappe stack, as demonstrated
by the deformation of major basal thrusts such as
the Glarus and Doldenhorn thrusts (e.g., Herwegh and
Pfiffner, 2005; Pfiffner et al., 2011; Musso Piantelli et al.,
2022). The reconstruction shows that at 10 Ma the
central regions of the structural half dome of the Aar
Massif basement reached the topographic surface. In
contrast, basement of the western and eastern massif
sides was not exposed and still situated at an elevation of
-2/3 km. Simultaneously, dextral strike-slip reactivation
of the reverse faults was initiated in the south western
region of the massif (green lines Figure 7d,e), as well as
along the Rhone Simplon transtensional system (purple
line in Figure 7d,e; Grosjean et al., 2004; Campani et al.,
2014; Cardello et al., 2024).

10 Ma to present (Figure 10d, e€): The final phase
of deformation was characterised by the development of
a prominent NW-directed thrust structure, which forced
a passive “en bloc” uplift of the Aar Massif (Herwegh
et al., 2017; Nibourel et al., 2021a). During this phase,
exhumation, which had previously been influenced by the
interplay between isostasy and the orogenic stress field,
became increasingly controlled by far-field compressional
forces. In other words, thrusting (‘horizontal tectonics’)
overtook the previously observed ‘vertical tectonics’ as
the role of isostatic forces diminished (Schlunegger and
Kissling, 2015; Herwegh et al., 2020). Consequently, the
exhumation rate diminished to lower values, decreasing
from 0.4 mm/yr in the east to 0.2 in the west (Figure
7b). On the other hand, the shortening rates increased
with higher shortening rates at the sides of the massif
(0.85 to 1 mm/yr) and lower rates in the central regions
of the massif (0.67 to 0.75 mm/yr). Simultaneously,
compressional deformation along the northern front
of the massif proceeded towards the North Alpine
Foreland, where new north-northwest-vergent crustal
ramps/thrusts were activated. This suggests a kinematic
link of these thrusts with imbricate thrusting in the
Subalpine Molasse (Mock et al., 2020; von Hagke et al.,
2012). Moreover, also during this phase, strike-slip
reactivation of reverse fault structures and potentially
related motion of the Rhone-Simplon System continued
to dissect the south western region of the massif
(Grosjean et al., 2004; Campani et al., 2014; Cardello
et al., 2024; Wehrens et al., 2016, 2017).

5.4 The Interplay Between Inherited
Crustal Structures, and Deep
Crustal Tectonics

From a geodynamic point of view, the FExternal
Crystalline Massifs of the European Alps provide an
opportunity to study the kinematics, timing, and driving
forces of exhumation processes during the inversion
of passive margins during continent-continent collision
(Lacombe and Bellahsen, 2016; Herwegh et al., 2024).
The geometry of the Aar Massif results from an interplay
between deep crustal collisional tectonics and inherited
structural configuration.

On one hand, as suggested by the buoyancy-driven
model of Herwegh et al. (2017) and lithospheric mantle
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Figure 10 — 4D geodynamic evolution of the Aar Massif during the late-stage Alpine orogeny. The figure shows a sketched
version of the 4D model developed in this study. Abbreviations are listed in the figure captions of Figures 1 and 2. (A) At 22
Ma, the margin is buried at a depth ranging between -8 and -18 km with a horizontal gradient of 26°C/km. (B) At 18 Ma, the
southern block of the massif is exhumed with reverse faults (forming rhomboidal blocks) and thrust faults localised at the front
of the block. Greater shortening and exhumation in the central units accentuate the inherited height difference between the
sides and the centre of the massif. (C) Exhumation migrates to the central block of the massif. Diffuse reverse faulting in the
central block overprints and rotates the thrust structures formed previously in the southern block. New thrust fault structures
were localised at the front of the central block. (D) Strong vertical exhumation of the northern block of the massif until 10
Ma forming the steep northern front of the massif. The central regions of the massif reached the surface and started to be
eroded. (E) Between 10 Ma and the present day, large-scale thrust structures displace the northern block of the massif, causing
an ‘en bloc” exhumation of the basement units (Nibourel et al., 2021b). Contemporaneously, from ca. 15 Ma, reverse faults in
the south-western units of the massif were reactivated as strike-slip/oblique structures (green lines). The Rhone-Simplon fault
(purple) was also active, displacing the southern margin of the massif.

rollback (Schlunegger and Kissling, 2015), the Aar Massif
at 22 Ma underwent delamination, interpreted as a
mechanical decoupling of the light continental upper and
middle crust from the denser lower crust and lithospheric
mantle (Herwegh et al., 2017). As a result of this
delamination, the gravitational slab-pull and negatively
buoyant forces exerted by the European lithospheric
mantle, which counterbalance the positively buoyant
forces of the less dense upper and middle crust and
the overlying rocks of the accretionary complex, were
reduced (Herwegh et al., 2017). This reduction in
restraining forces allowed positive buoyancy to trigger
the formation of steep to sub-vertical reverse faults
with a strong rock uplift component (Herwegh et al.,
2017, 2024). These reverse faults formed pervasively
within the basement and mostly did not reactivate
inherited crustal extensional structures. Differences
in crustal thickness therefore produced corresponding
differences in buoyancy forces. The thicker and less
stretched crust in the central regions of the massif (Aar
Massif basement high), recorded a stronger exhumation
component, compared to the W- and E-sides.

On the other hand, inherited shallow crustal
Permo-Carboniferous  troughs strongly controlled
the position of Mesozoic normal faults and hence
the development of the paleo-topography and basin
asymmetries highlighted in Figure 9. During the
Alpine inversion, new thrusts and reverse faults
formed in the grabens/basins/throughs filled with
Permo-Carboniferous and Mesozoic sediments. The
pre-existing normal faults were not, or only weakly
reactivated as described with field data by Nibourel
et al. (2021a). A primary reason for this was their
unfavourable orientation at the onset of reverse faulting
(22 Ma), when the top of the basement dipped
10-15° southward, causing the normal faults to be in a
subvertical position. In addition, the thermal and burial
conditions strongly influenced the potential reactivation
of inherited crustal structures. High metamorphic
temperatures and significant tectonic burial tend to
inhibit the reactivation of inherited crustal structures, as
supported by numerical models (Lafosse et al., 2016). At
temperatures exceeding 300°C, such as those prevailing
during the formation of the reverse faults, deformation is
accommodated through the pervasive localisation of new
structures, without significant reactivation of older ones.
In contrast, at lower temperatures (<300°C), either
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reactivation of pre-existing faults or the localisation of
newly formed ones is more likely, as for the case of the
Permo-Carboniferous troughs (Lafosse et al., 2016).

5.5 The Value of Large-scale 3D
Geological Models

The case of the Aar Massif highlights the importance
and value of integrating regional-scale 3D geological
models when investigating complex geological systems,
such as an orogen. These models enable the broadening
of individual cross-sectional interpretations into the
third dimension, allowing all available geological and
geophysical constraints to be synthesised into a single
geological model of the entire massif. This approach
permitted to unravel the massif's along-strike variability,
thereby providing resolution into the three-dimensional
evolution and dynamics of such system. Moreover,
large-scale 3D geological modelling of the 3D network of
structures and lithostratigraphic contacts of mountain
ranges has the potential to open the doors to a wide
range of applications.

In fact, such 3D models provide our society with
strategic insights into the still largely unexplored
subsurface for sustainable development of infrastructures
and for regional assessment of primary resources.
Furthermore, modelling large-scale 3D fault patterns
is important for understanding the valley morphology
evolution, distribution of natural hazards and meteoric
water circulation in orogens. Indeed, as in the case of
the valley of the Aletsch Glacier (central Aar Massif),
faults initiated at deep crustal level, nowadays exposed
on the surface, strongly dominate the valley morphology
and distribution of natural hazards in present-day Alpine
landscapes (Musso Piantelli et al., 2023).

This may have very important implications for
both the exploitation of thermal anomalies of orogenic
geothermal systems by performing realistic numerical
simulations (e.g., Waber et al., 2017; Schneeberger et al.,
2017; Diamond et al., 2018; Wanner et al., 2019;
Alt-Epping et al., 2021), and the evaluation of the
influence of meteoric water on the seismicity of regional
faults (e.g., Byerlee, 1993; Lin et al., 2003; Claesson
et al., 2004; Hosono et al., 2020).
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6 Conclusion

The 4D geodynamic reconstruction discussed in this
contribution allowed us to quantitatively describe the
geodynamic evolution of the Aar Massif during the late
stage of the Alpine collision. The 3D half dome-shape of
the Aar Massif (here a simplified visualization of the 3D
model https://skfb.ly/pA8Qx) is the result of several
preconditioning factors and tectonic dynamics that have
shaped this complex in space and time. The main results
of this study are summarised as follows:

i) The Aar Massif is the result of the inversion of
former ~6000 km? of passive European continental
margin. Reconstruction of the proximal margin
has revealed an asymmetric architecture with
local half-graben basins, on the western and
eastern sides of the massif and an Aar Massif
basement high in the central regions of the
massif. The resulting structural relief developed
in this stage formed 20% of the present-day
half dome-shape of the basement-cover contact of
the massif. This geometry was controlled by
mostly SSE-vergent Paleozoic to Mesozoic normal
faults bounding Permo-Carboniferous to Mesozoic
grabens and half-grabens. Displacement variations
along these normal faults created differential
subsidence/accommodation space, which explains
the present-day thickness variations along the strike
of the Aar Massif's para- and autochthonous
sedimentary units (Figures 1 and 2). The same
normal faults separated the basement blocks (i.e.,
northern, central southern blocks) already during
the passive margin evolution.

ii) Collisional reverse faulting, thrusting and the
resulting uplift of the basement units first localised
in the southern block of the massif, then gradually
migrated to the northern front of the massif, in
an in-sequence deformation style. Inherited along
strike variations in the crustal thickness of the
not uniformly stretched margin of the thickened
lower plate induced corresponding differences in the
magnitude of the buoyancy forces. This, as shown in
our 4D reconstruction, resulted in a non-cylindrical
deformation and exhumation of the massif, leading
to a larger uplift component in the central regions of
the massif and smaller uplift at the W and E-sides
of the massif.

iii) The reconstruction proposed in this article
highlights the importance of integrating 3D
geological models when studying complex
geological systems, such as orogens, to address
their three-dimensional evolution and dynamics.

The case of the Aar Massif has shown how inversion
of passive margins in continent-continent collision is
controlled by inherited basement geometries and P-T
conditions during the inversion. Our palaeographic and
4D geodynamic reconstruction could motivate future
studies exploring the role of inherited passive margin
structures and their variations in the orogen-parallel
direction in other External Crystalline Massifs or
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orogenic settings. Enlarging the scale of such
reconstructions will help to better understand and
predict the tectonic evolution of the advanced-stage
collisional mountain belts.
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