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Role of mantle indentation in collisional
deformation evidenced by deep geophysical
imaging of Western Alps
Stéphane Schwartz 1✉, Yann Rolland1,2, Ahmed Nouibat3, Louise Boschetti1,4, Dorian Bienveignant 1,

Thierry Dumont1, Marguerite Mathey1, Christian Sue1,5 & Frédéric Mouthereau 4

In collision belts, the first-order role of the mantle in localizing deformation has remained

elusive, as the resolution of geophysical imaging remains too low to constrain crustal geo-

metry. To address this issue, we geologically interpret a recent high-resolution shear-wave

velocity model from ambient-noise tomography of Western Alps. We show that the lower

crustal Alpine geometry is highly variable at depth, evolving from a preserved European

crustal slab in the South to a smooth crustal root in the North. Moho morphology is con-

trolled by numerous pre-existing major faults reactivated during the Alpine orogeny. Two

mantle indenters located above the subducted European plate at different depths appear to

control the locus of active deformation. The rigid nature of Adria mantle explains the loca-

lization of brittle deformation that is transferred towards the upper crust. The strain-field

partitioning results in a combination of strike-slip with either shortening or extension con-

trolled by the anticlockwise rotation of Adria.
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Understanding the deep structure of orogenic zones
requires high-resolution geophysical data. The correlation
between deep seismic imaging, seismicity and surface

geology is the best way to decipher the 3D structure of mountain
belts. However, this fruitful approach is hampered by the dis-
crepancy in spatial resolution between the various sets of data.
The recent shear-wave velocity (Vs) tomography undertaken at
the scale of Western Europe1,2 allows a reappraisal of the deep
structure of the Alpine belt. These geophysical data highlight the
role of the crustal geometry in the strain field partitioning
observed in the Western Alps3,4 (W-Alps). Imaging the lower
crustal domains with a high geophysical resolution is critical for
the understanding of crust-mantle coupling or decoupling and for
localization of seismicity by crustal geological anisotropy5,6.

The crustal-scale geometry of the W-Alps results from the
convergence of Europe and Adria plates (Fig. 1a, b) and from the
subsequent subduction and collision deformation phases7,8. To
the West, the European margin corresponds to the lower plate,
which subducted beneath the Adria upper plate to the East.
Between these two continental domains, the subduction wedge

was developed by the juxtaposition of High-Pressure (HP)
metamorphic rocks including oceanic sediments, crustal frag-
ments originating from the two continental margins and ser-
pentinized mantle corresponding to a mantle wedge9,10. This
prism is bounded by two major crustal-scale faults: to the West
the Penninic Frontal Thrust (PFT) and to the East the dextral
strike-slip Insubric Fault (IF), which represents the southwestern
prolongation of the Peri-Adriatic Line11 (Fig. 1b). The European
foreland accommodates the convergence through the propagation
of a fold-and-thrust belt system in a ‘thin skinned’ tectonic mode
associated with the development of Tertiary detrital basins12–14.
These basins are further deformed, uplifted and partially eroded
during the westward propagation of compressional structures.
This compressional deformation is localized at depth along
crustal-scale thrusts leading to the exhumation of the External
Crystalline Massifs (ECMs) in a ‘thick skinned’ tectonic
mode15–18. To the East, above the Adria margin, the Po plain
corresponds to a highly subsiding domain bounded by Alpine
back-thrusts and Apennine frontal thrusts, which led to the uplift
and erosion of parts of its Tertiary basins19.

Fig. 1 Geological and tectonic settings of the W-Alps and Moho geophysical map. a sketch map of Western Europe with the main tectonic boundaries
and location of the study area. b Geological map of the W-Alps with location of the Vs transects shown in Figs. 2 and 4. The Ivrea body gravimetric
anomaly is represented by the 0 mGal contour37 (dashed purple line). c Moho map computed using a S-wave velocity model from ambient noise
tomography1. The continental crust units of the European plate (lower plate) correspond to a Mesozoic sedimentary cover resting unconformably on a
Varsican (350-300 Ma) crystalline basement which outcrops in several External Crystalline Massifs (ECM): Ar Argentera, Be Belledonne, MB Mont-Blanc;
Pe Pelvoux, ME Maures-Esterel and in the French Massif Central (FMC). The subduction wedge is located between the two (Europe and Adria) plates and
is made of several units from varied paleogeographic origins related to the distal European margin and oceanic units. The distal European margin units are
composed of a Paleozoic to Mesozoic sedimentary cover associated with the crystalline basement outcropping in the the internal crystalline massifs (ICM):
DM Dora Maira, GP Gran Paradiso, MR Monte Rosa. The oceanic units are represented by sediments (Schistes lustrés) and fragments of oceanic
lithosphere (ophiolites). The Adria units (of the upper plate) correspond to a crystalline basement: DB Dent Blanche, Iv Ivrea-Verbano, Se Sesia. Major
tectonic structures are also indicated: AFT Alpine Frontal Thrust, IF Insubric Fault, PFT Penninic Frontal Thrust and SF Simplon Fault. The two plates are
covered by Tertiary and Quaternary basins.
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Despite numerous detailed studies on the Tertiary evolution of
the Alps, it still remains difficult to link the crustal-scale structure
to the current strain field. The active tectonics displays a complex
scheme characterized by an overall strike-slip component with
extension in the internal domain of the W-Alps and with com-
pression at the periphery of the belt3,4,20. This scheme is con-
sistent with geodetic measurements, showing significant
anticlockwise rotation in the SE part of Adria and slow
(<1 mm yr−1) horizontal motions across the W-Alps belt21–23. It
is worth noting that the vertical GPS motions show a significant
uplift (up to 2.5 mm yr−1) in the Mont Blanc and Belledonne
ECMs of the W-Alps which represent the highest reliefs of the
W-Alps. This vertical component progressively vanishes towards
the South of the Alpine belt22–24. These motions may result in
part from interactions between climate and tectonics (e.g. 25–27,).
Lithospheric adjustments to deglaciation and erosion likely
account for approximately half of the uplift rate. Considering the
low convergence rates, the other half should involve a noticeable
contribution of mantle-related processes such as the detachment
of the European slab and/or asthenospheric upwelling26,27.
However, the lack of any precise crustal-scale imagery has pre-
vented any detailed understanding of the localization of the active
deformation at depth. Ongoing debate exists on the geometry and
continuity of the European slab, as a detached28–30 or continuous
slab31,32. This debate partly stems from works undertaken on
different Alpine cross-sections in Western and Northwestern
Alps though, with significantly different lower crustal structures
(e.g. ref. 33).

Here we use a high-resolution crustal-scale Vs model1, devel-
oped in the frame of the AlpArray scientific program34 coupled to
the analysis of active deformation represented by the seismicity
relocated at crustal scale4. This approach enables us to study the
location of deformation in relation to crustal scale geometry in
order to propose a coherent 3D model of current stress field. The
Vs tomography provides an improved image of the Moho geo-
metry beneath the W-Alps, helping to accurately link the crustal
geometry to the active deformation pattern. Our results highlight
a strong lateral variation of the 3D-crustal structure across the
arc, with a preserved crustal slab in the South to a smooth crustal
root in the North. The partitioning of deformation in the oro-
genic prism appears to be controlled by a deep mantle indenter
that is split into two units by a major serpentinized sub-vertical
structure. The upper mantle unit, located between 20 and 45 km
depth, indents the subduction wedge and the Adria margin
horizontally and vertically. This process induces the present day
extensional seismic activity in the subduction wedge and short-
ening in the Po plain. The deepest mantle unit, below 45 km,
indents horizontally the European slab, propagating compressive
deformation into the European foreland.

Results
Moho map. The Moho map (Fig. 1c) corresponds to the
4.2 km s−1 isovelocity 3D surface of a recent Vs model obtained
with ambient-noise tomography1 using AlpArray data34. This is
the most accurate map of the Moho currently available, with a
resolution precise enough to be compared with the main geolo-
gical units and major tectonic structures that are defined at the
surface. This map highlights an eastward deepening of the Eur-
opean Moho in agreement with a subducted European slab
beneath the Adria upper plate. The geophysical imagery shows a
standard crustal thickness in the forelands (~30 km). The Eur-
opean Moho (Fig. 1c) exhibits several steps below the ECMs. A
more external step (7-8 km) is localized below the Mont Blanc
massif along NE-SW trend. This step extends and decreases lat-
erally below the Belledonne massif (< 5 km). Such features with a

step of 5–12 km are detected along the Alpine arc and underline
the accurate shape of the belt. At the both-ends of the W-Alps,
South of the Aar and North of the Argentera ECMs respectively,
the orientation of the Moho steps shifts to become perpendicular
to the belt. In the subduction wedge, S-wave tomography1

highlights Adria Moho complexity with three superimposed
levels. At shallow depth, between 25 and 45 km and in front of the
Adria margin, the Moho underlines a 30 km-long mantle pro-
montory isolated within the subduction wedge and corresponds
to the Adria Seismic Body (ASB) defined by Nouibat et al.1. To
the East, the ASB is in continuity with a deeper Moho (>45 km)
corresponding to the base of the Adria continental crust. Below
the Adria Moho, the European Moho plunges down to >75 km.

Overall crustal geometry. The crustal geometry is described along
four shear-wave tomography transects linked with the surface
geology (Fig. 2). The transects are distributed from North to South
across the main structures of the arc, and are trending perpendi-
cular to the different ECMs. These transects highlight strong along-
strike variations of the crustal geometry. A first order feature to
notice is occurrence of Moho steps located at the front of the PFT
trace and below the Aar and Mont Blanc ECMs (Fig. 2a, b). The
seismic signatures of the European and Adria crusts appear sig-
nificantly different. The Adria crust shows a homogeneous struc-
ture with typical increase of Vs from upper to lower crust, while
the European crust shows a strong lateral heterogeneity with
domains of low velocity (LVD, Vs < 3.5 km s−1) in the lower crust.

In addition, in the Northern part of W-Alps (Fig. 2a), the
European Moho is smoothed and the crustal European slab is
detected to a maximum depth of 60 km, which could be
interpreted as a result of former detachment of the European
mantle lithosphere26,28,30,33 or resulting from a deep Adria
mantle indentation producing a crustal stacking at the base of
the subduction wedge. In the other transects (Fig. 2b–d) the
European slab is continuous down to depths of 80 km. The
crustal slab is characterized by a progressive increase in S-wave
velocities with depth due to eclogitization and subsequent
densification below 45 km depth. Typically for felsic crustal
lithologies, eclogite facies shows Vs > 3.4 km s−1 and up to 4.332.
Along the Mont Blanc and Argentera transects (Fig. 2b, d) no
significant crustal thickening is observed within the European
continental crust (ECC) in the Alpine foreland, West of the PFT.
Beneath the subduction wedge, East of the PFT, the crustal
geometry shows a more significant crustal thickening to
40–50 km. The shear-wave tomography in the ECC highlights
low velocity domains located in the lower crust with velocities
<3.5 km s−1. The Adria continental crust (ACC) featured by a
standard crustal thickness35 (~30–35 km) below the Po plain,
tapers westwards towards the boundary with the subduction
wedge, and is outlined by a staircase shape. Within the ACC,
shear-wave velocities increase with depth down to the Moho.

The subduction wedge can be divided into two main
lithological units (Fig. 2) based on geophysical parameters. The
crustal wedge (CW) characterized by Vs < 3.8 km s−1 is consis-
tent with a tectonic mélange of lithologies from oceanic and
continental origins where the continental lithologies are domi-
nent and overprinted by HP-LT metamorphism related to the
subduction dynamics (Vs between 3.4 and 3.9)32 The mantle
wedge (MW) is characterized by Vs between 3.8 and 4.3 km s−1

corresponding to a variably serpentinized mantle36. The Ivrea
body gravimetric anomaly37,38 fits with the shape of the top of the
MW (Fig. 1b, Suppl. Fig. 1).

The shear-wave tomography emphasizes a significant differ-
ence between the European and Adria lithospheric mantle units.
While the Adria mantle appears homogeneous with high Vs
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(>4.5 km s−1), the European mantle is heterogeneous with Vs
variations between 4.2 and 4.5 km s−1. The boundary between the
Adria mantle and the subduction wedge (SW) is sharp and steep.
As such, it corresponds to the main plate boundary between the
European and Adria plates and appears to be offset from the
surface trace of the Insubric fault (IF). In the Pelvoux transect
(Fig. 2c) the Adria mantle has a complicated and asymmetric
shape due to the presence of the ASB. The transition from the
ASB to the deep Adria mantle is underlined by a subvertical low
velocity zone (Vs < 4.5 km s−1).

Regional active deformation and strain partitioning. Active
deformation, characterized by low magnitude earthquakes
(ML < 4.5), appears strongly partitioned at the scale of the Alpine
arc (Fig. 3a, b). Seismicity is rather diffuse and shallow (<15 km)
within the European foreland, while it appears distributed along
two main curved lineaments within the subduction wedge
(Fig. 3a). The first one corresponds to the Briançonnais seismic
arc located to the East of the PFT and is interpreted as resulting
from the relatively shallow (c.a. 10 km depth) extensional reac-
tivation of this main thrust structure39. Futher East, the second
one clusters at greater depth (down to 25 km), and corresponds to
the Piemontais seismic arc showing also mainly extensional
earthquakes40. The deepest seismicity (>25 km) is still located to
the East within the ASB and is rooted in the Adria lithospheric
mantle. In a similar way, the strain regime is highly partitioned.
The overall deformation, at the scale of the belt, is dominated by a
strike-slip regime41,42 (Fig. 3b) with domains in transpression on
both sides of the belt in the European foreland, Po plain and
along the Apennines/Alps junction and a major extensional
component within the CW. In this context, the ASB localizes the

main deep compressional activity. Seismic stress inversion com-
puted from focal mechanisms4 highlights an overall strike-slip
regime with local domains dominated by reverse or normal
components (Fig. 3c, Suppl. Fig. 2). The reverse components are
located mainly within the deep ASB and more scattered at shal-
low depth in the frontal part of the ECMs. The normal compo-
nents are located within the subduction wedge and especially
along the Simplon fault and along the Briançonnais and Pie-
montais seismic arcs. The Briançonnais arc seismicity roots down
along the PFT and is related to its extensional reactivation39,43.
The Piemontais arc crosscuts the subduction wedge subvertically
and is located in the upper part of the mantle wedge.

Discussion
The comparison of the geologically interpreted Vs tomography
with the active strain field (Fig. 4) allows to reinterpret the deep
structure of the W-Alps and to discuss the role of mantle
indentation in collisional deformation related to slab dynamics
and / or geological inherited structures.

Mantle indentation and its role on strain localization. Several
mantle bodies acting as indenters are identified by the shear-wave
tomography. The mantle wedge acts as the uppermost indenter
and is related to the Ivrea body gravimetric anomaly37,38 and
shows seismic signatures of serpentinized mantle32 imbricated
with continental and oceanic HP rocks (Vs between 3.8 and
4.3 km s−1). Its upper limit is located at 10 km depth beneath the
Dora Maira Internal crystalline massif and Adria units, along the
IF structure (Fig. 4b, c).

The main mantle indenter corresponds to the rigid Adria
Lithospheric Mantle (ALI), which acts as a plate boundary. ALI

Fig. 2 Vertical shear-wave velocity geophysical transects of W-Alps. First order interpretations of the main structural boundaries delimiting the two
plates and the subduction wedge at the crustal scale. The geological map of 20 km on each side of the transects is shown (see Fig. 1b for legend). The
Moho is based on isovelocity Vs= 4.2 km s−1. The location of the main tectonic structures is also indicated (IF Insubric Fault and PFT Penninic Frontal
Thrust). The European lower crust shows low velocity domains (LVD) and Moho steps. The boundary between the European Continental Crust (ECC) or
the Adria Continental Crust and the subduction wedge is indicated by thin white lines. The subduction wedge is composed of crustal units (CW) overlying
a partially serpentinized mantle wedge (MW) highlighted by isovelocities between 3.5 and 4.3 km s−1. The four geophysical transects are located on
Fig. 1b, from North to South: (a) Aar; (b) Mont-Blanc; (c) Pelvoux; (d) Argentera.
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Fig. 3 Seismicity of W-Alps showing magnitudes, depths and stress regimes of earthquakes. a Moho map with geological contours with the distribution
of epicentres, corresponding magnitudes (ML) and depth ranges. b Moho depth map with stress regimes inferred from earthquake focal mechanisms
[4, 60] database. Geophysical transects of Figs. 2 and 4 are shown. c Stress field inversion computed from focal mechanisms of earthquakes (modified
from [4]). Extensional seismicity clusters along the Simplon fault (SF) in NW Alps and two main seismic lineaments in the SW: the Briançonnais and
Piemontais seismic arcs, Bsa and Psa, respectively.

Fig. 4 Shear-wave velocity geophysical transects of W-Alps with seismicity and first order tectonic interpretations. The interpretations of the four
transects (from Fig. 2) are indicated by white lines corresponding to main structural boundaries between and within the two plates and the subduction
wedge. The main tectonic structures are also represented (IF, Insubric Fault and PFT, Penninic Frontal Thrust). The boundary between upper and lower
crust is indicated by a thin dashed line for both the European Continental Crust (ECC) and the Adria Continental Crust (ACC). The thick dashed line above
the Moho step corresponds to a vertical crustal-scale fault inherited from the Variscan orogeny. The Adria margin shows a thin continental crust, intensely
deformed during the Alpine collision and a preserved crustal domain corresponding to the necking zone of the previously hyperextended margin. The
tectonic regimes (compression and extension) are interpreted from focal mechanisms (Suppl. Fig. 2). They are related to the decoupling of the Adria
mantle into two superimposed indenters: the deepest indenter corresponds to the Adria Lithospheric Indenter (ALI) and the shallowest corresponds to the
Adria Seismic Body (ASB). The main tectonic structures are also indicated (see Fig. 1 for details). The four geophysical transects are located on Fig. 1b, from
north to south: (a) Aar; (b) Mont-Blanc; (c) Pelvoux; (d) Argentera.
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exerts a horizontal compression resulting in slab verticalization
and local necking of the European slab where it is continuous
(Fig. 4b, d). This process likely triggered crustal slicing and
stacking in the Northern part of the W-Alps (Fig. 4a). In the core
of the arc (Pelvoux transect, Fig. 4c) ALI was dissected into the
ASB, which has been uplifted by the activity of a major steep
backthrust. This motion produces a vertical indentation of the
subduction wedge and tectonic inversion of the former Adria
hyperextended margin44. At lithospheric scale, the geometry of
ALI and ASB thus corresponds to a positive tectonic flower
structure, which is in continuity with the southern segment of the
IF. Brittle deformation detected by the seismicity is mainly
extensional above and West of the ASB, and is thus interpreted as
the expression of a vertical push of this rigid mantle indenter45.
The uplift of the rigid ASB, and horizontal shortening by the ALI
Indenter would explain the vertical exhumation of HP massifs,
which mainly occurred in Oligocene to early Miocene in this part
of the belt45,46, and stacking of continental eclogites and mantle
wedge units below the uplifted Adria margin. Backthrusts to the
East of the ASB are no longer active but transpressional tectonics
within the ASB indicate a continuation of tectonic activity related
to the exhumation of the subduction wedge.

To the West and to the North, in the frontal part of the belt,
the compressional component of the overall deformation is
interpreted as resulting from a deep compression component
transferred to the European slab by the lower indenter (ALI), with
a decoupling occurring along the PFT. In front of the ALI
indenter, the slab is highly deflected due to this horizontal
shortening. This deformation is recorded by the fold-and-thrust
belt propagation since >15Ma14 in the European foreland.
Meanwhile, in response to ALI indentation, the propagation of
crustal thickening along a thrust ramp beneath the ECMs
produces tectonic inversion of the PFT and subsequent exten-
sional seismic activity along the Briançonnais seismic arc.

Crustal slab geometry at the scale of the W-Alps. The main
difference between the northern and SW Alpine cross-sections
consists on the presence of a continuous European crustal slab in
the South (Fig. 4b–d) and a smooth crustal root in the North
(Fig. 4a). In addition, the Northern transects (Fig. 4a, b) exhibit
thicker crustal wedge than the southern transects (Fig. 4c, d). In
the Aar transect (Fig. 4a) the lower crust is thicker related to the
presence of a 100 km large eclogitic root. The general shape of the
eclogitic root, with a flat geometry and the absence of any residual
slab suggests an isostatic reequilibration of the collisional belt in
reponse to the stacking of crustal material scrapped from the
European slab by ALI mantle indenter. The difference between
the North and the South transects can be explained by the initial
shape of the European margin. In the Northern Alps, the crustal
slab thickness was reduced due to the presence of an oceanic
basin (the Valais Ocean)47 which did not exist in the Central and
Southern part of the arc48. In contrast, in the SW Alps, the
presence of a continuous continental margin49 and of the ASB
indenter at shallow depth. Therefore, the continental crust slab
has remained continuous only in the SW and shows significant
pinching deformation at a depth >60 km due to horizontal
shortening in front of ALI.

Geological inheritance and reactivation. The role of geological
inheritance in the belt structure is well shown by the geometry of
the Adria margin (Fig. 4a–d). The previously thinned to hyper-
extended margin of Adria is highlighted by the presence of a thin
continental crust (10 to 15 km) passing laterally to a standard
crustal thickness across a necking zone structure corresponding
to the boundary of the hyperextented margin50. The former

normal faults of the Adria margin were inverted and uplifted by
the rise of the ASB. This reactivation resulted in a positive flower-
type structure. Stacking of internal prism units below the Adria
margin implies a crust - mantle decoupling.

Considering the European crust, the occurence of low Vs
velocity domains in the lower crust is not related with Alpine
tectonics because their extent largely exceeds the limits of the belt.
Their origin may be instead related with the late stages of the
Variscan orogeny and with the emplacement of more felsic
migmatite crust during the development of metamorphic core
complexes similar to the Montagne Noire dome51.

Finally, the W-Alps belt appears to be thickened only in its
Internal part (subduction wedge), and shows a normal crustal
thickness (~30–35 km) in its External part (European foreland).
This transition is accommodated by a sharp Moho step likely
corresponding to a fault zone localized below the Belledonne and
Mont Blanc ECMs (Fig. 4a, b). This Moho step is interpreted as
the reactivation of the inherited ‘East Variscan Shear Zone’ or
EVSZ52–54. A similar step also occurs to the South beneath the
EVSZ of Argentera ECM55,56. Further, along the Pelvoux and
Argentera transects (Fig. 4c, d) moderate crustal thickening
(35–40 km) occurs in the external part related to the development
of the Alpine Frontal Thrust or AFT17, which, to the East, roots
onto the top of the lower crust. The motion on the AFT is
controlled by the ALI and ASB indentation.

3D seismotectonic model of W-Alps. The partitioning of
W-Alps deformation is evidenced between purely compessional
deformation in the AFT, transpressional strike-slip deformation
along the EVSZ and IF, and transtensional to extensional defor-
mation along the Piemontais and Briançonnais seismic arcs. In an
overall strike-slip deformation contet, this partitioning results
from a mantle indentation process that accommodates displace-
ments imposed by the current NW / SE convergence associated
with a low anticlockwise rotation of Adria4,20–23 (Fig. 5a). Mantle
indentation induced by the more rigid Adria lithosphere is shared
into two units (ALI and ASB) by a major serpentinized steep
W-dipping tectonic structure (Fig. 5b). The upper unit (ASB),
located between 20 and 45 km below the surface, indents verti-
cally the subduction wedge and results in the exhumation of the
HP rocks. This vertical indentation is also responsible for the
extension along the Piemontais seismic arc and the back-
thrusting of the previously thinned Adria margin. The deepest
unit (ALI) indents horizontally the European slab, propagating
compressive deformation into the European foreland by the
activation of the AFT. At the back of the crustal-scale AFT
structure, the PFT is reactivated in extension with the develop-
ment of the Briançonnais seismic arc. Given the arcuate shape of
W-Alps, the Briançonnais arc merges into the dextral trans-
pressional NE / SW inherited vertical EVSZ. A similar transition
from dextral to extensional deformation occurs along the Simplon
Fault (SF) to the North. The motor of the Adria anticlockwise
rotation corresponds to the far field Mediterranean tectonics
dominated by the subduction of the Adria plate57.

Methods
Crustal-scale shear-wave velocity imaging. The 3D Moho map
and velocity cross-sections in Figs. 1–5 are computed from a
recent 3D high-resolution shear-wave model (Vs model) from
ambient-noise tomography (ANT)1 that used data from the
AlpArray network34, dense temporary experiments in W-Alps
(Cifalps 1-258,59) and all permanent seismic networks available
throughout Western Europe during 2015-2019. This velocity
model was validated by receiver functions (RFs) and controlled-
source seismic (CSS) available for the W-Alps1,59, which makes it
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Fig. 5 Seismotectonic and structural model of the W-Alps. a Seismotectonic map of the W-Alps showing the main tectonic structures accommodating
the indentation of Adria plate associated with the global Adria - Europe convergence. The overall strike-slip deformation regime is controlled by the Adria
anticlockwise rotation. Stress redistribution on the European crust is variably accommodated due to its internal anisotropy related to Variscan inheritance.
b Interpretative 3D block diagram showing the relationships between surface strain partitioning and crustal scale geometry revealed by Vs tomography.
The main seismic arcs are named Bsa and Psa for the Briançonnais and for the Piemontais seismic arc respectively. The other acronyms are the same as in
Fig. 1b.
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the most well-constrained and the highest resolution (15 km
laterally and 1–5 km at depth) Vs model to date. Based on the
preliminary comparison of this ANT model with receiver func-
tions along the Cifalps 1 profile1, a coherent geological model was
proposed. This geological framework served as a basis for geo-
logical reconstruction of the whole W-Alps along four geological
transects presented in this paper. We use the 4.2 km s−1 iso-
velocity as a proxy for the Moho since [1, 59] have shown that
both the latter and the 4.3 km s−1 isovelocity are well-suited to
delineate the Moho beneath the European and Adriatic forelands.
These isovalues are also suitable for tracking the deepening of the
Moho associated with subduction of the European lithosphere, in
agreement with the RFs and CSS data. In this paper we choose the
4.2 km s−1 because it is more stable at large depths, particularly
beneath the subduction wedge.

Seismotectonics. Additionally, we use the available seismotec-
tonic data encompassing the Western Alps (Fig. 3). We combine
earthquake hypocenters and focal mechanisms from two existing
databases4,60. The first database4 includes more than 2200 focal
mechanisms computed for earthquakes recorded between 1989
and 2013, and the second one60 includes more than 100 focal
mechanisms computed for earthquakes recorded between
1986–2016. We only kept events with a magnitude higher than 2,
which corresponds to more than 6900 hypocenters in total
(Fig. 3a), of which more than 990 have focal mechanism solutions
(Suppl. Fig. 2). In Fig. 4, we project the hypocenters and focal
mechanisms at depth onto the four transects of Fig. 2, with dis-
tances of 20 km on either side perpendicular of the transect tracks
shown in Fig. 3. Finally, we use a continuous 2D map showing the
spatial variations in deformation modes derived by [4] (Fig. 3c).
This map was obtained by interpolating the mode of deformation
around the bend of the W-Alps. The mode of deformation is
characterized by 3 endmembers corresponding to extensional,
compressional or strike-slip respectively. The intermediate states
could be represented in ternary diagrams61 and are controlled by
the plunge angles of both the pression (P) and tension (T) axes of
the focal mechanisms. The mode of deformation, represented on
map (Fig. 3c) is obtained by a cross-interpolation of the two
plunge angles based on a Bayesian method4. This method pro-
vides an interpolation of multi-dimensional fields (3 dimensions
in our case) for heterogeneous density of data, as the focal
mechanisms are not homogeneously distributed throughout the
Alps. This approach represents a significant improvement with
respect to previous attempts to synthesize Alpine
seismotectonics40.

Data availability
Together with this paper, we provide the data repository available at https://doi.org/10.
18709/perscido.2023.12.ds403 that contains: (1) the 3D Moho map and Vs transects from
Nouibat et al. (2022), (2) earthquake hypocenters and focal mechanisms from the
database of Mathey et al. (2021), and (3) the Bayesian solution of the distributions of P, T
and B axis plunges from Mathey et al. (2021), that can be used to reconstruct the stress
regime map. This paper uses also earthquake hypocenters and focal mechanisms from
the dataset of Eva et al. (2020), which are available at https://doi.org/10.17632/
5jp698sf2p.1.
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