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Abstract

In the complex tectonic setting of the western Mediterranean region, the deep dynamic pro-
cesses involved in the orogenesis of the western Alps and the opening of the Ligurian-Provence
back-arc basin remain not fully understood. Although these regions have been probed by a
broad spectrum of geological and geophysical studies, there is still a gap in precision between
the knowledge of the surface geology and the knowledge of the three-dimensional lithospheric
structure — crucial for describing the deep dynamics. The availability of the European perma-
nent networks, the dense AlpArray temporary network, and other temporary experiments, gives
a unique opportunity for large-scale, high-resolution 3-D seismic imaging to further constrain
the crust and upper mantle structures beneath the western Alps and the Ligurian-Provence
basin.

Taking advantage of this exceptional seismic coverage, we construct high-resolution
ambient-noise 3-D shear-wave velocity models using innovative imaging approaches. First, we
perform a full data-driven probabilistic inversion in the framework of the two-step ’classical’
ambient-noise tomography (ANT): (i) we compute 2-D Rayleigh-wave group-velocity maps and
their uncertainties in the period band 4-150 s using a transdimensional Bayesian inversion; (ii)
using a 1-D probabilistic inversion that accounts for uncertainties in the local dispersion curve,
we estimate at each location, at each depth, the probability density on shear-wave velocities
and on the presence of interfaces. The probabilistic V; model is further refined using a linear
inversion. The resulting model provides a high-resolution image of the European lithosphere
subduction and presents a striking fit with receiver-function cross-sections in the western Alps.

The offshore part of the ANT Vi model, the Ligurian sea, is constructed after a specific
processing of the OBS data: (i) we enhance the long-period content of the OBS noise records
by correcting for transients and seabed-induced noises; (ii) we optimize the path coverage in
the Ligurian sea by computing OBS-OBS iterative correlations, involving onshore stations of
AlpArray and permanent networks. The obtained 3-D Vs model presents a striking fit with
controlled-source seismic data along the basin axis and provides new insights on the lithology
and petrological nature of the Ligurian oceanic crust.

The second step consists in refining the crust and uppermost mantle parts of the ANT
model in the Alps and the Ligurian sea. To achieve this, we perform a wave-equation tomog-
raphy (WET) based on numerical modelling of 3-D elastic and acoustic-elastic surface-wave
propagation. The velocity model is iteratively updated by minimizing the phase traveltime
differences between the observed and synthetic waveforms in the period band 5-85 s. We apply
a fluid-solid coupling for waveform simulations in the 5-20 s period band to fully account for
the water-layer effect on 3-D propagation of Rayleigh-Scholte waves in the Ligurian-Provence
basin and its conjugate margins. The resulted 3-D Vs model is of higher resolution, exhibiting
new features and stronger velocity contrasts. We extract an onshore-offshore 3-D Moho map,
higher-resolution than the previous Moho maps in the Alps and Ligurian sea.
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Résumé

Dans le contexte tectonique complexe de la région ouest méditerranéenne, les processus
dynamiques profonds impliqués dans ’orogenese des Alpes occidentales et ’ouverture du bassin
d’arriere-arc liguro-provencal ne sont pas encore entierement compris. Bien que ces régions aient
été sondées par un large éventail d’études géologiques et géophysiques, il existe toujours un
fossé en termes de précision entre la connaissance de la géologie de surface et la connaissance
de la structure lithosphérique tridimensionnelle — cruciale pour décrire la dynamique profonde.
La disponibilité des réseaux permanents européens, du réseau temporaire dense AlpArray,
et d’autres réseaux temporaires, donne une opportunité unique pour réaliser des imageries
sismiques 3-D haute-résolution a grande échelle afin de mieux contraindre les structures de la
crolte et du manteau supérieur sous les Alpes occidentales et sous le bassin Liguro-Provencal.

En tirant profit de cette couverture sismologique exceptionnelle, nous construisons des
modeles 3-D haute-résolution de vitesse d’ondes de cisaillement a partir du bruit ambiant en
utilisant des approches d’imagerie innovantes. Tout d’abord, nous réalisons une inversion prob-
abiliste complete dans le cadre de la tomographie bruit ambiant ’classique’ a deux étapes (ANT)
: (i) nous calculons des cartes 2-D de vitesse de groupe d’onde de Rayleigh et leurs incertitudes
dans la bande de période 4-150 s en utilisant une inversion Bayésienne transdimensionnelle;
(ii) en utilisant une inversion probabiliste 1-D qui tient compte des incertitudes dans la courbe
de dispersion locale, nous estimons & chaque localisation, & chaque profondeur, la densité de
probabilité sur les vitesses d’ondes de cisaillement et sur la présence d’interfaces. Le modele
probabiliste V; est ensuite affiné par une inversion linéaire. Le modele obtenu fournit une image
a haute résolution de la subduction de la lithosphere européenne et présente un remarquable
accord avec les coupes transversales de fonction récepteur dans les Alpes occidentales.

La partie marine du modele ANT Vj, a savoir la mer Ligure, est construite apres un traite-
ment spécifique des données de stations OBS : (i) nous améliorons le contenu longue période des
enregistrements bruts des OBS en éliminant les bruits électroniques et les bruits du fond marin;
(ii) nous optimisons la couverture des trajets dans la mer Ligure en calculant des corrélations
itératives OBS-OBS, impliquant des stations terrestres des réseaux AlpArray et permanents.
Le modele 3-D V; obtenu présente un remarquable accord avec les données de la sismique active
le long de I'axe du bassin et apporte de nouvelles informations sur la lithologie et la nature
pétrologique de la crolite océanique sous le bassin Liguro-Provencal.

La deuxieme étape consiste a affiner la crotite et le manteau supérieur du modele ANT sous
les Alpes et la mer Ligure. Pour ce faire, nous réalisons une tomographie par équation d’onde
(WET) basée sur la modélisation numérique de la propagation élastiques et élasto-acoustiques
3-D d’ondes de surface. Le modele V; est mis a jour itérativement en minimisant les différences
de temps de phase entre les formes d’onde observées et synthétiques dans la bande de période
5-85 s. Nous appliquons un couplage fluide-solide dans la bande de période 5-20 s afin de tenir
compte de l'effet de la couche d’eau sur la propagation 3-D des ondes de Rayleigh-Scholte dans
le bassin Liguro-Provencal et a travers ses marges conjuguées. Le modele 3-D V; obtenu est de
meilleure résolution, présentant de plus forts contrastes de vitesse et de nouvelles structures.
Nous extrayons du modele obtenu une carte de Moho terre-mer 3-D, dont la résolution est
supérieure a celle des cartes de Moho précédentes dans les Alpes et la mer Ligure.



vi



Contents

1 Introduction
1.1 Seismic imaging of 3-D structures in the Earth’s interior . . . . . . . ... ...
1.1.1 Seismic tomography: an inverse problem . . . . . . .. .. .. .. .. ..
1.1.2 Tomography of the lithosphere: a variety of methods . . . . . . ... ..
1.2 Context: Western Alps and Ligurian-Provence basin . . . . . . ... ... ...
1.2.1  Geodynamic setting . . . . . . .. ...
1.2.2  AlpArray seismic network . . . . . . .. ...
1.2.3  Overview of existing 3-D tomographic models . . . . . ... ... .. ..
1.3 Thesis objectives and manuscript structure . . . . . . . ... ... ... ...

2 Transdimensional Ambient-Noise Tomography of Western Europe
2.1 Imtroduction . . . . . . . . .. L e
2.2 Ambient-noise dataset . . . . . . ...
2.2.1 Station coverage . . . . . . ...
2.2.2 Data processing and correlation . . . . . .. ..o
2.2.3 Group-velocity measurements . . . . . . ... ... Lo L.
2.3 Inversion for 2-D group-velocity maps . . . . . . . . . ... oL
2.3.1 Method . . . . . . . . e
2.3.2  2-D group-velocity maps . . . . . . . . ...
2.3.3 Uncertainty estimates . . . . . . .. .. ... oL
2.3.4 Benefits of the transdimensional inversion . . . . . .. . ... ... ...
2.4 Inversion for shear-wave velocity . . . . . . .. . ... ... . ... ... ....
2.4.1 Construction of the 3-D probabilistic Vg model . . . . . . . .. ... ..
2.4.2 Construction of the 3-D final Vgmodel . . . .. ... ... .......
2.4.3 Strengths of the inversion method for Vg . . . . . .. ... ... .. ..
2.4.4 Results: 3-D Vgmodel . . . . . . .. . ...
2.5 Discussion: focus on the Cifalps transect . . . . . . . . . ... ... ... ....
2.5.1 Model robustness . . . . . . .. ...
2.5.2 Comparison with other geophysical data . . . . . . . .. ... ... ...
2.5.3 Crustal-scale geological interpretations . . . . . . .. ... ... ... ..
2.6 Conclusion . . . . . . ..
2.7 Supporting information . . . .. ... L

3 Model Validation with Receiver Functions of the Cifalps Experiments
3.1 Abstract . . . . . . L
3.2 Dataand Methods . . . . . . . . . . ..

W W N =



CONTENTS

6

A

viii

3.3 Results. . . . . . . e
3.3.1 CIFALPS2 main profile . . . . . .. ... ... ... ... ........
3.3.2 Re-processed CIFALPS profile . . . .. ... ... ... .........

3.4 Interpretation and discussion . . . . . .. .. ... ... ...
3.4.1 CIFALPS2 vs CIFALPS geologic cross-sections . . . . . .. .. ... ..
3.4.2 Lateral Moho variations and relations with the slab structure. . . . . . .

Ambient Noise Tomography of the Ligurian-Provence Basin
4.1 Introduction . . . . . . . . . . . e
4.2 Data processing . . . . . . . . ..o
4.2.1 Description of the AASN sea-bottom instruments . . . . . . ... .. ..
4.2.2 Glitchremoval . . . . ... .. ... .. ...
4.2.3 Seafloor-noise reduction . . . . . . ... ... L.
4.3 Computation of noise correlations and group-velocity measurements . . . . . .
4.3.1 First-order correlations . . . . . . .. ... ... ... ..
4.3.2 Iterative correlations for OBS-OBS paths . . . . . . ... ... ... ..
4.3.3 Group-velocity measurements . . . . . . .. ... Lo
4.4  3-D shear-wave velocity model . . . . . .. .. ..o oo
4.4.1 Inversion for 2-D group-velocity maps . . . . .. ... ... ... ....
4.4.2 Inversion for shear-wave velocity . . . . .. ... ... ... ... ...
4.4.3 Comparison with the Vg model by Wolf et al. (2021) . . . . .. ... ..
4.5 Discussion . . . . ... e e e e e
4.5.1 Geological setting of the Ligurian-Provence basin . . . . . . .. ... ..
4.5.2  Seismic velocity cross-sections in the central oceanic domain . . . . . . .
4.6 Conclusion . . . . . . . ..
4.7 Supporting information . . . . .. ..o oL

Wave-Equation Tomography of the Alps and Ligurian-Provence Basin
5.1 Summary ..o L
5.2 Introduction . . . . . . . . . . e
5.3 Data . . . . L e
5.3.1 Ambient noise processing . . . . ... ..o oo
5.3.2 Imitial model . . . . . . ...
5.4 Tterative inversion scheme . . . . . . . . . . . ... .. o
5.5 3-D simulations of surface-wave propagation . . . . . . ... ... ... L.
5.5.1 Elastic modelling of Rayleigh waves . . . . . ... ... ... .. ....
5.5.2  Acoustic-elastic modelling of Scholte-Rayleigh waves . . . . . . ... ..
5.6 Model robustness . . . . . ... L L
5.7 Results and discussion . . . . . . .. .. L L L
5.71 Depthslices . . . . . . . . .
5.7.2  Vertical cross-sections . . . . . . . .. .. L Lo oo
5.7.3 New large-scale map of Mohodepth . . . . . ... ... ... ......
5.7.4 Moho architecture beneath the Ligurian Sea . . . . . . . .. .. ... ..
5.8 Conclusion . . . . . . . . . e

Conclusion and Perspectives

Computing resources required

78
80
83
83
83
84
86
86
89
92
93
93
94
96
98
98
100
102
103

111
112
113
117
117
117
117
119
119
120
125
128
128
131
134
137
138

140

145



CONTENTS

B Origin of data 147

ix



CONTENTS




Chapter 1

Introduction

Contents

1.1 Seismic imaging of 3-D structures in the Earth’s interior . ... .
1.1.1 Seismic tomography: an inverse problem . . . . . . .. .. .. ... ..
1.1.2  Tomography of the lithosphere: a variety of methods . . . . . . . ...

1.2 Context: Western Alps and Ligurian-Provence basin . . . ... .. 18
1.2.1  Geodynamic setting . . . . . . .. ..o 18
1.2.2  AlpArray seismic network . . . . . ... oL 22
1.2.3  Overview of existing 3-D tomographic models . . . . . ... ... ... 23
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The study of the deep Earth’s interior — inaccessible to direct measurements — is fundamen-
tal to understand the geodynamic processes at the origin of the geological objects observed on
the Earth’s surface, e.g, mountain ranges, ocean ridges, volcanoes. Exploring the structure of
the Earth is at the heart of internal geophysics, a broad study domain grouping a number of
disciplines (geodesy, geomagnetism, seismology, etc.) that seek to 'probe’ the Earth’s interior
using indirect investigation methods involving different types of physics and observables.

Seismology — the study of earthquakes and seismic waves — is at the origin of major findings
on the Earth structure. In 1909, Mohorovici¢ discovered the crust-mantle boundary (known
today as the Moho) from seismogram analysis for local earthquakes, demonstrating that the
physical properties of the structures in the Earth’s interior can be deduced from travel times
of seismic waves. This simulated further important discoveries, e.g, depth of the boundary of
the Earth’s core by Gutenberg in 1914 (who also discovered the asthenosphere in 1926) and
the discovery of Earth’s solid inner core by Lehmann in 1936 (Fig. 1.1). Knowledge of the
Earth structure has been further refined with the advent of computers and emergence of radial
models describing the evolution at depth of the main physical proprieties (P-, S-wave velocity,
density) and discontinuities, e.g, PEM-A (Dziewonski et al., 1975), PREM (Dziewonski and
Anderson, 1981, Fig. 1.1b).
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Figure 1.1: Internal structure of the Earth and the radial Earth model PREM (Preliminary
Reference Earth Model; Dziewonski and Anderson, 1981). (a) Cutaway views showing the
Earth’s radial structure (source: USGS website). (b) Evolution of P-, S-wave propagation
velocity and density p as a function of depth according to the PREM.

1.1 Seismic imaging of 3-D structures in the Earth’s interior

The knowledge of the three-dimensional structure of the Earth’s interior has been achieved with
the advent of seismic tomography, simulated by advances in electronics, computing resources
and theoretical developments in seismology. Seismic tomography is a powerful imaging method
that exploits the information contained in seismic records to derive 3-D models of seismic
velocity variations at depth, i.e, the Earth’s interior is represented by 3-D structures with
different seismic velocities that translate the variations of physical properties at depth. Seismic
tomography applications cover a wide range of observation scales, from the first few meters of
the subsurface to the entire Earth.

Since the introduction of seismic tomography in Seismology by Aki et al. (1977), many
tomographic studies have been conducted on regional and global scales. The earliest 3-D
tomographic studies were conducted in the 1970s, e.g, in Central California (Aki and Lee,
1976); in Southeastern Norway (Aki et al., 1977), using traveltime of body waves recorded by
short-period seismometers. Then, on larger areas, notably to infer subduction slabs, e.g, in
Western Europe (e.g., Spakman, 1986, 1988), in Caribbean region (e.g., Grand, 1987; Van der
Hilst et al., 1990), with lateral resolution of ~ 100 to 200 km. With the development of global
networks of broadband seismic stations, global models of the Earth have been derived using
either body-wave travel times (e.g., Romanowicz, 1991; Ritzwoller and Lavely, 1995), surface-
wave dispersion measurements (e.g., Nataf et al., 1986), or fundamental-mode free-oscillation
measurements (e.g., Masters et al., 1982; Davis, 1987), with lateral resolution of ~ 2000 to
4000 km. Since the 2000s, with increasing computational resources leading to considering more
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1.1 Seismic imaging of 3-D structures in the Earth’s interior

complete observables (e.g., signal waveform), and other passive sources (e.g., seismic ambient
noise) in large-scale tomography, aided by the deployment of dense regional seismic arrays
(USAarray, AlpArray, etc.), the seismic tomography has entered a new era towards increasingly
higher resolution, in the order of tens of kilometres, and higher robustness. Nowadays, it is
undoubtedly the most widely used geophysical method for exploring the deep Earth’s interior.

1.1.1 Seismic tomography: an inverse problem

Seismic tomography is an inverse problem — based on seismic data observed on the Earth’s
surface, conclude about the physical properties of structures in the Earth’s interior through
which the seismic waves have travelled. The determination of the Moho depth by Mohorovicié
(1909) is one of the first inverse problems in seismology. By analyzing phase arrival times
for Pokupsko earthquake (Croatia) and other local earthquakes recorded by the European
seismological centers in the period 1904-1905, Mohorovici¢ (1909) explained the arrival times
of P, S direct and refracted waves by the presence of a major discontinuity — the crust-mantle
boundary at 54 km estimated depth (Fig. 1.2).

Seismic tomography uses the same principle to recover the velocity structures at depth in
three dimensions. In a general form, given a model m of physical parameters (velocity, density,
etc.), one can predict seismic data d using the following relation: d = g(m), that is d can be
considered as a projection of the model m through the operator g, which represents the physics
associated with the forward problem of the seismic tomography. The inverse problem of seismic
tomography seeks to find the model m such that d explains the observed data d.;s. However,
in most of cases, this problem is ’ill-posed’ and non-linear, i.e, its solution is non-unique.

It is often difficult to image both long-wavelength variations and small-scale heterogeneities
in the same tomographic model, as different types of seismic data (arrival time, the signal’s
waveform), seismic sources (natural sources, controlled seismic sources) and seismic waves
(body waves, surface waves) are often treated separately in the inversion framework. Further-
more, seismic waves have different sensitivity to the same physical parameters and different
resolution capacities. A body wave is more sensitive to sharp contrasts of the physical param-
eters and therefore more sensitive to interfaces, while a surface wave is more sensitive to the
3-D lateral variations. This with the presence of noise in data, and the common issue of the
spatial distribution of sources and recording sensors leads inevitably to increase ill-posedness
and non-linearity of the inverse problem, so that, most often, these issues are mitigated by
introducing ’a priori’ constrains on the model parameters and linearizing the inverse problem.

1.1.2 Tomography of the lithosphere: a variety of methods

3-D seismic tomography is key to understand the structure, dynamics and evolution of the
lithosphere. With the deployment of the first regional-scale seismic networks and the emergence
of traveltime tomography methods, the 3-D structure of the lithosphere has become increasingly
well constrained, making it possible to confirm or refute geodynamic scenarios and structural
models. Initially relying on earthquakes, traveltime tomography had to deal with of the event
spatial-distribution and occurrence issues. Thus, other types of sources were exploited, such
as seismic ambient noise, which has the advantage of being better distributed and continuous.
In the meantime, other methods have been designed to exploit the complete waveform, i.e.
the entire signal recorded by the stations, rather than only the travel time, which is moreover
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affected by estimation errors. In the following, we will briefly present the principles of these
three imaging methods and highlight their strengths and limitations.

a

Sn\ ' o ~ Ax720km

Eh: 54 km

Distance (km)

Figure 1.2: Discovery of the Mohorovi¢i¢ discontinuity (Moho). (a) Travel-time curves — seismic
arrival times as a function of epicentral distance — for the local earthquakes used by Mohorovicié.
We observe different phases of P, S waves. Pn, Sn: refracted waves — P, S waves bottoming
in the uppermost mantle; Pg, Sg: direct waves — upgoing P, S waves in the crust. (b) A
simple two-layer crust-mantle model showing the seismic ray paths of direct and refracted P,
S waves generated by a crustal earthquake (epicentre indicated by H), and recorded by four
stations on the surface. The problem tackled by Mohorovici¢ is why the direct phases (Pg, Sg)
do not reach stations at distances greater than 720 km (critical distance). Mohorovici¢ (1909)
concluded that the Earth is not homogeneous and is composed by two layers having different
elastic proprieties — the crust and the mantle — separated by a surface discontinuity where the
seismic velocity suddenly increases. Modified from Herak (2005).

Local earthquake tomography (LET)

The LET is a traveltime imaging method that aims to determine 3-D velocity anomalies of
the crust based on records of body waves emitted by local earthquakes. Aki and Lee (1976) first
apply this method to image the 3-D structure of the crustal beneath California. The principle
of traveltime tomography is simple: based on ray theory (e.g., Cerveny, 2003; Cerveny et al.,
2007), determine the velocity perturbations of the medium that explain the differences between
observed travel times (in general, the first arrival) and travel times computed in a reference
model. In a medium descritized into 3-D blocks (generally rectangular; e.g., Spakman and
Bijwaard, 1998) of homogeneous velocity, in which rays are straight lines, the forward problem
(i.e., computation of the wave-propagation times) is solved by integrating the slowness field
(inverse of the velocity) along the ray paths between source-receiver pairs

ti=y =2 (1.1)
=1



1.1 Seismic imaging of 3-D structures in the Earth’s interior

where L;; is the length of the ith ray across the block j of slowness s; = 1/v;.

Assuming stationary wave-ray paths, the difference in traveltime of the ith ray is expressed
as a function of perturbations to the slowness distribution in the medium: 6t; = Z ) 0s;jLij,
]:

where M in the number of model parameters. For N observations, this linear system takes the
matrix form

d =Gm (1.2)

where d is a N-vector which contains the differences between the observed travel times and
the computed travel times. G is a N x M-matrix that contain for each path the segment length
within each block, and m is M-vector of model slowness perturbations.

The inverse problem consists in determining the model m of slowness perturbations mini-
mizing the error (or objective function) between the predicted and observed traveltime delays.
Usually, the system 1.2 is overdetermined — much more data than model parameters (N > M).
The standard procedure for solving it is to approximate the solution in a least squares sense:
m = m <= ||d — dys||*> = min, where the least squares solution m is the exact solution of
the system (e.g., Trefethen and Bau, 1997): GTGm = GTd, and has the form

m=(G'G) " G"d (1.3)

In large-scale tomography problems, GG is usually close to being singular — (1.3) is an
"ill-conditioned’ problem. Explicit regularization — a priori constrains — is often used to stabilize
the solution by simply adding extra systems in the original problem. These additional systems
contain the requirements to the solution (norm, roughness). The weight of this regularization
on the least square solution is usually controlled by a ’damping parameter’ A > 0. Finally,
the damped least-square solution of the obtained 'nearby’ well-conditioned problem is usually
derived using iterative algorithms (e.g., LSQR; Paige and Saunders, 1982).

In spite of its simplicity, LET has proven to be robust in constraining at first order the 3-D
structure of the crust. However, this method has two main limitations. First, the use of the
ray theory in the forward problem. Although the forward problem involves a proportionality
between slowness and traveltime, the geometry of the ray is affected by variations in seismic
velocities, so that the LET problem is in fact non-linear or at least poorly linear. The use of
the ray theory implies that the traveltime is only sensitive to the ray path (i.e, to the structure
over the zero-width source-receiver path). This is only valid in the high-frequency case where
the scale of velocity structures is much larger than the seismic wavelength (see Fig. 1.3; e.g.,
Snieder, 1986; Cerveny, 2003). The other limitation is the use of an explicit regularization
to solve the inverse problem, for which the choice of ’optimal’ damping parameters can be
challenging as it requires a good knowledge of the uncertainty in the data and uncertainty
in the model itself. Methodological efforts have been made to overcome these limitations, in
particular the high-frequency assumption, by the use of finite-frequency tomography. However,
it remains that traveltime tomography has a limited resolution capacity as it only uses the
information contained in the arrival time, unlike FWI for instance.
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Figure 1.3: Sensitivity kernel (Banana Doughnut). (a) Kernel for a point-source monochromatic
Green’s function propagating in a 3-D homogeneous medium. The yellow line corresponds to a
vertical section across the sensitivity kernel. The width of the Fresnel zone is v/ADy,., where \ is
the wavelength and Dy, the source-receiver distance. The white line indicates the straight ray
path between the source and the receiver in the high-frequency assumption. In such case, the
kernel would be zero everywhere except along the ray-path geometry (modified from Virieux
and Operto, 2009). (b) 2-D finite-frequency sensitivity kernel of a 10-mHz surface wave, showing
the Fresnel zone (Wp) in the great-circle sidebands. The black line indicates the unperturbed
great-circle ray path in the high-frequency assumption (modified from Dahlen and Zhou, 2006).

Ambient noise tomography (ANT)

The ANT is a surface wave-based tomography method that infer the medium properties
using group or phase velocity dispersion of surface waves reconstructed from cross-correlation
of ambient seismic noise. The first attempt was made by Shapiro et al. (2005) who successfully
used surface waves from ambient noise correlations to the Californian region, revealing their
potential in recovering 3-D velocity structures at depth. Since that, ANT has been extensively
employed as well as for sub-surface and lithosphere imaging. Nowadays, it is probably the most
widely used method for imaging the crust and uppermost mantle.

From ambient noise to Green’s function

It has been shown theoretically and experimentally that the cross-correlation of seismic noise
recorded over a long time by two receivers can be used to reconstruct the Green’s function for
the surface wave propagating from one receiver to another. This is valid under assumptions of
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equipartition of noise sources in a homogeneous medium or anisotropic distribution of sources
in a medium sufficiently heterogeneous to produce a diffuse wavefield (e.g., Lobkis and Weaver,
2001; Derode et al., 2003b,a; Wapenaar, 2004; Snieder, 2004; Gouedard et al., 2008).

In 3-D homogeneous acoustic medium, the scalar wave equation can be written as follows

18

S = F(70) (1.4)

where u (7, t) is the displacement at position 7 and time t, ¢ is the velocity in the medium, and
f (7, t) is the source term.

The Green’s function G(71,73;t) between two receivers R; and Ry is the impulse response
of the medium between those two receiver positions i and 73, i.e, the signal that Ry would
record at time ¢ if Ry is a source emitting a Dirac §(r7 — 73)d(t — ¢') at time t'. G(r7,73;t) is
therefore a particular solution of the wave equation (1.4) where f (7, t) = 0(r1 — 73)0(t — /).

In the time domain, the expression of the Green’s function between R and Ry takes the

form
1

- 4mr/c

G(r1,73;t) o(t—r/c) (1.5)

where 7 = |r] — 73| is the distance between the two receivers and k = w/c is the wavenumber.

It can be shown that in case of isotropic noise field of uncorrelated plane waves in a free-
space medium (e.g., Cox, 1973; Campillo et al., 2014), the normalized cross-spectral density
C(71,73;w) between Ry and Ry can be expressed as

sin(kr)

C(ri,ryw) = o

(1.6)

The cross-correlation function in the time domain is simply obtained from the inverse
Fourier transform of C(71,72;w)

1 oo
C(ri,r3;t) = o C(r1,73; w) exp(iwt) dw
pliw(t+7/c)] 1 exp [iw(t — r/c)]
= i . dw — — - dw
AT ) oo ikr A J_ ikr

Finally, by expressing the time-derivative of the cross-correlation function, we obtain the
relation

dC(ri,73,t) 1 St — e
dt  dnr/c 3t +r/c) = olt = r/c)] (1.8)

- G(T_i)r_é; _t) - G(T_ivr_é; t)
where G(ri,73;t) and G(r1,732; —t) are the causal and acausal sides of the Green’s function
between the two receivers.

The relation (1.8) states that the correlation of the ambient-noise wavefields recorded by
two receivers is proportional to the Green’s function between those receiver positions. This
demonstration can be generalized to any arbitrary 3-D heterogeneous medium with anisotropic

7
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noise-source distribution. Following the approach of Wapenaar (2004) and Campillo et al.
(2014), we start from the Helmholtz equation

AG(F, Zw) + K2G(F, & w) = 0(Z — 7) (1.9)

which is the expression in the frequency domain of the wave equation (1.4) for an impulse
source located at Z. G(7,Z;w) is simply the frequency domain Green’s function for position 7.
For simplicity, we consider no attenuation in the medium.

For two receiver positions 71,75 in a locally heterogeneous medium, we can define the flux
of the Poynting vector through an arbitrarily closed surface S in a homogeneous far-field

I :f (G0, #0)VG (5, 7 w)" ~ VG, 7 w)G 03, Fw)'| dS (1.10)
S

where G(r1, ¥;w) and G(r3, ¥;w) are the Green’s functions at i and 73 to the noise source ¥
located on S. Their complex conjugates are denoted by the asterisk (x) while V denotes the
divergence operator.

The flux integral (1.10) can be transformed to a volume integral using the divergence
theorem

(1.11)

From equation (1.9), we have AG(r7, T;w) = §(T — 1) — kG (11, T;w) and AG(r3, F;w)" =
§(% —13) — k*G(r3, ¥;w)*. By substituting these two expressions in (1.11), we obtain

I =G(r,rm;w) — G(rs,m;w)” (1.12)

By combining this equation with (1.10), and using the reciprocity theorem which states
that G(r1,r3;w) = G(73,71;w), it follows that

G(ri,rw) — G(ri, r;w)* = ?é

[G(F,f;w)VG(r},f;w)* VG, f;w)G(Fg,f;w)*] s
S

(1.13)

where the left-hand side corresponds to the causal and acausal sides of the Green’s function
between the two receivers. Since we consider the surface S in the far-field of the medium
heterogeneities, we have

8

G(ri, Tw) ~ 7 exp(—ik|ri — ), and VG(r, T w) ~ ikG(r, T w) (1.14)

Aw|ri — &

By expressing G(r3, 7 w)* and VG(r3, F;w)™ in the same way and subtitling in the (1.13),
we finally obtain the relation

G(ri,m;w) — G(ri,ra;w)* = =2ik ¢ G(ri,T;w)G(r3, T;w)* dS (1.15)
S



1.1 Seismic imaging of 3-D structures in the Earth’s interior

where the right hand-side refers to the time-derivative of the cross-correlation function of
wavefields recorded at the receiver positions for sources on the closed surface S. As previously,
this last relation states that the Green’s function between two receivers can be reconstructed
by performing a cross-correlation of the ambient noise recorded by those receivers.

In practice, the full surface-wave Green’s tensors is reconstructed by combining vertical, ra-
dial and transverse components in cross-correlations. Rayleigh waves extracted from vertical-
component correlations are the most commonly used for crustal and uppermost mantle to-
mography. This is usually done by exploiting the dispersion of group velocities and their
depth-sensitivity kernels to the 1-D medium (see Fig. 1.4). Different approaches are used to
measure group velocities, for example, multiple filter analysis (MFA, Dziewonski et al., 1969a;
Herrmann, 1973; Stehly et al., 2009) based on time-domain detection of local maxima of the
signal envelope on the causal and acausal parts of correlations. Dispersion curves for each
station pair are derived by assembling group-velocity measurements at M measured periods
(example in Fig. 1.5). A careful selection is applied to keep the most relevant measurements,
according to SNR, symmetry, inter-station distance and other criteria.
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Figure 1.4: 1-D depth sensitivity kernels to V; for the fundamental mode Rayleigh wave group
velocity. The Kernels are computed using the velocity model in the left-hand side. From Ren
et al. (2013).
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Figure 1.5: Cross-correlation results from 24 days of continuous vertical-component ambient
noise recorded by a station pair from the USArray (1405 km inter-station distance). (a) Map
showing the location of the station pair. (b) The causal part of the vertical-component corre-
lation filtered in four frequency bands. Emergent Rayleigh waves are emphasized by the gray
dashed line. (c) Top: the broadband cross-correlation signal; Bottom: the gray area show the
frequency-time analysis of the broadband signal while the black line indicate the dispersion
curve for the same couple, predicted from group-velocity maps of a global tomographic model.
From Shapiro and Campillo (2004).

The construction of 3-D isotropic shear-wave velocity models based on ambient-noise
Rayleigh-wave group velocities is conducted on two steps:

From dispersion curves to 2-D group-velocity maps

This first step, also called 'regionalisation’ uses individual group-velocity dispersion curves
involving N station pairs to build independently, isotropic 2-D maps of lateral velocity vari-
ations (see the example in Fig. 1.6). This is usually done by performing a group-velocity
traveltime inversion at each period. Similar to the LET witch uses the ray theory for 3-D
propagation of body waves, this tomography employs the ray theory for 2-D propagation of
Rayleigh waves. The velocity field is usually discritized by means of fixed-size or adaptive
structured mesh grids based on rectangular cells (e.g., Kustowski et al., 2008; Schaefer et al.,
2011), or unstructured mesh grids based on Delauney or Voronoi cells (e.g., Curtis and Snieder,
1997; Sambridge et al., 2005; Bodin et al., 2012).

The forward problem is similar to (1.1) for a Rayleigh-wave propagating on 2-D along the
great circle from one station considered as a ’virtual source’ to a given receiver. The inverse
problem, which consists on determining the velocity distribution in the medium explaining the

10



1.1 Seismic imaging of 3-D structures in the Earth’s interior

Rayleigh-wave traveltime can be tackled by two approaches:

e Standard linearized inversion: treats the analogue of the matrix-based linear inverse
problem in (1.2) for a 2-D problem. Generally solved in least squares sens for a unique
solution model, this approach is the most commonly used.

e Bayesian inversion: treats the inverse problem in a probabilistic way, i.e, the solution
is represented by a posterior probability density function p(m|d) representing the prob-
ability of the model parameters m, given a set of observed group velocities d. According
to Bayes theorem

p(ml|d) o p(d|m)p(m) (1.16)

where p(d|m) is the likelihood function, i.e, the probability of observing d given a model
parameters m. p(m) is an ’a priori’ probability density distribution on m, i.e, what we
know about the model independently of the data. Generally, p(d|m) is expressed with
the Gaussian form (e.g., Bodin et al., 2012)

m :; X ex _¢(m)
plam) = e (<) (117)

where C is the covariance matrix of data errors and ¢(m) is a Lo-norm misfit function
between the candidate synthetic set of group velocities and d.

In this case, the velocity structures in the medium are no longer represented by a unique
solution but by an ensemble of potential solutions, which is more in line with the non-
unicity of the solution of the inverse problem. In addition, this method provides ’a
posteriori’ statistics on the model that can be useful in the interpretation, such as the

uncertainties.

From local dispersion curves to S-wave velocities

The second step of the ANT procedure uses local dispersion curves extracted at each cell
from the set of group-velocity maps to build local 1-D V; models, that are usually interpo-
lated in a 'quasi-3-D’ model. This step requires performing a point-to-point 1-D inversion at
depth. The forward problem is the 1-D modeling of the dispersion curve given a model m.
The inverse problem — determining the S-wave velocity distribution at depth that explains the
dispersion curve — is non-linear, but as the LET problem, it is usually linearized and tackled
by iterative standard LSQR-based procedures (e.g., Herrmann, 2013) that provide a unique
solution, starting from a reference model. Other techniques has been deployed to mitigate
the non-uniqueness of the solution, e.g, grid search (e.g., Stehly et al., 2009; Macquet et al.,
2014), direct-search stochastic inversion (e.g., Mordret et al., 2014; Molinari et al., 2015) with
Neighbourhood Algorithm (NA; Sambridge, 1999; Wathelet, 2008), grid-search-based proba-
bilistic inversion (e.g., Lu et al., 2018; Brives, 2020), or transdimensional Bayesian inversion
(e.g., Yuan and Bodin, 2018; Alder et al., 2021). For instance, the Bayesian approach uses
a similar formulation as in (1.17) for a 1-D problem. In this case d represent the observed
dispersion curve at a given location, N the number of group-velocity measurements in d, and
¢(m) is the misfit between d and the synthetic dispersion curve computed in a given candidate
model m using well-established routines (e.g., Herrmann, 2013). The inverse problem and its
formulation in a Bayesian framework is further discussed in Chapter 2 of the manuscript.

11
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The densification of seismological networks has resulted in widespread application of ANT,
demonstrating its ability to provide spatially continuous 3-D velocity models of the crust
and upper mantle. However, ANT is limited by assumptions used in the two steps of the
inversion procedure: (i) the high-frequency assumption used in the forward modeling of the
2-D inversion for group-velocity maps, and (ii) the V; model is not constrained as a whole
because of the 1-D point-to-point character of the inversion assuming later homogeneity of the
medium. Moreover, ANT relies on surface waves that, by virtue of their propagation physics,
are more sensitive to lateral variations. In contrast to body waves, they tend to smooth
intracrustal variations and structural interfaces. Finally, the frequency content of the ambient
noise (up to ~ 3-5 s period) does not make possible to recover very small-scale structures and
discontinuities.

30 : :
235 240 245 250

02 26 6-12 12-18 18+ months 20 22 24 26 28 3.0 32 27 29 31 33 35 37
U (km/s), 8-s U (km/s), 24-s

Figure 1.6: Results of a Rayleigh-wave group-velocity tomography using the USArray. (a) Map
showing the location of the seismological stations used in the tomography. (b) and (c) show
the 8-s velocity map (sensitive to the 5-10 km depth range) and the 24 s velocity map (sensitive
to upper and lower crust depths), respectively. Modified from Moschetti et al. (2010).
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1.1 Seismic imaging of 3-D structures in the Earth’s interior

Full-waveform inversion (FWI)

FWTI is an iterative imaging procedure proposed by Lailly and Bednar (1983) and Tarantola
(1984) in the 1980s, to exploit the full information contained in the seismic record (all the
phases and all the amplitudes), with a potential resolution of up to half the wavelength. The
inverse problem consists in minimizing residuals (data-to-data) between observed and synthetic
seismograms. The forward problem — the 3-D modeling of wave-propagation — requires solving
the wave equation.

Forward problem

Given a model parameters m, the general form of the wave equation can be written as
follows: F (m)u = S, where F is the forward propagator on the model parameters — the
physics of the wave propagation — u is the seismic wavefield computed by F, and S is the
source term. In a solid domain, the complete form of the second-order elastic-wave equation
of the displacement field can be written as

p(x)0pui(x,t) = 0joij(x,t) + fi(x,1)
{ 0ij(x,t) = cij(x)em(x,t) + Tij(x, t) (1.18)

where p is the density, u the displacement field, f the external force term, o and ¢ are the stress
and strain tensor respectively, c;;r; is the elastic stiffness coefficient and I is the stress failure
related to moment-tensor source. ¢ is given by spatial derivatives of displacement through:
er = 5 (Opuy + Opug).

Following the Voigt indexing (11 — 1, 22 — 2, 33 — 3, 23 or 32 — 4, 13 or 31 — 5, 12 or
21 — 6) and matrix notation, (1.18) can be written in the discrete form

pdyu = DCD u+ S (1.19)

where C' is the stiffness tensor which in the isotropic case is reduced to

A2 A A0 0 0

A A+24 A 0 0 0

) A A+2u 0 0 0
=1 0 0 2u 0 0 (1.20)

0 0 0 0 2u 0

0 0 0 0 0 2u

and S the source term. D denote the spatial derivative operator in the Cartesian domain

O 0 0 0 95 Oy
D=[0 8 0 0 0 & (1.21)
0 0 93 8 & O

Different approach can be used for numerical solving of this 3-D partial differential equation
(PDE): finite-difference (FD), finite element method (FEM; e.g., Graves, 1996; Operto et al.,
2007) or spectral element method (SEM; e.g., Komatitsch and Vilotte, 1998; Komatitsch and
Tromp, 1999). However, SEM methods, generally based on hexahedral elements, have been
proven to provide an accurate representation of complex 3-D geological structures in crustal-
scale imaging topics.
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SEM methods usually approximate the solutions by means of Lagrange polynomials of high
degrees, using Gauss-Lobatto-Legendre (GLL) points for spatial interpolation and numerical
integration. The physical domain (2 C R3) is descritized to a set of deformed hexahedral
elements {Q : x = (z,y,2) € R?}. Each element is composed of (N + 1)3 GLL points x;jx; N
refers to the interpolation order, and i, j, k are the indexing of the GLL points in z,  and y
dimensions, respectively. The hexahedral elements being isomorphic to a cube, one can find a
unique Jacobian matrix J(&€) that allows the transformation (or mapping) of a mesh element
Q. into a reference cube element {& = (£,7,¢) € [-1,1)3}

Oz Ohz Ocz
J(&) = |0cx Oyxr Ocx (1.22)
Oty Opy Ocy

An element of volume dzdydz in the physical domain is associated to a volume dédnd( in
the reference domain through: dzdxdy = Jyd&dnd(, where J; is the Jacobian determinant, i.e.
the determinant of J(&). The mapping between the reference cube and the hexahedral element
Q. can be written as follows

N
x(§) = Z Nije(§)Xijk (1.23)
1,5,k=0

where x;;r = x(&jr); &ijk = (&,1,Ck) are the GLL points in the reference domain. Njjj is
the basis function (or shape function) defined by triple products of Lagrange polynomials of
degree N: Nyji(&) = Li(§)L;(n)Lk(¢), where the polynomial L;(x) can be written as follows

N
r—X
Lix)= ] . _xm (1.24)
m=0,m7#l ! m

Thus, a vector u can be approximated on the element €. in the physical domain using the
relation

N N
ux(@)~ Y Ngr@uGir) = > Niw(€)uij (1.25)
i,j, k=0 i,j, k=0

Similarly, the gradient of u can be approximated using the derivatives of the Lagrange
polynomials. Using the GLL quadrature and the property of Lagrange polynomials, the global
system (or variational formulation) of (1.19) takes the weak discrete form (e.g., Trinh et al.,
2019)

M@ttu =-Ku+F+B (126)

where M and K are the global mass and stiffness matrices respectively, and F' is the source term.
M and F are given by: M;; = w;p(&;)Ja(&;), and Fy; = w;J4(§;)S;. In these expressions,
k stands for the triple indexes 4,7,k, and w corresponds to the quadrature weight associated
with the GLL points £ in the reference domain. The stiffness matrix is given by the spatial
derivative matrices through K = DYCD, where - denotes the GLL weighting. Finally, the
matrix B represent the boundary term — the absorbing conditions at edges of the numerical
model used to attenuate the outgoing wavefield.

The PDE (1.26) and its adjoint system (for the adjoint wavefield u) are usually solved
in time domain using Newmark scheme (e.g., Komatitsch and Tromp, 1999) which gives a
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good numerical accuracy and reasonable convergence when the courant-Friedrichs-Lewy (CFL)
stability condition is satisfied.

Inverse problem

The inverse problem consists in minimizing a misfit function (also called objective function)
x(m) between synthetic waveforms dca) obtained from the numerical resolution of (1.26) given
a model parameters m, and the observed waveforms d. The least-square norm (or L2-norm
for short) is usually used as a default misfit function for real data application as it takes use of
the complete information of the signal, and presents other advantages, such us the simplicity
of its adjoint source (difference in time between d.,; and d) — straightforward to implement
and computationally inexpensive. The L2-norm misfit function takes the form

x(m) = 3 () — (1.27)

The L2-norm distance is a non-convex function as it is intrinsically affected by the cycle
skipping issue — a phase-ambiguity problem occurring when the time shift between observed
and synthetic signals is larger than half a period (e.g., Virieux and Operto, 2009; Pladys et al.,
2021) — as illustrated in Figure 1.7. Obviously, the non-convexity of this type of misfit function
makes the FWI problem being strongly non-linear, meaning that a wrong kinematic (i.e., the
inversion fits wrong phases of the data), results in a convergence of the model solution towards
a local minimum. Nevertheless, it remains challenging to find convenient convex functions
for the FWI real-data application — reason why the conventional L2-norm is still widely used
nowadays.

The minimization of the misfit function in (1.27) can be tackled either by global and semi-
global methods (e.g., Metropolis and Ulam, 1949; Kirkpatrick et al., 1983; Sen and Stoffa, 1995)
or by local optimization methods (e.g., Nocedal and Wright, 2006). Global and semi-global
approaches seek to search for the global minimum of the misfit function by sampling the model
space, without any ’a priori’ knowledge. These methods are hardly applicable in practice as
they require performing a large number of forward simulations — computationally expensive —
and dense sampling of the model parameters space — necessity of big storage capacity. Local
optimization strategies are usually used as an alternative to global strategies, as they are
designed to iteratively converge to the global minimum while considering a larger number of
model parameters. However, theses methods require the use of a relatively ’good’ initial model
— a starting point that is within the global minimum basin of attraction. Starting from the
initial model myg, at each iteration k, the minimization process of local optimization methods
will search for an updated model my; in the vicinity of the starting point, so that the misfit
function y decreases. The updated model can be expressed as the sum of the actual model my,
and a model update (or perturbation model) Amy,

my1 = myg + Amy, (1.28)

Assuming small perturbation model Amy, the Taylor expansion of the first-order misfit
gradients to the model parameters is given by: Vx(mgy1) =~ Vyx(my) + HyAmy, where Hy is
the Hessian matrix, i.e. second-order derivatives of the misfit function. The local optimization
strategies generally rely on the linearization of the inverse problem, so that the misfit function
x(m) can be approximated locally by a quadratic function of a minimum corresponding to
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Vx(mg41) = 0. Consequently, the model update can be estimated from the misfit gradients
Vx(my) and their inverse derivatives (e.g., Virieux and Operto, 2009; Trinh et al., 2017)

Amj, = —H;, 'V (my) (1.29)

The gradients are usually computed from the zero-lag correlations of incident and adjoint
wavefields. In the elastic case, misfit gradients with respect to the solid parameters (ps, Cr.7)

are given by
Ox (m) s ) JOx (m) e oC
p = (U, 0pu)q a0, \&ac,° o (1.30)

where u is the adjoint displacement wavefield associated with u, and & is the adjoint of the
strain field € for model sets (2.

In practice, accessing the full Hessian matrix is unfeasible because of its large size, meaning
that the optimal model update can not be achieved. Several approaches has been designed
to tackle this issue by approximating the Hessian, such as the limited memory quasi-Newton
method (I-BFGS) that approximates the inverse Hessian using a limited number of gradients
and models from the previous iterations (Byrd et al., 1995; Nocedal, 1980).

Other wave-equation-based imaging methods are used for large-scale imaging. Called WET
(for wave equation tomography), these approaches use misfit functions of arrival-time differ-
ences (Luo and Schuster, 1991), thus representing a more sophisticated alternative to conven-
tional traveltime tomography methods, such as LET or ANT (see an example in Fig. 1.8). The
wave equation tomography, in line with physics of the wave-propagation, has been proven to
provide robust 3-D velocity models at the scale of the crust and upper mantle (e.g., Fichtner
et al., 2009; Tape et al., 2010; Zhu et al., 2012; Yuan et al., 2014; Fichtner and Villasenor, 2015;
Beller et al., 2018; Lu et al., 2020; Wang et al., 2021). However, it is worth recalling that these
methods, usually involving local optimization strategies, have two main limitations: (i) they
are sensitive to the initial model, and (ii) their computational cost that rapidly increases when
it comes to applying them with large volume of data.
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Figure 1.7: Numerical synthetic illustration of the cycle-skipping effect on the shape of the
misfit function. (a) Observed signal (blue) and synthetic signal (red) for three different time
shifts (s1, zero-shift; so, half a period shift; s3, period shift). The shape of the L2-norm
misfit function. The dots are associated with each time-shift value. The zero-shift value (s1)
corresponds to the global minimum while so and s3 result on local maximum and minimum,
respectively. The dashed curve is the misfit function obtained for the central-frequency divided
by two. Modified from Chauris (2021).
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Figure 1.8: Results of a 3-D SEM-based wave-equation tomography in southern California
using body and surface waves from regional earthquakes. (a) Map showing the earthquakes
and the seismological stations used in the tomography. (b) 10-km depth slice in the final Vj
model. (¢) A north-south 2-D cross-section in the final Vs model. Modified from Tape et al.
(2010).
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1.2 Context: Western Alps and Ligurian-Provence basin

This section places our tomographic study, which focuses on the western Alps and the Ligurian-
Provence basin, in a more global geodynamic context, that is the western Mediterranean region.
We briefly present the tectonic evolution of the Alps and the Ligurian basin leading to their
present-day structural architecture and describe their main geological domains and units. We
point out the major geodynamic, structural and petrological concerns that stimulated 3-D
tomography studies and the expansion of seismological surveys. Thus, we will present the
AlpArray seismic network and overview the 3-D tomographic models in the region and their
main insights and limitations. Finally, we highlight the remaining concerns that require further
progress in the accuracy and consistency of tomographic models at this scale, which is precisely
what motivates our study.

1.2.1 Geodynamic setting

The geodynamic evolution in Mediterranean region occurs in a context of plate reorganization,
dominated since the Late Cretaceous by the convergence between Europe and Africa plates,
and involves the Adria and Iberia micro-plates. The relative long-term motion of Africa with
respect to Europe (about 6-3 mm/yr; e.g., Macchiavelli et al., 2017) resulted in the orogenesis
of the Alps and other peri-Mediterranean mountain ranges (Pyrenees, Dinarides, Apennines,
etc.) and also caused the opening of the western Cenozoic rift system. In this context the
opening of the Mediterranean back-arc oceanic domains (Ligurian, Algerian, and Tyrrhenian
basins) is mainly driven by the dynamics of subduction of the old and dense Tethyan oceanic
slab (Fig. 1.9, Faccenna et al., 2014).

Western Alps orogenesis

In this slow plate convergence context, the western Alps result from three successive tectonic
episodes involving Europe, the Adria micro-plate and the Tethyan oceanic domain (Tethys)
in between: (i) closure of the oceanic domain by subduction from Late Cretaceous to Early
Eocene (e.g., Handy et al., 2010). (ii) continental subduction of the European margin beneath
Adria during the Late Eocene (e.g., Chopin, 1984; Duchéne et al., 1997; Guillot et al., 2009;
Zhao et al., 2015), and (iii) continental collision from Oligocene onwards (e.g., Polino et al.,
1990; Dumont et al., 2012). This later change of dynamics from subduction to collision was
accompanied by a change in the Adria-Europe convergence direction, from N-S to E-W at
about 35 Ma. This multiphase evolution led to a complex present-day arcuate architecture of
Western Alps, where different units are involved: (1) to the west, the European continental
domain (or European foreland) corresponding to the lower plate (Fig. 1.9b); (2) to the east, the
Adria continental domain (or Adriatic foreland) corresponding to the upper plate (Fig. 1.9b);
(3) the Eocene subduction wedge (or accretionary prism) in between, bounded by two major
crustal-scale faults: to the west, the Frontal Pennine Fault (FPF; Fig. 1.9b) and to the east, the
dextral strike-slip Insubric Fault (IF). The European domain is composed of different units:
Meso-Cenozoic sedimentary cover overlying a Paleozoic crystalline basement corresponding
to the French External Crystalline massifs (Aa, Aar; Ar, Argentera; Be, Belledonne; Go,
Gotthard; GP, Gran Paradiso; MB, Mont Blanc; Pe, Pelvoux, Fig. 1.9b). The Adriatic domain
is composed of thick sedimentary series including the Po plain and the Piedmont tertiary basin,
overlying a basement of metamorphic units (IV, Ivrea-Verbano; La, Lanzo; Se, Sesia-Lanzo,
Fig. 1.9b). The Eocene subduction wedge recorded high-pressure metamorphic facies related
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to the subduction dynamics. This zone is developed by stacking of oceanic lithosphere and
sediments slices with crustal units originating from the European continental margin such as
GP: Gran Paradiso, MR: Monte Rosa, and DM: Dora Maira (Fig. 1.9b). Dora Maira hosts
exhumed rocks of UHP (Ultra-HP) minerals (e.g. coesite), which were first observed by Chopin
(1984) as an evidence of the subduction of the European continental crust (e.g., Agard, 2021).
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Figure 1.9: Tectonic setting in the western Mediterranean region. (a) Tectonic map showing
plates and micro-plates implicated in the tectonic evolution in the area, as well as the associated
mountain belts and oceanic basins (modifed from Faccenna et al., 2014). The acronym WCR
refers to the Western Cenozoic Rift System. (b) Geological map presenting the main structural
domains of the western Alps [black frame in (a)], and some reference geophysical transects.
Acronyms: Aa, Aar; Ar, Argentera; Be, Belledonne; Br, Brianconnais; DB, Dent Blanche;
DM, Dora-Maira; FPF, Frontal Pennine Fault; Go, Gotthard; GP, Gran Paradiso; IF, Insubric
Fault; IV, Ivrea-Verbano; La, Lanzo; LP, Ligurian-Provence domain; MB, Mont Blanc; MR,
Monte Rosa; Pe, Pelvoux; Se, Sesia-Lanzo; SL, Schistes lustrés; TY, Tyrrhenian; Vi, Viso; Vo,
Voltri; VVF, Villalvernia-Varzi Fault. Modified from Malusa et al. (2021).
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Opening of the Ligurian-Provence basin

During Miocene and Pliocene Epochs, the opening of back-arc extensional basins occurred
at the back of the Adria northwest-dipping subduction zone (e.g. Gueguen et al., 1998; Jolivet
et al., 2020). This extension started along the Provence region leading to the Ligurian-Provence
basin, and has further spread from east to west and south, resulting in the opening of the
Algerian basin, and later, of the Tyrrhenian basin (e.g., Rollet et al., 2002; Séranne, 1999).
The opening of the Ligurian basin initiated at 35 Ma by a rifting phase between Europe and
the Corsica-Sardinia block (Fig. 1.10a). The main driving process of this opening is not the
convergence between Europe and Adria/Africa, but a pull of an old and dense Tethyan oceanic
slab, which remained to be subducted in this domain (e.g., Jolivet and Faccenna, 2000). The
progressive south-eastward roll-back and retreat of the Adria slab below the Corsica-Sardinia
domain led to Oligocene stretching of the continental crust followed by continental break-
up during the early Miocene, and to the genesis of an oceanic crust between 15 and 11 Ma
at a pace of up to 3 cm/yr (Fig. 1.10a; Séranne, 1999; Jolivet and Faccenna, 2000). As a
result, three principal domains, mainly identified from active seismic data, describe the present-
day geological setting of the Ligurian-Provence basin (Fig. 1.10b): (i) two thinned conjugate
continental passive margins corresponding to the Ligurian-Provence margin to the north and
Corsican margin to the south; (ii) an oceanic domain in between, described as an ’atypical
oceanic crust’ by Rollet et al. (2002) because it is thinner than normal oceanic crust; (iii)
two transitional domains separating the margins and the oceanic domain, likely made up of a
very thin continental crust overlying a thick rift-related corner of magmatic underplating (e.g.,
Séranne, 1999). The entire region is characterized by magnetic anomalies, and by the presence
of magmatic bodies identified from seismic reflection data.

Major geologic concerns

The western Alps display strong geological variations, across and along-strike, as reflected
by their complex architecture. Since the 1990s, the structure of the lithosphere beneath
the western Alps and the Ligurian-Provence basin has been probed by a broad spectrum of
2-D imaging techniques, through controlled-source seismic (CSS) surveys or passive seismic
experiments (e.g., receiver function analysis). In the western Alps, the ECORS-CROP
normal-incidence and wide-angle reflection survey (Nicolas et al., 1990, location in Fig. 1.9b)
has provided a high-resolution image of the reflectivity of the crust in the northwestern Alps,
and receiver functions along the Cifalps profile (see location in Fig. 1.9b) has evidenced the
European continental subduction by detecting a 75-km Moho depth beneath Dora Maira (Zhao
et al., 2015). In the Ligurian sea, numerous active seismic surveys provided high-resolution
images of the reflectivity in the three domains (e.g., Makris et al., 1999; Contrucci et al., 2001;
Rollet et al., 2002; Dannowski et al., 2020). In such a complex tectonic setting as the one of
the western Mediterranean region, the interpretation of the underlying geodynamic processes
remains under debate. Thus, 3-D seismic imaging is critically needed to complement the 2-D
seismological observations by constraining the deep 3-D structures, especially since the region
benefits from a fairly wide coverage of seismological stations, including the newly deployed
AlpArray land-sea network.
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1.2.2 AlpArray seismic network

By developing the AlpArray Seismic Network (AASN), the principal interest of the AlpAr-
ray project, a European consortium involving 36 institutions from 11 countries, is to deepen
understanding of the orogenesis in the Alps—Apennines—Carpathians—Dinarides system and its
relationship to mantle dynamics, plate reorganizations, surface processes and seismic hazard
(Hetényi et al., 2018). Composed of 600 broadband station spacing at less than 52 km, the
AASN is one of the few dense seismic networks consisting of both onshore and offshore stations
(Fig. 1.11). The onshore component of the AASN was operated for 2—4 years in the period
2015-2019 and covered the Greater Alpine. Another interest of the AASN is to further inves-
tigate the 3-D structure beneath the Ligurian-Provence basin and its margins. For that aim,
the offshore part of the AASN was deployed in the northwestern Mediterranean sea with 29
Franco-German ocean bottom seismometers (OBS) that operated for 8-10 months in the period
2017-2018.

The AASN complements other temporary experiments and permanent networks by filling
gaps in station coverage in Western Europe, thus providing ideal conditions for multiple 3-
D seismic-imaging methods of the lithosphere. Although parts of the onshore component of
the AASN have been used in lithospheric imaging, mainly by ambient noise tomography, at
large-scale (Lu et al., 2018, 2020), or at regional-scale (e.g., Schippkus et al., 2018; Sadeghi-
Bagherabadi et al., 2021), the entire AASN, onshore and offshore, for the entire recording
period, has not yet been exploited as a hole for large-scale imaging.

Permanent
© Temporary 0 2000 4000
—— —

Figure 1.11: AlpArray seismic network (Hetényi et al., 2018). (a) Location map of seismological
stations belonging to the AlpArray network (orange circles). Red triangles: stations from
European permanent networks. (b) The AlpArray OBS network in the Ligurian sea. Large
red circles: French OBSs; smaller red circles: German OBSs, blue circles: onshore stations.
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1.2.3 Overview of existing 3-D tomographic models

In this section, we present a synthesis of 3-D tomography studies of the crust and upper mantle
in the Alpine region and in the Ligurian-Provence basin. Two types of 3-D imaging of the crust
and upper mantle have been applied in these regions. First, local earthquake tomography using
essentially stations of the permanent networks, before the deployment of AlpArray. Then, with
the densification of the permanent networks and the evolution of AlpArray, a number of ambient
noise tomographies have been carried out. We will compare different available tomographic
models, highlighting the constraints they have added into the Moho 3-D depth mapping during
its evolution from the first reference map. As our study does not focus on the lower mantle
structure beneath Europe, we will not discuss teleseismic tomographies. An overview of the
ensemble of the seismological knowledge (active seismic, passive seismic, tomography, etc.) in
the western Alps can be found in Paul (2022).

Vs models in the Alps from ambient-noise tomography

Since the first application of ambient noise tomography (ANT) for crustal imaging of the
Alps by Stehly et al. (2009), who used 150 permanent stations in Western and Central Alps,
various Vs models involving different inversion approaches have been developed during the
evolution of the European seismic networks. An extended model than that of Stehly et al.
(2009) was constructed by Molinari et al. (2015) who used the same set of stations in the
Alpine side and included more stations in Italy to cover the Adriatic crust. This model was
derived using a regularized linear inversion (with LSQR) for Rayleigh-wave group- and phase-
velocity maps with a fixed grid-size parameterization, and a 1-D stochastic inversion at depth
for V5. They used a similar parameterization at depth than that used for EPcrust (Molinari
and Morelli, 2011), including 3 crustal layers and two 25 km-thick mantle layers. Their 3-D
Moho depth map (Fig. 1.12) is a higher resolution version of Spada et al. (2013)’s smooth map,
showing more details on the depth variations of the European Moho along the Alpine arc.
Although their crustal model was more constrained than the model by Stehly et al. (2009), its
lateral resolution (~ 100 km), far from that of LET models in the region, was insufficient to
provide new insights into the small-scale crustal structures.

Combining surface waves from ambient-noise correlations, regional and telesismic earth-
quakes, Késtle et al. (2018) derived a large-scale Vs model of the crust and upper mantle.
They used a larger number of permanent stations, resulting in a rather better coverage of the
Alpine arc. Késtle et al. (2018) used a similar inversion approach than Molinari et al. (2015): a
linearized inversion for phase-velocity maps, followed by a stochastic inversion at depth for Vs,
exploring 28,000 1-D 8-layer models (sediments, upper-crust, lower-crust and a mantle com-
posed of 5 layers over a half-space). Their model exhibits a higher resolution (~ 50 km in the
crust and ~ 100 km in the mantle) than the previous ANT models, allowing a better recovering
of small velocity structures such as the Ivrea Body fast-velocity anomaly in the western Alps
(Fig. 1.12) that was already imaged by LET models (e.g., Diehl et al., 2009; Solarino et al.,
2018). Their 3-D depth map of Moho proxy shows a progressive deepening of the European
Moho up to 55 km beneath the western Alps and 45-50 km depth beneath the central-eastern
Alps.

With an even larger number of seismological stations (1300), including 6 months of the
temporary AlpArray, Lu et al. (2018) derived a new large-scale ANT model of Western Europe.
Similar to the previous ANT studies, they also derived their 2-D maps (for vertical-component
Rayleigh-wave group velocities) using linearized inversion. However, they used a non-uniform
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grid parameterization that adapts to the path density and they estimated lateral resolutions
of 30 km in the upper-, middle-crust and ~ 90 km at lower-crust and upper mantle. Lu
et al. (2018) performed a probabilistic inversion based on a grid search over 8 x 10° 4-layer 1-D
models (sediments, upper-, lower-crust and half-space Mantle). This model was the first to
map in 3-D, a NE-SW 8-10-km Moho step beneath the French External Massifs. Their Moho
proxy depth map (4.2 km/s iso-velocity) exhibits significant variations in the maximum depth
of the European Moho along the Alpine arc (between ~ 40 to ~ 55 km) and finer constrains
on the geometry of the Adriatic Moho than the previous maps (Fig. 1.12). Lu et al. (2020)
further refined this Vi model by performing an SEM-based elastic wave-equation tomography
(WET) for Rayleigh-wave phase dispersion using the dataset of Lu et al. (2018). Their WET
improved the shape and contrast of the 3-D velocity anomalies and further refined the model
resolution, resulting on a higher resolution Moho depth map (Fig. 1.12). This V5 model is the
most up-to-date of the Alpine region.

More regional ANT models have also been developed to provide insights into specific struc-
tural and petrophysical issues, for example, in Vienna basin (Schippkus et al., 2020), in Western
Alps (Zhao et al., 2020), in South-Eastern Alps (Sadeghi-Bagherabadi et al., 2021) and in Bo-
hemian Massif (Kvapil et al., 2021). Zhao et al. (2020) who used the group-velocity maps of
Lu et al. (2018) in a 1-D transdimensional inversion for Vs, provided a well-resolved image of
the European subduction in the southwestern Alps.

V, models in the Alps from local-earthquake tomography

Numerous V), models of the Alpine region were derived from local earthquake tomography
(LET), e.g, in the western Alps and Italy by Di Stefano et al. (2009); in the central and
western Alps and Po basin by Diehl et al. (2009); in the western Alps by Potin (2016) and
Solarino et al. (2018). The models of Diehl et al. (2009) and Di Stefano et al. (2009) were used
to complement the CSS (controlled-source seismic) data and verify the RF-detected Moho
depths, for constraining the central and western Alps and Italy parts of the Spada et al.
(2013)’s Moho depth map. The model by Solarino et al. (2018) provided an improved image of
the structure in the subduction complex, giving additional constrains on geological models of
the Dora-Maira (U)HP (Ultra-High-Pressure) units exhumation during the subduction of the
European continental crust in the western Alps. The most up-to-date high-resolution V}, model
of the western Alps is the one by Potin (2016) who used 791, 000 arrival times of P and S waves
emitted from more than 36,000 local earthquakes and recorded by 375 stations. Their Moho
depth map, estimated from the strongest vertical-gradient shows two differentiated blocks in
the Ivrea body high-velocity anomaly (IB in Fig. 1.12). However, apart from the well-covered
central area, this model did not provide new information in the external areas of the Alps
as these parts of their Moho map were filled in by previous models, already smooth in these
areas. Thus, like the previous LET models, it failed to image the Moho jump under the French
External Massifs that the ANT had been able to detect (Lu et al., 2018). Furthermore, none of
these LET models were able to image the deepening of the Moho along the subduction of the
European crust in the western Alps (detected down to 75 km by the RFs; Zhao et al., 2015),
because of the limited seismic coverage at large depths given the few deep earthquakes in the
region.

Vs models in the Ligurian-Provence basin from ANT
In contrast to the Alpine area which has been extensively explored by 3-D tomography

studies, the only two available 3-D velocity models of the crust and upper mantle beneath the
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Ligurian-Provence basin are very recent and have both been derived by ANT. Until 2021, this
area has only been imaged in 2-D by means of marine active-seismic surveys along irregularly
distributed lines (e.g., Makris et al., 1999; Contrucci et al., 2001; Rollet et al., 2002; Dannowski
et al., 2020). This gap is mainly due to the poor coverage in the Ligurian sea, as the AlpArray
OBSs were only deployed in 2017 and recovered in 2018. The first attempt was made by Wolf
et al. (2021) who used 22 OBSs and 23 onshore stations nearby the basin to derive an ANT
model covering the Ligurian-Provence basin. Although they estimated local Moho depths,
their model was nevertheless affected by small-scale irregularities, preventing the extraction of
a coherent 3-D Moho map. Indeed, they pointed out the difficulty of using OBS noise data in
crustal imaging. Magrini et al. (2022) derived a larger ANT, extending over the Tyrrhenian
sea, but without using the AlpArray OBSs. Similarly to Wolf et al. (2021), they derived
their dispersion maps from a linearized inversion. They used a stochastic approach for V and
derived a Moho proxy by interpolating the bottom depths of the lower-crustal layers from the
1-D local V5 models. Their Moho map (Fig. 1.12) shows depths that vary between 15 km and
18 km along the Ligurian basin axis, too deep compared to the 12-km depth Moho detected
by active-seismic data (Dannowski et al., 2020). Furthermore, this Moho map is too smooth
to provide new constraints on the crustal architecture of the Ligurian domain.

Intermediate conclusion

These tomographic 3-D models have provided first-order constraints on the three-
dimensional structure of the crust and upper mantle. However, their spatial resolution is
still insufficient to discern small-size intracrustal units and deep features, partly because none
of them has exploited the entire AlpArray, and also because of the simplifying assumptions
made in their construction framework. Furthermore, the lack of accurate and quantitative
estimate of uncertainty in theses models may bias the geological interpretation. This makes
challenging the correlation of crustal-velocity structures with geological units mapped at the
surface, and therefore the elaboration of large-scale self-consistent geological models — key to
answer major questions about the deep geodynamics. In the western Alps, while the depth of
the European Moho along the subduction of the European crust is constrained in 2-D along
reference profiles by receiver functions (RFs), its 3-D geometry and along-strike variations are
poorly constrained. This is a major limitation to a 3-D description of the deep dynamics, as
there is no sufficiently robust 3-D model to validate the RF observations first, and subsequently
make it possible to extrapolate their 2-D geological interpretations. In the Ligurian domain,
the resolution and robustness of the ANT models were not sufficient to provide any additional
input into the still-debated thickness and petrological-lithological nature of the oceanic crust.
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Figure 1.12: Moho depth maps, or Moho proxies from 3-D tomography studies in the Alps and
Ligurian sea. Modifed from: a-b-Molinari et al. (2015); c-Késtle et al. (2018); d-e-Lu et al.
(2018), Lu et al. (2020); f-Potin (2016); g-Magrini et al. (2022).
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1.3 Thesis objectives and manuscript structure

To go a step further in the knowledge of the 3-D lithospheric structures beneath the Alps and
the Ligurian sea, it is needed to design a new generation of high-resolution seismological mod-
els. Such models would, on the one hand, exploit the entire seismological coverage, including
AlpArray, and on the other hand, rely on a more sophisticated inversion (e.g. full data-driven
inversion or full-waveform inversion) that would take an optimal advantage of this coverage to
gain in resolution and consistency. In line with the previous tomographic studies, our study
will attempt to face those technical challenges and go one step further in the 3-D investigation
of the geological objects involved.

Our long term objective is to build a high-resolution 3-D V},, Vi model of the western Alps
and the Ligurian-Provence basin using noise-correlation surface waves, local-earthquake body
waves and full-waveform inversion. This model is intended to be used as a self-consistent seis-
mological data to constrain an integrated geological-geophysical 3-D model of the lithosphere
beneath the western Alps and the Ligurian sea. The first step to that aim is to build a robust
3-D shear-wave velocity model using ambient-noise data from all available seismic networks,
the entire AlpArray included. This Vi model is intended to provide new constraints on the
3-D structures of the crust and upper mantle, by achieving a higher resolution and consis-
tency than previously obtained Vs models from ambient noise tomography (ANT). In this
thesis manuscript, we present the methodological developments of our ANT, the results of its
application to the Alps and the Ligurian sea and their geological implications.

We build a large-scale onshore-offshore 3-D shear-wave velocity model, using 4 years (2015-
2019) of seismic-noise recordings, from the densest seismological coverage of Europe, made up
of 1600 broadband seismological stations including 23 OBS. This 3-D model is built in two
main steps:

(1) First, we perform a full data-driven probabilistic ambient-noise tomography (ANT) in
two steps:

e inversion of Rayleigh-wave group-velocity dispersion measurements to compute 2-D
dispersion maps in the period band 4-150 s. To achieve this, we perform a transdi-
mensional Bayesian approach that treats the data noise-level and the model param-
eterization as parts of the inversion problem, and estimates the uncertainties on the
resulting 2-D maps. The offshore part of the model (i.e., Ligurian-Provence basin)
is built after a specific pre-processing applied to the OBS recordings for cleaning
them from instrumental and oceanic noises.

e inversion of local dispersion curves to compute a quasi 3-D Vi model. To achieve
this, we perform a 1-D probabilistic inversion at depth that provides probability dis-
tributions of shear-wave velocities and of presence of interfaces, taking into account
the uncertainties on the local dispersion curves. In the offshore locations, we derive
shear-wave velocities at depth by considering the presence of the water column.

(2) In the second step, we further refine the ANT V; model (obtained in step 1) by per-
forming a wave-equation tomography (WET). To achieve this, we iteratively update the
Vs model by minimizing the phase-traveltime differences between the observed and sim-
ulated waveforms in the period band 5-85 s. The synthetic waveforms are computed
by performing 3-D elastic modelling for Rayleigh-wave propagation in the period band
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20-40 s, and 3-D acoustic-elastic modelling for Rayleigh-Scholte wave propagation in the
period band 5-20 s, applying fluid-solid coupling along the Ligurian-Provence basin and
its margins.

This manuscript contains six chapters. In Chapter one (this Chapter), we first presented an
overview of 3-D tomography methods for the lithosphere. Then, we developed the context of
the thesis, its motivation and objectives. In the second Chapter, we describe our probabilistic
inversion strategy for the ambient noise tomography (ANT) and its application to the western
Europe region. In Chapter three, we present a validation of the ANT V; model through a com-
parison with two recent receiver-function sections in the western Alps. In the fourth Chapter,
we describe our specific processing of OBS records and the use of iterative noise correlations in
the context of ambient-noise tomography of the Ligurian sea. In Chapter five, we present our
onshore-offshore wave-equation tomography of the Alps and Ligurian-Provence basin and high-
light the importance of considering the effect of the water layer in ambient-noise 3-D imaging
for offshore and onshore-offshore applications. Then, we show how the wave-equation tomogra-
phy improves the results obtained from the 2-step ANT inversion approach. Finally, in Chapter
six, we conclude on the results of the thesis and present the future perspectives.
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Chapter 2

Transdimensional Ambient-Noise
Tomography of Western Europe

This Chapter is a published paper in Geophysical Journal International. Citation: Nouibat,
A., Stehly, L., Paul, A., Schwartz, S., Bodin, T., Dumont, T., Rolland, Y., Brossier, R.,
Team, C., and AlpArray Working Group (2022). Lithospheric transdimensional ambient-noise
tomography of W-Europe: implications for crustal-scale geometry of the W-Alps, Geophysical
Journal International, 229(2), 862-879, https://doi.org/10.1093/gji/ggab520.

The first step in building the 3-D shear-wave velocity model is to perform a two-step
ambient-noise group-velocity tomography (ANT). We first perform a 2-D inversion of Rayleigh-
wave group-velocity measurements to derive dispersion maps in the period band 4-150 s. Then,
we perform a 1-D inversion of local group-velocity dispersion curves to derive shear-wave ve-
locities at depth. We use ambient-noise correlations from all available seismological stations in
Western Europe in the period 2015-2019.

Estimating and accounting for the uncertainty of data to be inverted — dispersion measure-
ments between station pairs and local dispersion curves — is crucial to provide more realistic
constraints on the shear-wave velocity model and its uncertainty. The issue of the data and
model uncertainty - not quantitatively addressed in the context of ambient noise imaging in
the Alps and the Ligurian sea — is at the core of our inversion methodology. In this Chap-
ter, we present a full data-driven Bayesian procedure. The specificity of this work consists in
using, in a probabilistic inversion scheme, both the group velocities and their uncertainties to
constrain the shear-wave velocities at depth. The group velocities and their uncertainties are
themselves derived from a transdimentional Bayesian inversion that treats the data errors and
the model parameterization as parameters to invert for. This full probabilistic procedure is
applied successfully at the scale of Western Europe, for the crust and upper-mantle, using the
densest seismic coverage to date. The V; model, validated by a receiver function (RF) cross-
section along a reference profile, provides a high-resolution image of the Furopean lithosphere
subduction in the western Alps.


https://doi.org/10.1093/gji/ggab520

TRANSDIMENSIONAL AMBIENT-NOISE TOMOGRAPHY OF WESTERN EUROPE

Summary

A full understanding of the dynamics of mountain ranges such as the Alps requires the in-
tegration of available geological and geophysical knowledge into a lithospheric-scale three-
dimensional geological model. As a first stage in the construction of this geo-model, we derive
a new 3-D shear-wave velocity model of the Alpine region, with a spatial resolution of a few
tens of kilometers, making it possible to compare with geological maps. We use four years
of continuous vertical-component seismic noise records to compute noise correlations between
more than 950 permanent broadband stations complemented by ~ 600 temporary stations from
the AlpArray sea-land seismic network and the Cifalps and EASI linear arrays. A specific pre-
processing is applied to records of ocean-bottom seismometers in the Liguro-Provencal basin
to clean them from instrumental and oceanic noises. We first perform a 2-D transdimensional
inversion of the travel times of Rayleigh waves to compute group-velocity maps from 4 to
150 s. The data noise level treated as an unknown parameter is determined with a Hierarchical
Bayes method. A Fast Marching Eikonal solver is used to update raypath geometries during
the inversion. We use next the group-velocity maps and their uncertainties to derive a 3-D
probabilistic Vs model. The probability distributions of Vs at depth and the probability of
presence of an interface are estimated at each location by exploring a set of 130 million syn-
thetic four-layer 1-D Vs models. The obtained probabilistic model is refined using a linearized
inversion. Throughout the inversion for Vy, we include the water column where necessary.
Our V5 model highlights strong along-strike changes of the lithospheric structure, particularly
in the subduction complex between the European and Adriatic plates. In the South-Western
Alps, our model confirms the existence of a low-velocity structure at 50 — 80 km depth in
the continuation of the European continental crust beneath the subduction wedge. This deep
low-velocity anomaly progressively disappears towards the North-Western and Central Alps.
The European crust includes lower crustal low-velocity zones and a Moho jump of ~ 8 — 12
km beneath the western boundary of the External Crystalline Massifs of the North-Western
Alps. The striking fit between our Vs model and the receiver function migrated depth section
along the Cifalps profile documents the reliability of the Vi model. In light of this reliability
and with the aim to building a 3-D geological model, we re-examine the geological structures
highlighted along the Cifalps profile.

Keywords: Seismic tomography, Surface waves and free oscillations, Seismic noise, Crustal
structure, Europe
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2.1 Introduction

Since the Late Cretaceous, the geodynamic evolution of Western Europe has been dominated
by convergence between the European and African plates. This long-term motion resulted in
the formation of the Alps and other peri-Mediterranean mountain ranges (Pyrenees, Dinarides,
Apennines, Carpathians, etc.) and also caused the opening of the Western European Cenozoic
Rift System and of Mediterranean back-arc oceanic domains (Fig. 2.1a) (Faccenna et al., 2014).
In the Alps, convergence resulted in oceanic subduction from Late Cretaceous to Early Eocene
(e.g., Handy et al., 2010), later on followed by continental subduction of the European margin
(e.g., Chopin, 1984; Duchéne et al., 1997; Guillot et al., 2009; Zhao et al., 2015). From
Oligocene onwards, continental collision resulted in thrusting of the subduction wedge towards
the European foreland, marked by the development of the Penninic Frontal Thrust (PFT)
(Simon-Labric et al., 2009).

The objective of this study is to improve the resolution of seismic models of the lithospheric
structure of Western Europe in order to better constrain 3-D geological structures, particularly
in the Alpine mountain belt and its forelands. For this, we build a new 3-D high-resolution
shear-wave velocity model using ambient-noise records of an exceptional array of seismic sta-
tions (Fig. 2.1b). To assess the robustness and the geological significance of our 3-D V; model,
we focus its geological interpretation on the Western Alps where the near-surface geology is
well-documented and a number of high-resolution geophysical investigations have been carried
out recently (see review in Malusa et al., 2021).

In the internal zones of the Western Alps, the continental subduction of the European crust
beneath the Adriatic lithosphere was first highlighted by the observation of preserved UHP
minerals (e.g. coesite) in the outcropping subduction wedge (Chopin, 1984). Recently, receiver
functions of the Cifalps experiment have imaged the continuity of the subducted European
continental crust down to 75—80 km depth (Zhao et al., 2015). In this context, the combination
of tectonics, petrophysics and numerical thermodynamics has provided conceptual models that
are consistent with the formation of a subduction wedge during plate convergence (Burov et
al., 2014; Liao et al., 2018), and with the involvement of serpentinites in the burial/exhumation
processes (Schwartz et al., 2001; Guillot et al., 2009). However, despite the geological structure
of the Western Alps having been studied for more than a century, correlating geological units
mapped at the surface with geophysical images of the crust remains challenging. This is
due to the limited resolution of these images, the lack of accurate uncertainty estimates, and
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the non-unicity of their geological interpretations regarding lithology, thermicity, fluids and
deformation. Moreover, some first order questions remain controversial, such as the nature of
the geophysical Ivrea body (e.g., Schmid et al., 2017; Solarino et al., 2018), and the precise
geometry of the Adria mantle wedge and its role in the partitioning of the present-day strain
field (Lardeaux et al., 2006; Eva et al., 2020).

Since the 1990’s, the structure of the lithosphere beneath the Western Alps has been probed
by a broad spectrum of geophysical techniques. The ECORS-CROP normal-incidence and
wide-angle reflection controlled-source seismic survey (CSS) has provided a very high-resolution
image of the reflectivity of the crust in the North-Western Alps (Nicolas et al., 1990). Local
earthquake tomography (LET) studies have yielded local or regional 3-D P-wave velocity mod-
els of the crust (e.g., Paul et al., 2001; Diehl et al., 2009; Solarino et al., 2018). Receiver
functions (RF') have been used to map Moho depth as a complement to the 2-D CSS profiles
and 3-D LET models (e.g., Spada et al., 2013; Zhao et al., 2015). These geophysical data have
lower resolution than surface geological data. They were however of great help to constrain to
the first order the 3-D geometry of the crustal structure under the Western Alps. In particu-
lar, they highlighted the underthrusting of the European plate beneath the Adria micro-plate,
with a maximum Moho depth locally reaching 55 km (ECORS-CROP Deep Seismic Sounding
Group, 1989; Thouvenot et al., 2007).

In the last decade, seismic imaging of the Alpine lithosphere has improved thanks to the
densification of permanent broadband seismological networks and the multiplication of tempo-
rary experiments (e.g., Cifalps-2, Liu et al., 2022; AlpArray, Hetényi et al., 2018). New passive
imaging methods have been introduced that make optimal use of these dense station arrays
and are independent of earthquake or active source illumination. Paul & Campillo (2003) and
Shapiro & Campillo (2004) have shown that the cross-correlation of long time series of diffuse
wavefields including ambient noise recorded at two seismic stations leads to the reconstruction
of the surface waves propagating between the two stations as if a virtual seismic source is
placed at one station with the emitted signal being recorded at the second station. Shapiro et
al. (2005) have further shown that ambient-noise tomography (ANT) from continuous noise
recordings over dense networks provides high resolution images of the crust and upper mantle.
Since then, several s-wave velocity models have been derived from ANT to probe the crustal
structure under the Alpine arc (e.g., Stehly et al., 2009; Verbeke et al., 2012; Molinari et al.,
2015).

Taking advantage of the ever-increasing amount of available data, Késtle et al. (2018)
used a stochastic inversion of travel times of surface waves from noise correlations, regional
and teleseismic earthquakes to construct a 3-D Vi model of the entire Alpine region. Lu et al.
(2018) used ambient-noise records of 1293 broadband stations, including the first six months
of the AlpArray network, to derive a high-resolution 3-D V; model of the European crust from
ANT using a Bayesian inversion. This model was further refined in the Alpine region by Lu
et al. (2020) using wave equation tomography (WET) of Rayleigh-wave phase dispersion data
derived from noise correlations. Zhao et al. (2020) used Bayesian transdimensional inversion
of the group-velocity dataset of Lu et al. (2020) to derive a shear-wave velocity model of the
Western Alps that provides a particularly well-resolved image of the subduction. These new
approaches highlighted major intra-crustal units confirmed by field observations, such as the
subduction complex in the internal zone of the Alps, which is either located beneath a mantle
wedge in the Western Alps or covered by Adriatic crustal units in the Central and Eastern
Alps. Since the works by Lu et al. (2018, 2020) and Zhao et al. (2020), more data have been
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recorded, in particular in the Western Alps, that should contribute to improving the resolution
of ambient-noise tomography.

In the present work, we generate a new 3-D shear-wave velocity model of Western Europe
by combining ambient-noise tomography with probabilistic inversion. We use four years of
continuous seismic noise records at all available broadband seismic stations including perma-
nent networks, the Cifalps and Cifalps-2 profiles and the AlpArray network (see Fig. 2.1a,
and section 2). We also include data of the AlpArray ocean-bottom seismometers to image
the transition between the Ligurian sea and the Alpine region. This dataset gives a unique
opportunity to image the crust and upper mantle below the Alpine belt and its forelands at
an unprecedented resolution. The originality of our approach lies in the use of a transdimen-
sional inversion to compute 2-D group-velocity maps and their uncertainties, which are then
used to obtain a 3-D probabilistic shear-wave velocity model from a Bayesian inversion (sec-
tions 3 and 4). This model provides a probability distribution of Vs as well as the probability
of presence of an interface at each depth and location. This approach was chosen specifically
to image sharp lateral discontinuities, which is crucial in the Western Alps. To the best of
our knowledge, this is the first time that a fully probabilistic approach is used at this scale to
image the lithosphere. In section 5, we further assess the model robustness along the Cifalps
profile (South-Western Alps) by comparing our results with a receiver-function depth section.
Finally, we propose an updated crustal-scale interpretative geological cross-section based on
previous geophysical-geological works (reviewed in Malusa et al., 2021), on our Vs model and
the receiver-function section along the Cifalps profile. This comparison illustrates the potential
contribution of our Vi model to the development of a 3-D geological model of the Alpine chain
and its forelands.
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®Z3 Land slations

OZ; OBS OXT & YP

Figure 2.1: (a) Topographic map showing the regions, plates and main geological boundaries
discussed in the text (modified from Faccenna et al., 2014). Black lines with triangles corre-
spond to main thrusts and subduction zones. Black lines with squares represent extensional
faults associated with development of the Western European Cenozoic Rift System. (b) Lo-
cation map of the broadband seismic networks used in this study. The white frame which
includes most of the Western Alps indicates the main focus area of this work.
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2.2 Ambient-noise dataset

2.2.1 Station coverage

Our dataset consists of four years of vertical-component, daily seismic noise records (2015-2019)
of more than 950 permanent broadband seismic stations located in and around the Greater
Alpine region, complemented by 490 temporary stations from the AlpArray (Z3 network, Al-
pArray Seismic Network, 2015), Cifalps (YP network, Zhao et al., 2016b, and XT network, Zhao
et al., 2018) and EASI experiments (XT network, AlpArray seismic network, 2014) (Fig. 2.1b).
The average inter-station distance is ~ 50 km in the Greater Alpine region.

The on-land component of the AlpArray seismic network was operated for 2 to 4 years and
covered the Greater Alpine area (Hetényi et al., 2018). We also used data from 23 broadband
ocean-bottom seismometers (OBS) that were deployed during 8 — 10 months (2017 — 2018)
in the Ligurian Sea as part of the AlpArray Seismic Network (AASN) (Hetényi et al., 2018).
The OBS component of the AASN was operated within the framework of a French-German
cooperation that aimed at imaging the lithospheric structure of the Ligurian basin and the
transition between the Alps and the Apennines. OBS records are merged into the Z3 dataset,
which means that data and metadata are archived in the same standard (FDSN) format as
data recorded by on-land stations, and they are distributed by the RESTF and GEOFON nodes
of the European Integrated Data Archive (EIDA) using the same procedures as on-land data.
This integration of data recorded at sea-bottom and on land greatly facilitates their use in
massive data processing such as that presented here.

In addition to the AASN, we also used data of the dense (7 — 10 km spacing) Cifalps
(China-Italy-France Alps seismic survey) and Cifalps-2 linear arrays that operated for 14 — 15
months in the Western Alps in 2012 — 2013 and 2018 — 2019, respectively. They provide a very
dense coverage of the Western Alps, which are the main focus of this work (Fig. 2.1b).

2.2.2 Data processing and correlation

Before computing the correlations for each station pair, we pre-processed the noise records in
two main steps. First, we applied a generic pre-processing scheme where each daily record was
band-pass filtered between 2.5 s and 300 s, corrected for the instrumental response, decimated to
1 Hz sampling frequency and split into 4-hrs segments. Second, we decreased the contribution
of earthquakes and other transient signals by (1) removing signals with amplitude 4 times
greater than the standard deviation and (2) removing segments with RM S greater than 1.5
times the daily mean RM S (Boué et al., 2014). Then, each daily record was filtered into several
period bands (3 —5, 5 — 10, 10 — 20, 20 — 40, 40 — 80 and 80 — 200 seconds) and normalized by
its envelope. Finally, the six filtered and normalized signals were stacked. We thus obtained a
broadband signal with amplitude normalized in several period bands. This processing is similar
to the one used by Soergel et al. (2020).

In addition, we used a specific processing for the data of the 23 OBS in order to reduce
the tilt and the compliance effects using frequency-dependent response functions (Crawford &
Webb, 2000). We also corrected the records of 8 OBS that were affected by periodic glitches of
electronic origin. This was achieved using a template matching algorithm (Deen et al., 2017).

For each of the 1.1 million station pairs, we computed the cross-correlations of up to 4
years of vertical component continuous noise records by segments of 4 hours. The resulting
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cross-correlations were then normalized and stacked. Supplementary Fig. 2.10 shows distance-
time sections of cross-correlations in the 5 — 10 s, 10 — 20 s and 20 — 40 s period bands. We
used a specific computation scheme for correlations between ocean-bottom stations in order to
enhance the signal-to-noise ratio. It was indeed poorer for OBS pairs than for on-land station
pairs or mixed pairs of on-land and ocean-bottom stations. We took advantage of the large
number of on-land stations and their high quality by using them as virtual sources for the OBS-
OBS correlations. For each OBS pair, we correlated the ballistic Rayleigh waves of the noise
correlations between each OBS and a large number of selected on-land stations, and stacked
them to obtain the OBS-OBS correlation. This process is known as 'C2’ (for correlation of
correlation) which is a variant that uses the ballistic waves rather than the coda (Stehly et al.,
2008). Another publication will be dedicated to the processing of OBS records.

2.2.3 Group-velocity measurements

Once cross-correlations were computed for the entire dataset, we derived, for each pair of
stations, the group-velocity dispersion curves of positive and negative correlation times by
using multiple filter analysis (MFA, Dziewonski et al., 1969a; Herrmann, 1973). Similarly to
Luet al. (2018), we adapted the width of the filter to the inter-station distance to accommodate
the trade-off in resolution between the time and frequency domains (Levshin et al., 1989). We
also corrected our group-velocity measurements for the systematic error that occurs with the
MFA technique due to the strong amplitude decrease of the noise spectrum at periods > 20 s
(Shapiro & Singh, 1999).

Careful selection of group-velocity measurements prior to group-velocity tomography is
essential to prevent biases induced by the heterogeneous distribution of noise sources, by inter-
ferences of Rayleigh waves in the causal and acausal times and by instrumental problems. To
that aim, for each station pair and period, we selected the group-velocity measurements with a
signal-to-noise ratio > 3 and the group-velocity difference between causal and acausal Rayleigh
waves < 0.2 km/s. Furthermore, we only kept paths with length of 2 to 40 wavelengths at each
period. By combining these criteria, we keep only the reliable travel time measurements for
the subsequent 2-D group-velocity maps.

2.3 Inversion for 2-D group-velocity maps

Our aim is to derive a 3-D probabilistic V; model of the Alpine crust and upper mantle. As a
first step towards this goal, we compute 2-D group-velocity maps and associated uncertainties
using a transdimensional algorithm at discrete periods from 4 s to 150 s.

Probabilistic group-velocity maps are derived by exploring millions of 2-D models with
different parameterizations using the reversible-jump Markov-chain Monte-Carlo method (77-
McMC), first applied in a seismic tomography context by Bodin et al. (2012). The parame-
terization of the model is treated as part of the inversion without any explicit regularization.
This allows the local resolution to self-adapt to the path density and to the variability of the
information contained in group-velocity measurements. The model complexity required to fit
the data is controlled by the noise level, which is treated as an extra parameter of the inversion
and determined within a hierarchical Bayes formalism (Malinverno & Brigg, 2004).
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Moreover, since the Alpine crust is strongly heterogeneous and displays sharp group-velocity
contrasts, the non-linearity of the forward problem is accounted for by iteratively updating the
raypath geometry using the fast marching method (FMM, Rawlinson & Sambridge, 2004). Ray
bending is more sensitive to phase-velocity changes than to group-velocity changes. However,
accounting for ray bending in group-velocity rj-McMC tomography has proven to be substan-
tially more accurate in a heterogeneous medium than the straight ray assumption (e.g., Galetti
et al., 2015).

2.3.1 Method

The 2-D velocity field is parameterized with a set of Voronoi cells with variable number and
geometries. The velocity field is described by a vector of model parameters m giving the
position and group velocity associated with each Voronoi cell.

The inverse problem is treated in a Bayesian framework, where the solution is represented by
the posterior probability density function representing the probability of the model m, given
a set of observed data d. The posterior solution is expressed according to Bayes’s theorem
(Bodin et al., 2012)

p(m|d) o p(d|m)p(m) (2.1)

where p(m) is the a priori probability density of the model parameters m, i.e. what we know
about the velocity field independently of the data. The term p(d|m) is the likelihood function
and represents the probability of observing d given a model m, and given the statistics of data
errors. Assuming normally distributed uncorrelated data errors, p(d/m) can be expressed with
the general Gaussian form

1 —¢(m
p(djm) = ~ — Xexp (é)> (2.2)
[ V27oy,
i=1
where o4, is the standard deviation of data errors on the ¢th observation, N is the number of
observations, and ¢(m) is the misfit function for the model m

sm) =3 {(’”m)‘d)] (23)

o
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The term g;(m) represents data computed by the forward problem, i.e. the travel time of the
ith ray predicted by the model m, and computed from

n

gam) = 3" L (2.4)

0.
j=1 7

where L;; is the length of the ith ray across the Voronoi cell j of velocity v;.

The posterior probability distribution can be estimated with the reversible-jump McMC
algorithm, which produces a large ensemble of models, whose distribution approximates the
posterior solution. The algorithm is based on a Markov-chain Monte-Carlo sampler where at
each iteration, a new velocity model is proposed by perturbing the current model (e.g. perturb
the geometry of the Voronoi discretization, change the velocity within one Voronoi cell). The
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proposed model is then either accepted or rejected in the ensemble depending on an acceptance
criteria based on the ratio of posterior values of the current and proposed model. Once the
algorithm has been run for enough iterations, statistics can be extracted from the ensemble
solution for interpretation. For example, at any geographical location, the mean and standard
deviation of velocities can be used to produce a group-velocity map, with associated error
estimates. We refer the reader to Bodin et al. (2012), for more details.

2.3.2 2-D group-velocity maps

We performed the rj-McMC' tomography to derive group-velocity maps for periods between
4 s and 150 s. For each period, 64 Markov chains were run in parallel to explore independently
the model space. Each individual process was run for 180 x 10% steps in total. Once the
convergence was achieved, the ensemble of sampled models was averaged to produce a smooth
average solution, that can be interpreted as the mean of the posterior solution. We used this
average model to update ray path geometry and recalculate traveltimes using the FMM. The
global scheme was run for 2 iterations, resulting in the group-velocity maps shown in Figures 3.1
and 2.3.

At 8 s period (mainly sensitive to ~ 5 — 8 km depth; Fig. 3.1a), the clearest features of the
group-velocity map are low-velocity anomalies associated with thick sedimentary basins: the
Po basin (labeled PB in Fig. 3.1a) and the North-Adriatic basin (NAB), the Liguro-Provengal
basin (LPB), the Southeast-France basin (SFB), the Vienna basin (VB) in the easternmost
part of our study area and part of the North-Sea basin in Northern Germany (NSB). The
Southern Apennines (SAp) and the Sicily fold-and-thrust belt (SiB) are also characterized by
low velocities. The highest velocities (> 3.2 km/s) are observed in the Variscan massifs of
France such as the Western Massif Central (McF) and the Armorican Massif (ArM), and in
the Marsili back-arc basin (MaB) of the Tyrrhenian Sea. Supplementary Fig. 2.11a shows the
main sedimentary basins on the 8-s group-velocity map.

At 25 s (sensitive to ~ 15 — 30 km depth; Fig. 3.1b), the Liguro-Provengal basin (LPB in
Fig. 3.1b) has velocities > 3.5 km/s due to the thin crust of the basin. Similar high-velocity
anomalies are observed in the Tyrrhenian Sea (TyS) and to the west and north of the Alpine
front in the Western and Central Alps. The very thick Po basin (PB) is still characterized
by very low velocities (< 2.3 km/s), while slightly higher velocities (~ 2.5 — 2.6 km/s) prevail
in the Apenninic belt and moderately low velocities (~ 2.7 — 3.0 km/s) in the Alpine belt.
The strong high-velocity anomaly associated with the shallow mantle flake known as the Ivrea
geophysical body is observed between the Po basin and the Western Alps (IB in Fig. 3.1b) in
spite of its small size (~ 10 — 15 km width). This gives a first insight into the good lateral
resolution of our 2-D tomography. Supplementary Fig. 2.11b shows the comparison between
the 25-s map and the reference Moho depth model of Spada et al. (2013).

At 60 s (sensitive to ~ 50 — 100 km depth; Fig. 3.1c), the upper mantle appears as het-
erogeneous as for shorter periods with low-velocity anomalies beneath the Po basin (PB) and
the central Apennines (CAp), the Liguro-Provengal basin (LPB), the south of the French Mas-
sif Central (McF) and the South-Western Alps (SWA). High-velocity anomalies are observed
beneath the Adriatic Sea (AdS) and in the northwest of the model.
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Figure 2.2: Group-velocity maps (aver-
age solutions) at (a) 8 s, (b) 25 s and
(c) 60 s periods, obtained with the Hier-
archical Bayes reversible-jump algorithm.
Only areas with uncertainty lower than
0.5 km/s are shown. Black lines show
the main geological boundaries as defined
in Fig. 2.1a. The white line shows the
Cifalps profile discussed in section 5. ArM:
Armorican Massif, IB: Ivrea geophysical
body, LPB: Liguro-Provencal basin, MaB:
Marsili back-arc basin, McF: Eastern Mas-
sif Central, NAB: North-Adriatic basin,
NSB: North-Sea basin, PB: Po basin, CAp:
Central Apennines, SAp: Southern Apen-
nines, SWA: South-Western Alps, SFB:
Southeast-France basin, SiB: Sicily fold-
and-thrust belt, TyS: Tyrrhenian Sea, VB:
Vienna basin, AdS: Adriatic Sea.
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2.3.3 Uncertainty estimates

At each geographical location 7, we extracted posterior uncertainties from the variance of the
ensemble of sampled velocities. This uncertainty is given by

o; = ]\Zé <v(mj) _ v>i2 (2.5)

where M is the total number of models in the Markov-chain ensemble and ¥ the average solution
model. This uncertainty is primarily related to the complexity of the velocity structure, but
also depends on the reliability of the observations and on raypath coverage.

The uncertainty map displayed in Fig. 2.3b for 15 s period shows that our group-velocity
model (Fig. 2.3a) is better constrained in the Greater Alpine region and in the Italian peninsula
(uncertainty < 0.15—0.2 km/s) than in the Ligurian Sea (uncertainty ~ 0.25—0.4 km/s). This
difference is certainly due to a less dense path coverage but also to relatively poorer data quality
and the complexity of the medium.

A comparison of Fig. 2.3b and Fig. 2.3c shows that although uncertainty is generally low
where ray coverage is good, a few areas have high uncertainty in spite of good coverage. This
happens in areas of strong velocity contrast, for example along the boundaries of the low-
velocity anomaly of the Po basin (PB in Fig. 2.3a). Galetti et al. (2015) attributed such
loop-like structures in the error maps to the non-linearity of the forward model. Here instead,
we interpret these features as due to the presence of sharp lateral discontinuities in the group-
velocity maps. These typical structures in error maps are useful to identify velocity anomalies
with uncertain location but well-constrained amplitude.

2.3.4 Benefits of the transdimensional inversion

The inversion scheme that we used to derive the 2-D group-velocity maps is similar to the
one used by Bodin et al. (2012). This procedure has been successfully adapted to our study
region despite its large size and the high volume dataset. The dynamic parameterization
with Voronoi cells with variable geometries allowed the inversion process to accommodate the
irregular distribution of data.

As shown in Supplementary Fig. 2.12, the 2-D transdimensional inversion outperforms com-
monly used linearized and regularized inversions. First, this approach allows the computation
of group-velocity maps together with their posterior uncertainties that are required to con-
strain the 3-D Vs model. Second, linearized inversions require explicit parameterization and
regularization that often rely on subjective choices. Such a regularization stabilizes the so-
lution in poorly resolved areas, but tends to smooth lateral discontinuities and to bias the
resulting solution. These problems do not arise within a Bayesian framework since the degree
of smoothing and damping of the solution is naturally driven by the data noise level as well as
the heterogeneity of the medium.

The number of Voronoi cells self-adapts to the level of structure present in the data. We
show in Supplementary Fig. 2.13 the posterior distribution on the number of Voronoi cells. We
also show the evolution of the model misfit function along the Markov chain and the posterior
distribution of the traveltime misfit (Supplementary Fig. 2.14). We further assess the resolution
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power of the method by showing results from a synthetic checkerboard test (Supplementary
Fig. 2.15).
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Figure 2.3: (a) Group-velocity map (aver-
age solution) obtained from the rj-McMC
tomography at 15 s period, showing regions
with error < 0.5 km/s. (b) Estimated error
map (standard deviation of the ensemble
of sampled velocities). (c¢) Corresponding
path density map (number of paths cross-
ing each 0.15° x 0.15° cell).
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2.4 Inversion for shear-wave velocity

We used 2-D group-velocity maps and their uncertainties to build a 3-D V; model of the
crust and upper mantle of the Greater Alpine region in two steps. We first computed a 3-
D probabilistic V; solution that gives at each location the probability distribution of Vs and
the probability of having an interface as a function of depth. Second, we computed the final
Vs model (with a single Vi value at each depth) by refining the probabilistic model using
a linear inversion at each pixel, as initially introduced by Macquet et al. (2014). This is
particularly useful in areas with complex structures such as the Ivrea Body region, where the
mean probabilistic model (obtained with an overly simple parameterization) does not fully
explain the local dispersion curve.

2.4.1 Construction of the 3-D probabilistic Vg model

To build the 3-D probabilistic model Vi, we first extracted at each location the local Rayleigh-
wave group-velocity dispersion curve from the group-velocity maps presented in the previous
section. As discussed further, each of these local dispersion curves is inverted from 4 to 65 s for a
local 1-D probabilistic Vi depth profile that provides at each depth the probability distribution
of the shear-wave velocity and the probability of presence of an interface. This is done using an
exhaustive grid search over a set ~ 130 million of four-layer synthetic models. Each individual
model is described with a simple parameterization that includes a sedimentary layer, an upper
crust, a lower crust and a half-space representing the uppermost mantle. We assume PREM
Earth model velocities from the Moho depth to 400 km (Dziewonski & Anderson, 1981). Each
layer is parameterized by its thickness and s-wave velocity. P-wave velocities and densities are
converted from V; using Brocher’s empirical formula (Brocher, 2005). As shown in Table 2.1,
we choose to explore a wide range of four-layer models that allows for slow velocity layers. As
discussed in section 4.2, a Bayesian solution (posterior mean) is then extracted by averaging
the ensemble of models weighted by their posterior probability. The 1-D inversion problem is
also cast in a Bayesian framework, and we evaluate the probability that each synthetic model
m explains the measured local dispersion curve d using the Gaussian likelihood function

_ 1 o [ ~2)
p(djm) = Zove p( 5 ) (2.6)

where N is the total number of measured periods, C the covariance matrix of data errors
and ¢(m) the misfit function. We assume that uncertainties at different periods of the local
dispersion curve are uncorrelated. In that case C has a diagonal form

c=[0 .. 0 (2.7)

where o; is the posterior uncertainty on the group velocity at period 4, estimated from the
transdimensional group-velocity inversion (see section 3.3).

The misfit ¢(m) between the candidate synthetic dispersion curve g(m) and the local
observed dispersion curve is estimated according to the Euclidean distance

¢(m) = (9(m) — d)"C™'(g(m) — d) (2.8)
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By substituting (2.7) and (2.8) into (2.6), we obtain the discrete form

N (gi(m) — d:)2
pldpm) =~ xexp (Z (g(%)d)) (2.9)
H \/%02' i=1 !
=1

This likelihood function gives the probability of observing the data given a 1-D profile. Here
we assume all tested models are equally probable a priori (uniform prior distribution), which
makes p(m) a constant and allows us to write

p(m|d) o p(d|m) (2.10)

At each depth, we therefore estimate the posterior probability of shear-wave velocities by simply
weighting each of the tested models by its likelihood value p(d|m). Since we perform a uniform
grid search in a multidimensional space, a large majority of models are not fitting the data,
and have a very low posterior value. For practical reasons, we only used the 100 x 103 best
fitting models in the ensemble, and assigned a 0 posterior value to the rest. We verified that
this way of approximating the Bayesian solution does not modify the mean and variance of the
posterior solution.

This allows us to get for each depth the probability distribution of V. In the same way,
the probability of presence of an interface can be derived from the ensemble of sampled models
and their associated likelihood value.

2.4.2 Construction of the 3-D final V, model

The ambient-noise Bayesian scheme described above was applied up to 65 s period to better
constrain the crustal part of the model while remaining consistent with the four-layer assump-
tion. To improve the fit to the observed dispersion curve and better constrain the upper mantle
part of the model, at each location we averaged the ensemble of selected models weighted by
their likelihood values to build a deterministic 3-D Vs model that gives a single value of V; at
each location and depth. This is preferable to only getting the most probable V; value, since
this may introduce sharp discontinuities related to the four-layer assumption. This determin-
istic V5 model was then used as initial model to perform a linearized inversion (Herrmann,
2013). Three iterations were computed in the 4 s — 150 s frequency band, taking into account
the errors on the observed dispersion curves.

This approach has been modified for the marine parts of the model. We used the same
probabilistic inversion as for the on-land pixels and we added a surface layer representing the
water column to the initial model of the linear inversion. The thickness of the water layer
equals the water depth at the given pixel. We kept the parameters of the water layer fixed
during the inversion (p, Vi and V}).
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Layer Thickness (km) V; (km/s)
Sediments 0—16 1.6 —-2.9
Upper crust 0—24 2.6 — 3.8
Lower crust 2—42 3.3—4.3
Mantle inf 3.7 —4.7

Table 2.1: Ranges of layer thickness and shear-wave velocity used to build the set of four-layer
models for the grid search. P-wave velocity and density are derived from V; using Brocher’s
empirical relationship (Brocher, 2005).
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Figure 2.4: Example of the inversion process for V;. (a) Location map of the selected grid point
(red triangle); For reference, the black line shows the Cifalps profile discussed in section 5.
(b) group-velocity dispersion curve of Rayleigh waves (fundamental mode) for the selected
grid point; Black: observed dispersion curve with its uncertainties; Red: predicted dispersion
curve for the average Bayesian model; Green: predicted dispersion curve after the subsequent
linear inversion. (c) Resulting velocity models; Left: posterior probability distribution on
shear-wave velocity from the Bayesian inversion (background colors), weighted average solution
model (posterior mean) predicted from the probabilistic scheme (red line) and final solution
model predicted from the linear inversion (black line). Right: posterior probability distribution
on layer boundaries resulting from the Bayesian inversion. The two peaks outlined by red
horizontal bars at 7 — 8 km and 31 — 32 km depths correspond to the sediment basement
and to Moho; The dashed red bars indicate the uncertainty on the boundary depth estimate
approximated by the 1o width.

44



2.4 Inversion for shear-wave velocity

2.4.3 Strengths of the inversion method for Vy

The inversion scheme that we used to derive the 3-D probabilistic Vs model is similar to that
used by Lu et al. (2018), but with two significant improvements. First, rather than using a set
of 8 million 1-D V; models at each location, we explored a broader set of 130 million models
that allow for velocity inversions at depth. Second, we did not consider the uncertainties of
the local dispersion curves ¢ to be the same at all periods, nor did we consider them as a
parameter of the inversion. Instead, o was evaluated during the 2-D transdimensional group-
velocity inversion. Hence, we formulated the likelihood function so that the uncertainties on
group velocities o were taken into account when computing the misfit ¢(m) between the local
dispersion curve and the dispersion curves associated to each of the 130 million of synthetic
Vs models. Indeed, an underestimation of the noise level contained in the data would limit
the range of 1-D V; model considered as probable since the algorithm would try to fit the
observed local dispersion curve too closely. On the other hand, overestimating the noise level
would lead to considering irrelevant 1-D Vs models as probable, hence widening the probability
distribution of Vj.

Figure 2.4 presents an example of a 1-D inversion at a pixel located in the Western Alps
(Fig. 2.4a). In Fig. 2.4b, the local dispersion curve (black points) and its uncertainties are
compared with the dispersion curves associated with the Bayesian average model obtained
from the probabilistic inversion (red line) and the final V; model obtained with an additional
linear inversion (green line). The probability distribution of Vs and the probability of presence
of an interface are shown on the left and right panels of Fig. 2.4c respectively. The Bayesian
solution (weighted average of the best fitting models, see section 4.2) and the final model
obtained after a linear inversion are shown with red and black lines respectively.

We observe a rather sharp Vs probability distribution over the whole depth range that we
investigated (width < 0.2 km/s for probability > 50 %). The probability that an interface is
present has two main peaks that correspond to the boundary between the sediment layer and
the upper crust at 7 — 8 km and to the Moho at 31 — 32 km. This results in a multimodal
distribution on Vi, with a very high standard deviation (same effect as the "loops’ in 2-D, see
section 3.3).

The dispersion curve associated with the probabilistic average model (red curve) fits well
the observed dispersion curve (black points in Fig. 2.4b) at periods less than 30 s and greater
than 50 s. However, between 30 s and 50 s where the Rayleigh waves are mostly sensitive to
the Moho depth, the posterior mean solution does not completely explain the data, even if it is
still compatible with the observed dispersion curve when taking into account the uncertainties.
This highlights that in the most complex areas, using a grid search over a library of 130 million
four-layer models is insufficient to completely describe the complexity of the medium.

However, in this case, the reference probabilistic model is a relevant initial model for the
linear inversion: as shown on Figure 2.4b, the dispersion curve associated with the final model
obtained after a linear inversion fits well with the observed dispersion curve in the whole 4—90 s
period range.
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2.4.4 Results: 3-D V¢ model

We have derived a quasi-3-D shear-wave velocity model by assembling all 1-D individual models.
This new large-scale model has a particularly good resolution over the Greater Alpine region
where the density of stations is highest. We have evaluated the reliability of the V; model by
computing the data misfit reduction for each pixel.

Figure 2.5 presents depth slices at 6, 15, 30 and 60 km in the final 3-D V; model. The 6-km
depth slice in Fig. 2.5a is consistent with the geological map. We retrieve the main anomalies
that we previously discussed on the 8 s map of Fig. 3.1a, in particular the thick sedimentary
basins with velocities lower than 2.7 km/s (Po and North-Adriatic basins, Liguro-Provengal
basin, Southeast-France basin and Vienna basin).

At 15-km depth (Fig. 2.5b), the Ivrea Body is visible as a high-velocity anomaly with
Vs in the range 4 — 4.1 km/s. The Liguro-Provencal basin is associated with high velocities
greater than 4 km/s, indicating a shallow Moho. Another striking feature is that at this
depth the Adriatic crust exhibits lower velocities (3.1 — 3.2 km/s) than European upper crust
(3.3 — 3.5 km/s).

The 30-km depth slice (Fig. 2.5¢) underlines the variations in crustal thickness, with low
velocities (3.5 km/s) in the mountain belts such as the Alps and Apennines. The 60-km
depth slice shows a strong low-velocity anomaly (Vs < 4 km/s) at the location of the Ivrea
Body (IB), in sharp contrast to the shallower high-velocity anomaly. The Apennines, the
Northern Adriatic and Sicily have higher velocities (V5 > 4.6 km/s) than the Alpine belt and
its surrounding regions to the north and west. The Liguro-Provencgal basin and the Tyrrhenian
Sea have rather low velocities of 4.1 — 4.3 km/s. The low velocities (4 — 4.2 km/s) beneath the
volcanic regions and the grabens of the French Massif Central (McF) are probably related to
high temperature anomalies in the uppermost mantle.

Supplementary Fig. 2.16 shows three depth sections in our shear-wave velocity model, along
the Cifalps and ECORS-CROP reference profiles in the Western Alps, and the alpine segment
of the EASI profile in the Eastern Alps (Hetényi et al., 2018b). These sections document strong
along-strike variations in the internal structure of the crust and the Moho geometry.
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Figure 2.5: Depth slices in the final Vi model at 6, 15, 30 and 60 km. Only regions with
lo error < 8 % are shown. Black lines show the main geological boundaries as defined in
Fig. 2.1a. The white line shows the Cifalps profile discussed in section 5. IB: Ivrea geophysical
body, LPB: Liguro-Provencal basin, McF: Massif Central, NAB: North-Adriatic basin, PB:
Po basin, SFB: Southeast-France basin, TyS: Tyrrhenian Sea, VB: Vienna basin.
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2.5 Discussion: focus on the Cifalps transect

This discussion is focused on the Cifalps cross-section in the South-Western Alps (location in
Fig. 2.4a), which has been the target of a number of joint geophysical-geological studies in the
last few years. The Cifalps transect is therefore a perfect case study to assess the reliability of
our new crustal-scale model and to document its potential in terms of geological interpretation.

The Cifalps temporary seismic experiment (2012 — 2013) aimed at imaging the lithospheric
structure of a part of the Alpine arc that had not been previously investigated by major
geophysical studies (Zhao et al., 2015). It involved a dense quasi-linear profile of 46 broadband
stations (5 — 10 km spacing) and 10 off-line stations (Zhao et al., 2016b). The dataset has
been used in a number of seismic tomography and seismotectonic studies, which results have
been interpreted in combination with gravity, tectonic, petrological and petrophysical data
(see review in Malusa et al., 2021). The resulting lithospheric-scale geological-geophysical
cross-section has therefore become one of the best-documented sections across the Alps. Based
on P receiver functions (RF'), Zhao et al. (2015) provided the first seismological evidence
of continental subduction in the Alps, with the detection of P-to-s converted waves at the
European Moho at 75 — 80 km depth beneath the westernmost Po plain. Zhao et al. (2015)
proposed an interpretative geological cross-section that was later refined based on the P-wave
velocity model of Solarino et al. (2018) and on the s-wave velocity model of Zhao et al. (2020).
The latter imaged a deep low-velocity anomaly at 50 — 70 km depth in agreement with the
deep P-to-s conversion in RF' data.

2.5.1 Model robustness
2.5.1.1 Data fit and uncertainty assessment

Figures 2.6a-b show sections of group velocity (as a function of period) and shear-wave
velocity (as a function of depth) along the Cifalps profile. In the western part of the cross-
section (40 — 140 km distance range), the European continental crust is marked by low group
velocities at 5 — 25 s period that result in low s-wave velocities over the entire crust, including
a low-velocity zone (LVZ) in the lower part of the crust (white star in Fig. 2.6b). By contrast,
the 180 — 270 km distance range is featured by anomalously high values both in group velocity
(U > 3 km/s in a broad period range) and in s-wave velocity (4.0 km/s at 10 km depth). These
anomalies correspond to the Ivrea high-velocity high-density body (IB) that was discovered in
the early 1960’s (Closs and Labrouste, 1963). Our V; model of the Ivrea body region is similar
to the one computed by Zhao et al. (2020) using a different transdimensional inversion scheme.
It also exhibits a deep LVZ with Vi < 3.9 km/s at 50 — 80 km depth, as an extension of the
lower part of the European continental crust (black star in Fig. 2.6b). The step geometry of the
velocity contours on the eastern flank of the Ivrea body that may correspond to back-thrusts
of the collision belt is however a new feature that did not appear in the model of Zhao et al.
(2020). This may indicate that our model is better resolved. Figure 2.6¢ shows the probability
densities for an interface to be present. The basements of the Southeast basin of France in the
WSW and of the Po basin in the ESE are marked by strong velocity gradients, hence strong
probability that an interface is present. This is also the case for most of the European Moho at
25 —40 km depth, and for the very shallow Moho on top of the Ivrea mantle body that extends
towards the ENE to the normal Adriatic Moho at a depth of ~ 35 km beneath the Po basin.
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As shown in Fig. 2.6d, the misfit reduction between the observed dispersion curves and the
dispersion curves computed from the final Vs model (dashed red line) is everywhere higher than
the misfit reduction computed for the Bayesian model, used as initial model for the linearized
inversion (solid red line). The misfit reduction is strongest in the Ivrea body region (distance
170 — 240 km), where the uncertainty on the Bayesian Vs model is strongest at large depth
(50—80 km). Fig. 2.6d also shows that sedimentary basins exhibit the largest uncertainties of ~
7-8 %, while the smallest uncertainties are observed along the Adriatic Moho. A similar small
uncertainty is observed along the European Moho up to 180 km distance where the Moho dip
increases abruptly. These lateral changes in model uncertainty and misfit differences between
the Bayesian and the final V5 model indicate that in the most complex areas none of the 130
million four-layer models that have been explored during the probabilistic inversion can explain
completely the observed dispersion curve. In this case the linearized inversion is required to
refine the Vi model.

To further investigate the robustness of our final model and its lateral variations, we analyze
in Fig. 2.7 the outputs of 1-D inversions for V; at three representative locations labelled (1), (2)
and (3) in Figures 2.6a-b. Figure 2.7 shows first of all that dispersion curves computed from
the final models (green curves) match observations well. The gain with respect to the results
of the Bayesian inversion (red curves) is higher at pixels (1) and (2) (Fig. 2.7a-b), which have a
complex crustal structure that deviates more from the three-layer crust assumption than pixel
(3) (Fig. 2.7¢).

At pixel (1), the linearized inversion results in a low-velocity zone at 15 — 30 km depth
that better explains low group velocities at 15 — 25 s period. Pixel (2) is located in the
westernmost Po plain on the eastern flank of the Ivrea high-velocity body. Compared to
the average probabilistic model (red curve), the linearized inversion leads to slightly higher
velocities of 4.0 km/s at ~ 10 km, even higher velocities at 25 — 45 km depth (4.4 km/s) and
lower velocities (3.8 km/s) at 52 — 77 km depth. The final modeled dispersion curve (green
curve in Fig. 2.7b top) fits the observations better than the dispersion curve computed from
the average probabilistic model (red curve). The example pixels (1) and (2) further confirm
that the Bayesian inversion and its four-layer model assumption fail to explain such complex
group-velocity data, while the final step of linearized inversion does a better job thanks to its
fair initial model.

Such strong differences between the average probabilistic model and the final model are
not observed at pixel (3) because its V5 model has a 'normal’ layered structure with a positive
velocity gradient (Fig. 2.7c). The very low velocities (< 2.2 km/s) from 0 to 7 — 8 km depth
are the signature of the thick Po basin.

2.5.1.2 Benefits of our hybrid inversion scheme

Unlike Lu et al. (2018) and most ambient-noise tomographies, we used a 2-D transdimensional
inversion for group-velocity maps to avoid biases arising from explicit regularisation. The
Bayesian nature of this inversion also allows for a robust quantification of the uncertainties
on group velocities and hence local dispersion curves. Unlike Zhao et al. (2020) who used a
full transdimensional approach in the inversion for Vy, we performed an exhaustive grid search
over all possible 4-layer models, followed by a linear inversion. This hybrid methodology limits
the complexity of resulting Vs model while giving enough freedom to the inversion to actually
fit the data. It also provides uncertainties on V; and the probability of having an interface
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at given depths. To document the benefits of our approach, supplementary Fig. 2.17 and its
comments compare our model to the one by Zhao et al. (2020) on depth sections along the
Cifalps and ECORS-CROP reference profiles. The two models exhibit differences that can be
attributed to the improved data coverage in the western part of the study region, or to the
inversion scheme. The results of our inversion is more in line with previous geophysical data.
Moreover, the hybrid character of our inversion makes it much less computationally expensive
than pure transdimensional inversion. Therefore, we could compute a robust 3-D V; model at
the scale of Western Europe from such a large volume of data using reasonable computational
resources.
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Figure 2.6: Depth sections of observations and inversion results along the Cifalps WSW-ENE
profile (location in Fig. 2.4a). (a) Rayleigh-wave group velocities obtained from the Hierarchical
Bayes reversible-jump tomography at grid points located along the profile. Green vertical
dashed lines indicate locations of pixels (1), (2) and (3) discussed in the text. (b) Final shear-
wave velocity section. The 2.7,3.6 and 3.8 km/s velocity contours are shown as gray dashed
lines while the pink dashed lines indicate the 4.0 and 4.2 km/s velocity contours. The white and
black stars mark low-velocity anomalies discussed in the text. (c) Posterior probability density
of presence of a layer boundary obtained from the Bayesian inversion. The dashed lines show
the same velocity contours as in (b). (d) Color map: model uncertainties approximated for each
location and at each depth by the 1o value of the ensemble of most probable models normalized
by the V; value at this grid point/depth. The thick red line indicates the total misfit reduction
after the Bayesian inversion while the red dashed line indicates the total misfit reduction after
the linearized inversion. IB: Ivrea geophysical Body, PB: Po basin, SFB: Southeast-France
basin.
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Figure 2.7: Results of the inversion for V; at pixels 1 (panels a), 2 (panels b) and 3 (panels c).
Pixel locations are indicated in Fig. 2.6a). The top panels show observed (black) and predicted
dispersion curves (red: from the Bayesian inversion; green: from the linear inversion). The
bottom panels show: (left) probability density of Vi (color map) and predicted Vi models
(red: probabilistic average model; black: final model); (right) probability density of interface
presence.

2.5.2 Comparison with other geophysical data

In Figure 2.8, we compare the depth section through our V; model along the Cifalps profile
with the Bouguer anomaly (Fig. 2.8a) and the receiver-function CCP migrated depth section
(common conversion point; Zhu, 2000) computed from the Cifalps dataset (Zhao et al., 2015)
and migrated using our V5 model (Fig. 2.8b).

A receiver-function section displays teleseismic P-to-s converted waves (Ps) at velocity
discontinuities beneath the stations, with positive amplitudes indicative of velocity increase
with depth, and negative polarities indicative of velocity decrease with depth (Vinnik, 1977).
Unlike Zhao et al. (2015) who used a four-segment 1-D migration model, we used the 2-D Vj
model derived from our ambient-noise tomography (shown as velocity contours in Fig. 2.8b) to
perform the time-to-depth CCP migration of receiver functions.

The maximum of the Ivrea gravity anomaly (positive Bouguer anomaly in Fig. 2.8a) coin-
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cides well with the top of the high-V; anomaly (3.8 and 4.1 km/s contours in Fig. 2.8b). The
consistency between the V; model and the CCP section is outstanding, considering that the
sensitivity of surface waves to sharp velocity boundaries is rather weak. The 4.2 — 4.3 km/s
velocity contours are fairly consistent with the European Moho, which is characterized by a
clear P, phase of positive polarity at distances 0 — 200 km. The agreement is not that good at
200 — 250 km distance where the 4.2 —4.3 km/s contours are deeper than the deepest Py phases
at 70 — 80 km depth that were interpreted by Zhao et al. (2015) as evidence of continental
subduction of Europe beneath Adria. The RF data quality is poorer under the Po basin, mak-
ing comparison with Vs contours difficult. In addition, the 3.6 and 3.8 km/s contours match
the negative polarity Ps; phases observed above the European Moho at distances 180 — 250 km,
which were interpreted by Zhao et al. (2015) as traces of an ’inverted’” Moho between the
Ivrea mantle body on top and the European crust below. We conclude from the match of the
4.2 — 4.3 km/s velocity contours with the European Moho that these contours are an accurate
proxy of the autochthonous Moho, while the 3.8 or 4.0 km/s contours are more adequate to
characterize the Moho at the top of the serpentinized Ivrea body.
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Figure 2.8: Comparison of our V; model along the Cifalps line with independent geophysical
data. (a) Bouguer gravity anomaly extracted from the AAGRG model (AlpArray Gravity
Research Group; Zahorec et al., 2021). (b) Receiver-function CCP depth section migrated
using our Vs model; The black plain lines are the 2.7, 3.2, 3.6, 3.8, 4.1 and 4.3 km/s contours
of our V; model; Locations of stations projected onto the profile are shown as black inverted
triangles (station map shown in Fig. 2.9a).

We have seen in Fig. 2.6¢ that the probability of presence of an interface is a reliable marker
of a strong velocity contrast. For instance, the probability is lower for the Adriatic Moho than
for the European Moho, due to a lower velocity gradient on the Adriatic side (Fig. 2.7a and
Fig. 2.7¢). This correlation with the velocity gradient is however not valid everywhere, as for
instance at the top of the Ivrea body anomaly where the probability is high while the gradient
is rather smooth (Fig. 2.7b). Hence, the probability of presence of an interface is an accurate
proxy not only for the base of sedimentary basins, but also for delineating the crust-mantle
boundary of Adria and Europe, and highlighting interfaces with weak velocity gradient such as
the top of the Ivrea body. However, Fig. 2.6¢c shows that the probability section is almost blind
inside the subduction complex due to its very complex structure, which means that interface
probability cannot be considered as a universal proxy for Moho. By contrast, the comparison
between the V; section and the RF section has confirmed that the 4.2 or 4.3 km/s iso-velocity
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contour is better suited to delineate deep discontinuities associated with the subduction of the
European lithosphere. In future studies, we will therefore rather exploit the 4.3 km/s contour
as a proxy of Moho to delineate its 3-D depth variations.

2.5.3 Crustal-scale geological interpretations

In Figure 2.9, we propose a geological interpretation of the shear-wave velocity section along the
Cifalps profile that also builds on surface geological observation, on previous joint geophysical-
geological works summarized in Malusa et al. (2021), on the RF section of Fig. 2.8b and on
hypocenter locations by Eva et al. (2015) and Malusa et al (2017).

In the following subsections, we emphasize a number of first-order features related to the
geometry of structures at crustal scale, to the deformation and thermicity of the lithosphere,
and to the link between the lithospheric structure and the strain field.

2.5.3.1 Geometry of structures at lithospheric scale

The geology of the Western Alps (Fig. 9a) results from the convergence of two lithospheric
plates (Polino et al., 1990; Dumont et al., 2012). To the west, the European margin corresponds
to the lower plate, which subducted beneath the Adriatic upper plate to the east. Between
these two continental domains, the subduction wedge developed by the juxtaposition of oceanic
sediments and crustal fragments (Lardeaux et al., 2006; Schwartz et al., 2009; Agard et al.,
2021) with units originating from the two continental margins (Fig. 2.9a). 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). The European foreland accommodates
the convergence through the propagation of a fold-and-thrust-belt system associated with the
development of Cenozoic sedimentary basins (Ford et al., 1999). 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 in thick skin tectonic mode
(e.g., Jourdon et al., 2014; Schwartz et al., 2017). To the East, the Po plain is affected by
top-to-northeast back-thrusts allowing the uplift and erosion of Cenozoic basins (Mosca et al.,
2010).

The Vi model documents the subduction of the European lithosphere towards the east
below the Adria lithospheric mantle, marked by a continuous European continental crust down
to a minimum depth of 100 km. This continental crust is featured by a progressive increase of
Vs with depth from 3.4 —3.5 km/s at 20 — 30 km to 4.2 km/s at 100 km interpreted as resulting
from the densification of continental rocks during their progressive eclogitization.

Under the westernmost part of the European foreland, high crustal Vs values of 3.6 —
3.8 km/s and a slight Moho uprise (iso-velocity contour Vs = 4.3 km/s) indicate crustal thinning
beneath the Rhone valley consistently with the formation of the Western European Cenozoic
Rift System (Ziegler, 1992).

One of the most striking features of the section is a standard crustal thickness of ~ 30 km
below the frontal part of the External Massifs, increasing to ~ 50 km below the PFT. This
observation is in line with other recent geophysical models along the Cifalps profile that exhibit
very little crustal thickening of the External Alps (e.g., Malusa et al., 2021).
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Beneath the Ivrea Gravity Anomaly (IGA in Fig. 2.9¢), located along the Insubric Fault
and extending southwards beneath the Internal Crystalline Massif of Dora Maira (Fig. 2.9a-b),
the upper part of the subduction wedge is likely formed by stacking of crustal slices extracted
from both the continental and oceanic crusts. This subduction wedge overlies the mantle
wedge (MW, Fig. 2.9d) at a depth of about 10 km. This mantle wedge, documented by
shear-wave velocities ranging between ~ 3.8 and 4.0 km/s, may be composed of partially
serpentinized mantle of Adriatic origin produced by hydration above the subducted oceanic
units. Below the subduction wedge, a superposition of several mantle bodies with different
geophysical signatures is observed, which suggests the superposition of two petrological Mohos:
a first one characterized by a reverse V gradient with a negative polarity in the receiver
function (RF') section (Fig. 2.9¢). This 'inverted Moho’ corresponds to the subduction interface
between the European slab and the mantle wedge. The second, deeper Moho corresponds to
the European Moho itself, steeply dipping due to subduction.

2.5.3.2 Deformation and thermicity

The deformation is dominated by compressive structures occurring in both forelands of the
chain, with top-to-the-west thick-skinned propagation on the western side of the belt, rooted
in the lower crust. A major thrust is well marked in the RF section as a set of positive-polarity
signals down to 25 km depth that connects at the surface with the thrust (Fig. 2.9e). We name
it the Alpine Frontal Thrust (AFT). Similar structures occur on the eastern side of the Alps,
below the Po plain, which either do not outcrop or may merge with the frontal Po thrust system.
The rooting of these peripheral thrusts appears to occur at different depth levels. We propose
that the AFT becomes horizontal in the lower crust, where V; has very low values < 3.4 km/s
(Fig. 2.9d), which would be consistent with the more ductile rheology of the European lower
crust. In contrast, the step-like shape of the Vs contours in the eastern side suggests that
the Adriatic Moho and continental crust (ACC, Fig. 2.9d) are significantly offset by the main
top-to-northeast thrusts. This difference in deformation style between the European crust and
the Adria crust is in agreement with a different thermal state, revealed by different Vy layouts
in the lithospheric mantle domains. The higher and more homogeneous shear-wave velocities
observed in the Adria mantle may indicate a colder state leading to a more rigid behavior. In
this context, the Adria lithospheric mantle behaves as a deep horizontal indentor (the Adria
Lithospheric Indentor or ALI, Fig. 2.9d) buttressing the European slab along a 25 km-high
vertical boundary.

As a result of this deep indentation, the mantle wedge is vertically indented by an interme-
diate, non-serpentinized rigid mantle body with Vs ~ 4.2 — 4.4 km/s that localizes most of the
deep seismicity (> 20 km) below the westernmost Po plain (pink open circles in Fig. 2.9a, b,
d; Eva et al., 2015; Malusa et al., 2017). This rigid body is named Adria Seismic Body (ASB).
We relate the vertical seismic swarm in the ASB to the rooting zone of the Insubric Fault.

2.5.3.3 Link between the geometry of lithospheric structures and the strain field

In the framework of plate tectonics and convergence between Europe and Adria, the observed
split of the Adriatic lithospheric mantle into two units (ASB and ALI) would be responsible
for the partitioning of the deformation at lithospheric scale. The deeper part of the Adria
mantle (ALI) horizontally indents the European slab. This results both in lithospheric loading
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and in lithospheric shear deformation propagating westwards to reach the upper crust beneath
the European foreland, corresponding to the activation of the Alpine Frontal Thrust (AFT).
The upper part of the Adria mantle (ASB) was pushed upwards and maintained in a high
structural position by the ALI horizontal indentation. In turn, the ASB acted as a vertical
indentor responsible for the deformation and exhumation of the subduction wedge units.

This geometry leads to a partitioning of the active deformation on both sides of the Insubric
Fault (Fig. 2.9d). To the east of the IF, the subduction wedge is backthrusted onto the Adria
crust and the Adria lithosphere is significantly shortened (Mathey et al., 2020). In contrast,
to the west of the IF, extensional deformation dominates in a crustal compartment bounded
by the IF and the PFT (Mathey et al., 2020), as a result of vertical indentation. This latter
thrust was reactivated since at least 3 — 4 Ma, and it is still currently undergoing extensional
deformation (Bilau et al., 2021).
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Figure 2.9: Geological and tectonic settings of the study area along the Cifalps transect. (a)
Geological map of the W-Alps with location of the Cifalps seismic network (white rectangle in
Fig. 2.1b). Earthquake epicenters with depth > 20 km beneath the westernmost Po plain are
shown as pink open circles (after Eva et al., 2015 and Malusa et al., 2017). The Ivrea gravity
anomaly is represented by the 0 mGal contour (dashed purple line) from Bigi et al. (1990). The
continental crust units of the European plate (lower plate) are indicated by: Ar, Argentera; Be,
Belledonne; MB, Mont-Blanc; Pe, Pelvoux; ME, Maures-Estérel; FMC, French Massif Central.
The Adriatic units (upper plate) are indicated by: DB, Dent Blanche; Iv, Ivrea-Verbano; Se,
Sesia. The internal crystalline massifs of the subduction wedge are indicated by: DM, Dora
Maira; GP, Gran Paradiso; MR: Monte Rosa; Two major tectonic limits are also indicated:
IF, Insubric Fault; PFT: Penninic Frontal Thrust. (b) Topographic profile and geological map
(extracted from (a)) along the Cifalps transect. (c¢) Bouguer gravity anomaly extracted along
the profile (same as Fig. 2.8a). IGA: Ivrea Gravity Anomaly. (d) Crustal-scale interpretation
of the V; depth section along the Cifalps transect. The main geological interfaces corresponding
to lithological units and tectonic structures are underlined in white (see interpretation in text).
This interpretation shows the subduction of the European lithosphere toward the East below
the Adria lithospheric mantle. The European continental crust (ECC) is continuous down to
100 km depth. We observe separation of the Adria lithospheric mantle into two main bodies: (1)
The deeper part ALI (Adria lithospheric indentor) acts as a horizontal indentor that deformed
the European slab and enabled the activation of the Alpine Frontal Thrust (AFT). (2) The
upper part ASB (Adria seismic body) acts as a vertical indentor controlling the exhumation of
the mantle wedge (MW) and locating the deep seismicity along the Insubric Fault (IF) system.
In this interpretation, the Adriatic continental crust (ACC) is deformed by top-to-northeast
thrusts. In the global tectonic convergence, the crustal-scale geometry deduced from the Vj
model controls the partitioning of the strain field (red arrows). The crustal compartment
located between the IF and PFT tectonic structures records extension while the two other
compartments record compression. (e) Crustal-scale interpretation plotted as black lines on
the receiver-function CCP depth section of Fig. 2.8b.
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2.6 Conclusion

The high density and rather homogeneous coverage of permanent European broadband net-
works complemented with the AlpArray temporary network and quasi-linear dense arrays such
as Cifalps, Cifalps-2, and EASI were key in our derivation of a high-resolution shear-wave
velocity model of the Alpine mountain belt and its forelands. We used four years of con-
tinuous seismic noise recorded by ~ 1550 broadband seismic stations, which led to 1.1 million
cross-correlations of vertical noise records. Rayleigh-wave group-velocity dispersion curves were
measured in the 4 — 150 s period band and 2-D group-velocity maps and their uncertainties
were computed using a data-driven transdimensional inversion that allows the local resolution
to self-adapt to the path density and to the variability of information contained in group-
velocity measurements. At each location of our 0.15° x 0.15° grid, the local group-velocity
dispersion curve and its associated uncertainties were inverted jointly in a Bayesian approach
to derive a quasi-3-D probabilistic shear-wave velocity model. This model was further refined
using a linear inversion.

The best-resolved part of our 3-D Vi model covers the Alpine range, its forelands and
the Ligurian Sea. We showed on the Cifalps traverse of the South-Western Alps that the
resolution of our model makes it possible to correlate features of the geophysical model with
geological structures mapped at the surface. This enabled an integrated geological-geophysical
interpretation that highlights first-order features related to the subduction of the European
lithosphere under the Adriatic lithosphere in the South-Western Alps. One of these key features
is the Ivrea geophysical body, which is likely made of a subduction wedge formed by stacking
of crustal slices of continental and oceanic origin overlying a mantle wedge likely composed of
partially serpentinized Adriatic mantle. Another key feature is the split of the Adriatic mantle
lithosphere in two different units. This split could be responsible for the partitioning of the
deformation at lithospheric scale.

Following the model verification at the location of the 2-D Cifalps cross-section, our velocity
model makes it possible to construct a 3-D, lithospheric-scale geological models of the Alpine
belt, extending the geological maps in depth. These models are expected to provide key
constraints to conceptual geological-petrophysical models of subduction wedge systems, for
example. Such interpretation work has already started for the Western Alps.

Our Vs model can also be used in further geophysical studies, including waveform modelling
and full waveform inversion. Our next project is to use this model as an initial model to
simultaneously build a 3-D V,, and V,; model of the Alpine lithosphere by joint inversion of
surface-wave dispersion data from noise correlations and travel times of body waves emitted
by local earthquakes using a 3-D wave-equation tomography. This combination of P-wave
and s-wave velocities is required to establish the lithology of rocks buried at large depths.
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2.7 Supporting information

Additional Figures (2.10-2.17) and information are presented as the Supplementary Material.
Figure 2.10. Distance-time plot of noise correlations.

Figure 2.11. Comparison of the 8-s and 25-s group-velocity maps with sedimentary basins
and Moho depth maps.

Figure 2.12. Comparison with a matrix-based inversion.

Figure 2.13. Posterior distribution on the number of Voronoi cells.

Figure 2.14. Inversion misfit.

Figure 2.15. Checkerboard tests.

Figure 2.16. Depth sections through the V; model along reference profiles.

Figure 2.17. Comparison with the Vs model by Zhao et al. (2020).

2.7.1 Distance-time plot of noise correlations

Fig. 2.10 shows a distance-time section of vertical-component seismic ambient noise cross-
correlations computed in a region including most of the Western Alps. The dispersive Rayleigh
wave emerges very clearly with a fairly good symmetry between the causal and acausal parts.

2.7.2 Comparison of the 8-s and 25-s group-velocity maps with sedimentary
basins and Moho depth maps

Figure 2.11a shows the 8-s group-velocity map together with main sedimentary basins. Fig-
ure 2.11b shows the 25-s group-velocity map with contours of the reference Moho depth model
of Spada et al. (2013), that is mainly derived from controlled-source seismology (CSS) and
receiver-function data. The thick crust of the Alps and the Apennines mountain belts coincides
with areas of low velocity (< 3.0 km/s). Areas of thin crust such as the Liguro-Provencal basin
and the Tyrrhenian Sea coincide with high velocity anomalies (> 3.4 km/s).

2.7.3 Comparison with a matrix-based inversion

We compared results of the rj-McMC algorithm with a matrix-based linearized inversion
(Boschi & Dziewonski., 1999) for the same dataset at 15 s period (Fig. 2.12). The linear
problem is solved using an iterative LSQR algorithm (Paige and Saunders., 1982). The model
solution is computed using an adaptive grid-based path density that remains fixed during in-
version (Schaefer et al., 2011; Lu et al., 2018; Fig. 2.12a). Cell sizes of 0.15°, 0.3° and 0.6° were
used depending on the path density (Fig. 2.12b). The regularization coefficients (damping,
roughness) were set according to the maximum curvature of the L-curve. Fig. 2.12¢ shows
the rj-McMC solution model computed by averaging the ensemble of models obtained from 64
Markov chains in parallel after 180 x 103 steps. The posterior map of velocity uncertainties is
generated by computing the variance of this ensemble (Fig. 2.12d). The image resulting from
the 7j-McMC' inversion is not as smooth as the one resulting from the linearized inversion,
which is affected by the imposed degree of smoothing. On the other hand, a stronger velocity
contrast is obtained using the trans-D inversion, with more focused anomalies that suggest a
better resolution (see for example the low-velocity anomaly in the Po plain). In addition, the
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trans-D inversion highlights new features such as the high-velocity anomaly at 4° longitude
and 43.5° latitude.

2.7.4 Posterior distribution on the number of Voronoi cells

Figure 2.13 shows the posterior probability distribution on the number of Voronoi cells used
to describe the 2-D velocity field in the rj-McMC' tomography shown in Fig. 2.12c. The small
standard deviation of the Gaussian-shaped probability density curve shows that the algorithm
has converged. The maximum model solution occurs for 760 — 770 Voronoi cells.

2.7.5 Inversion misfit

Figure 2.14a shows the evolution of the normalized model misfit function with the number of
iterations in the rj-McMC inversion shown in Fig. 2.12¢. The misfit reduction reaches ~ 90%.
The posterior histogram of traveltime misfit between model predictions and observations is
shown in Fig. 2.14b.

2.7.6 Checkerboard tests

In Figure 2.15, we check the resolution power of the rj-McMC' inversion by synthetic checker-
board tests for cell sizes of 1° and 2°. Figures 2.15(1a)-(2a) show input models with square-
shaped anomalies. Synthetic travel times were computed using the same source and receiver
geometry as in observations at 15 s period, with added random Gaussian noise of 1 s standard
deviation. Figures 2.15(1b)-(2b) show the average solution models obtained from the rj-McMC
tomography. The Hierarchical Bayes reversible jump method is able to recover the velocity
areas as defined in the synthetic models.

2.7.7 Depth sections through the Vg model along reference profiles

In Fig. 2.16, we present depth sections along three reference profiles across the Alpine mountain
range: Cifalps and ECORS-CROP in the Western Alps and the alpine part of the EASI N-S
transect in the Eastern Alps.

2.7.8 Comparison with the V, model by Zhao et al. (2020)

Fig. 2.17 shows a comparison between our Vg model and the one by Zhao et al. (2020) on depth
sections along the Cifalps and ECORS-CROP profiles. To facilitate the comparison between
the results of the two models, we added on each depth section the reference Moho depth model
of Spada et al. (2013) and the 4.3 km/s iso-velocity contour that we use as a proxy for the
Moho (see discussion in section 5.2 of the main text). The middle and lower crust of the
western parts of both profiles have higher velocities in our model than in Zhao et al. (2020).
This difference is most probably due to the improved data coverage in our dataset with respect
to the one of Lu et al. (2018) used in the inversion of Zhao et al. (2020), in particular in the
westernmost part of the AlpArray network. In the alpine part of the Cifalps section, the model
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by Zhao et al. (2020) and our model exhibit similar first order features. In particular, they
exhibit consistent geometries of the Ivrea body and similar Moho depths.

By contrast, these two models exhibit striking differences along the ECORS-CROP transect.
The depth of the 4.3 km/s iso-velocity in our model is consistent with the Moho depth of Spada
et al. (2013), but is deeper in Zhao et al. (2020). The 3.8 km/s V; contour would better fit
the Moho model of Spada et al. (2013), although 3.8 km/s is rather low for a Moho proxy.

Another striking difference is the velocity gradient at the Moho, which is strong in our
model and smooth in Zhao et al. (2020). Our strong gradient is more in line with the results
of receiver functions studies (Zhao et al., 2015) and seismic reflection profiling (e.g. ECORS-
CROP Deep Seismic Sounding Group, 1989; Thouvenot et al., 2007) in the Western Alps,
which documented a highly reflective Moho. This strong velocity gradient at Moho depth
in our model is a direct consequence of the chosen parameterization and the 4-layer model
assumption. By contrast, the reference model in the transdimensional inversion of Zhao et al.
(2020) is a homogeneous half-space of 3.8 km/s velocity.

60



2.7 Supporting information

(a)5-10s

Distance (km)
N
&
3

-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
Correlation time (s) Correlation time (s) Correlation time (s)

Figure 2.10: Sections of noise cross-correlation traces in the 5 — 10 s, 10 — 20 s and 20 — 40 s
period bands. The trace amplitudes are normalized to one. The causal part (positive times)
corresponds to Rayleigh waves propagating eastwards while the acausal part (negative times)
corresponds to Rayleigh waves propagating westwards.
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Figure 2.11: (a) Group-velocity map at 8 s period and Jurassic to Tertiary main sedimentary
basins (shown as partially transparent areas). NSB: North-Sea basin, PB: Po basin, SFB:
Southeast-France basin, AgqB: Aquitaine basin, PaB: Paris basin, BG: Bresse Graben, URG:
Upper Rhine Graben, MB: Molasse basin, PanB: Pannonian Basin. (b) Group-velocity map at
25 s period. Black lines are contours of the reference Moho depth map by Spada et al. (2013).
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Figure 2.12: Comparison of the result of our Hierarchical Bayes inversion with the result of
a matrix-based inversion at 15 s period. (a) Group-velocity map output of the regularized
method. (b) Adaptive grid used to produce the regularized solution model. (c) Result of
the Hierarchical Bayes reversible jump method. (d) Estimated error for the reversible jump

tomography.
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Figure 2.13: Posterior probability density for the number of Voronoi cells at 15 s period.
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Figure 2.14: Misfit outputs at 15 s period from the reversible jump tomography. (a) Model
misfit variation as a function of the number of iterations. (b) Histogram of traveltime misfit.
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Figure 2.15: (1a) Input synthetic velocity model with a cell size of 1°. (1b) Average solution
model of the Hierarchical Bayes reversible jump tomography. (2a) Input synthetic velocity
model with a cell size of 2°. (2b) Average solution model of the Hierarchical Bayes reversible
jump tomography.
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Figure 2.16: Cross sections in our Vi model along. (a) the CIFALPS profile, (b) the ECORS-
CROP profile, and (c) the alpine part of the EASI profile (Hetényi et al., 2018). The white
lines show Spada et al. (2013)’s Moho depth model. (d) Location map of the three profiles.
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Figure 2.17: Cross sections in our V; model and in the Vs model of Zhao et al. (2020), along
the Cifalps (a, b) and ECORS-CROP (c, d) profiles. The dashed black lines correspond to the
4.3 km/s velocity contour. The thick white lines correspond to Spada et al. (2013)’s Moho
depth.
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Chapter 3

Model Validation with Receiver
Functions of the Cifalps
Experiments

This Chapter contains some parts of a published paper (Paul et al., 2022) in Farth and
Planetary Science Letters. Citation: Paul, A., Malusa, M. G., Solarino, S., Salimbeni, S.,
Eva, E., Nouibat, A., Pondrelli, S., Aubert, C., Dumont, T., Guillot, S., Schwartz, S.,
and Zhao, L. (2022). Along-strike variations in the fossil subduction zone of the West-
ern Alps revealed by the CIFALPS seismic experiments and their implications for exhuma-
tion of (ultra-) high-pressure rocks. Farth and Planetary Science Letters, 598, 117843,
https://doi.org/10.1016/3.epsl.2022.117843.

This paper compares our ANT V; model (Nouibat et al., 2022a), presented in Chapter 2,
with series of new receiver function (RF) cross-sections across the northern western Alps based
on new data from the CIFALPS2 experiment, and fully reprocessed data from the CIFALPS1
experiment. The striking fit between our V; model and RFs, which are independent seismolog-
ical data, validates our model in the western Alps, justifying its use to provide 3-D constraints
on the deep crustal structure in-between the 2-D profiles. Indeed, Paul et al. (2022) use the
3-D Moho map from our Vs model to further document theses striking and rapid north-south
variations in 3-D. Constraining theses variations in 3-D is of primary importance to set up con-
ceptual and quantitative modelling of continental subduction and understand the exhumation
mechanisms of (ultra-) high-pressure [(U)HP] rocks.
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3.1 Abstract

3.1 Abstract

In complex plate-boundary settings, a reliable 3-D geophysical characterization of the deep
tectonic structure is a fundamental starting point for a breakthrough in the analysis of processes
controlling plate subduction and (U)HP rock exhumation. The Western Alps host one of the
best-studied fossil subduction zones worldwide, with a well-defined deep structure in 2-D based
on recent geophysical experiments. However, a full 3-D characterization of its deep tectonic
structure is still lacking. Here we present a series of new receiver function cross-sections across
the northern and southern Western Alps, validated and complemented by a S-wave velocity
model from ambient-noise tomography that provides additional constraints between the profiles.
We document a marked change in Moho attitude from the northern Western Alps, where the
eastward-dipping European Moho reaches ~ 45 km depth beneath the Gran Paradiso dome,
to the southern Western Alps, where the European Moho reaches ~ 70 km depth beneath
the equivalent Dora-Maira dome. This change in Moho attitude takes place over a few tens
of kilometers and was likely emphasized by deformation of the slab during subduction. The
Western Alps subduction wedge is much thicker in the south than in the north, and the mantle-
wedge rocks are deeply involved in orogeny exclusively in the south, where coesite is found in
continental (U)HP rocks at several locations. Our detailed information on the 3-D structure
of the subduction wedge provides first-order constraints for the next-generation of thermo-
mechanical numerical models and may help explain the lateral variations in exhumation style
revealed by the geologic record.

Keywords: seismic tomography, continental subduction, exhumation, Western Alps

3.2 Data and Methods

The CIFALPS2 experiment (network code XT; Zhao et al., 2018) includes 55 broadband sta-
tions operating for 14 months in 2018-2019, that were roughly aligned along two segments: (i)
a WNW-ESE segment from the eastern Massif Central (France) to the region of Ivrea (Italy)
across the Bresse Graben, the Jura fold-and-thrust belt, and the northern Western Alps; and
(ii) a NNW-SSE segment from the region of Ivrea to the Ligurian coast across the western Po
Plain (Fig. 3.1). In this paper, we focus on the WNW-ESE segment of the transect, hereafter
referred to as the CIFALPS2 main profile. The main profile is ~ 330 km long and, with addi-
tions from the permanent networks (CH, Swiss Seismological Service (SED) At ETH Zurich,
1983; GU, University of Genoa, 1967; IV, INGV Seismological Data Centre, 2006; FR, RESIF,
1995) and AlpArray temporary network (Z3, AlpArray Seismic Network, 2015), includes 43
stations with a dense interstation spacing of 8 km on average. The CIFALPS2 experiment
also includes two shorter complementary profiles across the Internal zone of the Western Alps,
located to the north (ALP-N, 10 stations) and to the south (ALP-S, 9 stations) of the main
profile (Fig. 3.1) (only the main profile is shown in this thesis manuscript).

To image the crustal structure and the Moho beneath the CIFALPS2 main profile, we used
the receiver function analysis that enhances P-to-S converted phases at seismic discontinuities
in three-component records of teleseismic earthquakes (Vinnik, 1977; Langston, 1979). We
took advantage of the dense array of sensors to extract the scattered wavefield for each event,
therefore enhancing the quality of receiver functions by applying the multichannel preprocessing
approach (Rondenay, 2009; Millet et al., 2019). In regions with complex 3-D structure, this
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approach is more efficient than the conventional deconvolution of the vertical-component record
from the radial-component record (e.g., Zhao et al., 2015). With respect to the conventional
Z-R-T processing scheme, it also has the advantage to remove or strongly attenuate the direct
P wave at 0 s lag time in the receiver functions, therefore enhancing the converted phases from
shallow interfaces.
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Figure 3.1: Locations of the CIFALPS temporary seismic experiments across the Western Alps.
The thick black lines in the map (modified after Malusa et al., 2015) indicate the profiles of
Figs. 3.2 and 3.3. The pink dots are seismic stations from other networks used in the receiver
function study. The purple dashed line is the 0-mGal contour of the Ivrea gravity anomaly (from
Bigi et al., 1990). The dotted red line shows the location of the ECORS-CROP deep seismic
sounding reflection section. The grey dots in the top-left inset indicate the seismic stations
used in the ambient-noise tomography of Nouibat et al. (2022a). Acronyms: Ar, Argentera; Be,
Belledonne; Br, Brianconnais; Ch, Chablais; DB, Dent Blanche; DM, Dora-Maira; FPF, Frontal
Pennine Fault; GP, Gran Paradiso; GSB, Grand St-Bernard; Ho, Houiller; IF, Insubric Fault;
IV, Ivrea-Verbano; La, Lanzo; MB, Mont Blanc; MR, Monte Rosa; Pe, Pelvoux; RMF, Rivoli-
Marene Fault; Se, Sesia-Lanzo; SL, Schistes lustrés; Vi, Viso; Vo, Voltri; VVF, Villalvernia-
Varzi Fault. Continental UHP localities (black diamonds) after Chopin (1984) and Manzotti
et al. (2022).

After this deconvolution step, we migrated the radial receiver functions to depth using,
for each station, the 1-D shear-wave velocity model extracted from the 3-D ambient-noise
tomography model of Nouibat et al. (2022a) and a constant V},/V; ratio for the crustal part,
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and the TASP91 Earth model for the mantle part (Kennett and Engdahl, 1991). Finally, we
applied the classical common conversion point (CCP) stacking method (Dueker and Sheehan,
1997) to compute depth sections of stacked P-to-S converted phases beneath the main profile of
43 stations. Due to the complex 3-D structure of the Alpine crust, receiver function waveforms
are highly variable with the back-azimuth of the incident P wave.

For the southern Western Alps, we re-processed the records of the CIFALPS experiment
(Zhao et al., 2016b) using the same scheme, back-azimuth selection, and crustal S-wave velocity
model for migration (Nouibat et al., 2022a) that we have adopted for the northern Western Alps
(Fig. 3.1). The CCP stacks of the CIFALPS and CIFALPS2 experiments were validated by
comparison with a recent ambient-noise tomography study by Nouibat et al. (2022a), a totally
independent method that we use to test the reliability of the structural images delineated
by receiver function analysis (see details in Figs. 3.2- 3.3 and Sect. 3.3). We consider this
comparison between independent methods as a much better proof of reliability of the CCP
stacks than any other type of test.

Finally, our receiver function images were interpreted jointly with the P-wave velocity
depth sections by Solarino et al. (2018), with data provided by controlled-source seismology
(e.g., Cassano et al., 1989; Sénéchal and Thouvenot, 1991), and with the S-wave velocity
depth sections by Nouibat et al. (2022a), which also provide additional constraints on the
deep structure in-between the profiles.

3.3 Results

3.3.1 CIFALPS2 main profile

Figure 3.2 shows, for the CIFALPS2 main profile and from top to bottom, the Bouguer anomaly
from the new pan-Alpine gravity data base of Zahorec et al. (2021), the geological map around
the main profile, the interpretive geologic cross-section resulting from the joint interpretation
of geological and geophysical constraints (see next section), the CCP stack, the S-wave velocity
section through the model of Nouibat et al. (2022a) and the P-wave velocity section through
the model of Solarino et al. (2018). Since the ECORS-CROP normal-incidence deep seismic
reflection profile (dashed red line in Fig. 3.1) was located close to the CIFALPS2 Alpine section,
the interpretation also uses the depth migrated line drawing of ECORS-CROP (Sénéchal and
Thouvenot, 1991).

On the lower-plate side of the CIFALPS2 main profile, the CCP stack displays laterally
continuous P-to-S (Ps) converted phases of positive polarity and strong amplitude, labelled
’1” in Fig. 3.2d. They correspond to the European Moho dipping gently from ~ 25 km depth
at the north-western end of the profile to ~ 45 km depth at distance 260 km beneath the
Gran Paradiso dome (GP in Fig. 3.2b) and the western tip of the Adriatic upper plate. To
delineate the European Moho more precisely, we picked the 4.3 km/s S-wave velocity contour
of Fig. 3.2e. This contour matches well the Ps phases of Fig. 3.2d even at depths between
55-65 km and distances between 260-300 km, where the quality of the CCP stack is poorer
due to the higher seismic noise in the Po Plain and strong amplitude near-surface multiples
(labelled M in Fig. 3.2d). Beneath the Mont Blanc Massif (MB in Fig. 3.2b), the Vs model of
Nouibat et al. (2022a) displays the same Moho step as the ambient-noise tomography of Lu
et al. (2018).

69



MODEL VALIDATION WITH RECEIVER FUNCTIONS OF THE CIFALPS
EXPERIMENTS

On the upper-plate side of the profile, the Adriatic Moho is more poorly detected by the
receiver functions compared to the European Moho, due to the low signal-to-noise ratio and
ringing waves in the poorly consolidated sediments of the Po Plain (label '2’ in Fig. 3.2d).
It is however clearly imaged by the high-frequency waves of the ECORS-CROP controlled-
source seismic section, in close correspondence with the 4.3 km/s V5 contour. In the Adriatic
crust, the S-wave velocity contour bounding the bedrock of the Po basin shows a vertical offset
(Fig. 3.2d) consistent with backthrusting of the whole Adriatic crust as proposed by previous
interpretations of the ECORS-CROP profile (e.g., Roure et al., 1990).

As in the CIFALPS profile (Zhao et al., 2015), the CCP stack shows a set of diffuse negative-
polarity Ps converted phases in-between the shallow Adriatic Moho and the deep European
Moho beneath the subduction wedge and the tip of the upper plate (label 3’ in Fig. 3.2d). These
negative-polarity signals outline a steeply southeast-dipping interface that intersects the surface
at the Frontal Pennine Fault (FPF in Fig. 3.2b), which is the structural boundary separating
the metamorphic units of the Alpine subduction wedge in the east from the unmetamorphosed
rocks of the European lower plate in the west. The Vs model shows that this dipping boundary
corresponds, in the 20-40 km depth range, to a 10-15 km thick zone of diffuse velocity decrease
with depth, between the rather high seismic velocities of the subduction wedge and overlying
serpentinized mantle wedge above (~ 3.7-3.8 km/s), and the weaker velocities of the European
crust below (~ 3.5 km/s).

In the European crust, we recognized four sets of Ps converted phases labelled '4’ to 7’
in Fig. 3.2d. These interfaces closely correspond to velocity changes in the S-wave velocity
section of Fig. 3.2e. The shallow positive-polarity conversion labelled ’4’ coincides with the
strong velocity increase at the base of the Mesozoic cover of the Jura and Subalpine chains.
The sharp positive and negative polarity converted phases labelled ’5’ and ’6’ bound a high-
velocity body (Vs ~ 3.7 km/s) in the mid-crust (7-15 km depth) beneath the Bresse Graben,
also extending beneath the western Jura fold-and-thrust belt to the east and the Massif Central
to the west. The laterally discontinuous negative-polarity conversion labelled ’7’ is near-parallel
to the European Moho and marks the top of two low-V; anomalies (minimum 3.3 km/s) located
in the European lower crust on both sides of the previously mentioned Moho step. The lateral
change in polarity of converted phases in Fig. 3.2d coincides with the zone of slightly higher
Vs that separates the two anomalies right above the Moho step.

3.3.2 Re-processed CIFALPS profile

Figure 3.3 shows the same information as Fig. 3.2 for the re-processed CIFALPS transect lo-
cated farther south in the southern Western Alps. The improved CCP section of Fig. 3.3d
enhances the converted phases from shallow interfaces and, when compared to the original
analysis by Zhao et al. (2015), provides further information on the lithospheric structure of
both the Adriatic and European plates, whereas no major improvement is introduced for the
subduction wedge (Malusa et al., 2021). This information is consistent with indications pro-
vided by the Vs model of Fig. 3.3e and by controlled-source seismic data in the Po Plain (e.g.,
Cassano et al., 1989).

As shown in Fig. 3.3d-e, the European Moho along the CIFALPS profile (label '1’) is better
constrained at depth > 45 km by the 4.3 km/s V; contour (Fig. 3.3¢) rather than by the
low-amplitude Ps conversions of the CCP section (Fig. 3.3d), like what is observed in the
ALP-S complementary profile. The Moho dip angle is steeper than in the CIFALPS2 section

70



3.3 Results

(Fig. 3.2d-e) and, at depths > 60 km, is likely steeper than suggested by the previous CIFALPS
studies (e.g., Zhao et al., 2015; Beller et al., 2018). The low amplitudes of the Ps conversions
are coherent with the weak velocity gradient shown by the V; section between the subducted,
possibly eclogitized European lower crust and the underlying lithospheric mantle. The Ps
conversions marking the Adriatic Moho (label ’2’ in Fig. 3.3d-e) are offset by faults already
described in previous work (Zhao et al., 2015; Malusa et al., 2017; Solarino et al., 2018) and
fully consistent with undulations of the S-wave velocity contours (Fig. 3.3e). Integration with
information provided by the Vs model allows us to trace these faults at even greater depths
in the Adriatic mantle lithosphere compared to previous studies. The set of negative-polarity
Ps phases labelled '3’ in Fig. 3.3d is more diffuse with weaker amplitudes than in Fig. 3.2d,
probably due to the presence of a thicker subduction channel along the CIFALPS profile (Zhao
et al., 2020) and a weak velocity contrast with the partly serpentinized Adriatic mantle on
its top (Fig. 3.3e). Above this set of negative-polarity phases, the P-wave velocity contour
6.7 km/s in Fig. 3.3f was interpreted by Solarino et al. (2018) as marking the upper and
western boundary of a serpentinized mantle body located underneath the (U)HP rocks of the
Dora-Maira dome (DM in Fig. 3.3c). This velocity boundary crosscuts the Vi contours of
Fig. 3.3e at a high angle, leaving out the western tip of a high-V; body (Vs = 3.8-4.15 km/s) at
15-30 km depth (marked by a star in Fig. 3.3e-f) that shows rather low, more crust-like P-wave
velocities (V), = 5.9-6.4 km/s).

In the Adriatic crust, the base of the Oligocene-to-Quaternary sediments of the Tertiary
Piedmont Basin and western Po Plain can be delineated as a set of positive-polarity Ps con-
versions (label '4’ in Fig. 3.3d) that correspond to the Vj structure in Fig. 3.3e. Farther east,
the Monferrato frontal thrust is marked by a set of south-dipping negative-polarity Ps conver-
sions (label ’5” in Fig. 3.3d) consistent with evidence from available seismic-reflection profiles
(e.g., Cassano et al., 1989). These negative-polarity Ps conversions show a step along the
Villalvernia-Varzi Fault (VVF in Fig. 3.3), consistent with the Neogene activity of the fault.

In the western side of the CIFALPS profile, the European crust includes, similar to
CIFALPS2, a strong low-V; anomaly (minimum 3.2 km/s) located beneath the Subalpine
Chains, bounded on top by a set of sharp negative-polarity Ps conversions labelled ’6’ in
Figs. 3.3d-e. The crust beneath the Rhone Valley shows rather high S-wave velocities, similar
to the Bresse Graben in the CIFALPS2 section.
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Figure 3.2: Depth sections along the CIFALPS2 main profile across the northern Western Alps.
a: Bouguer anomaly from the gravity database of Zahorec et al. (2021) (in red); IGA: Ivrea
gravity anomaly. The Bouguer anomaly along the CIFALPS profile is shown for comparison
(in grey; the grey dot indicates the Frontal Pennine Fault). b: Geological map around the
main profile (black line), see Fig. 3.1 for location and acronyms. c: Interpretive geologic
cross-section. d: CCP stacked section for teleseismic earthquakes of 0-100° back-azimuth,
with labels and dashed black lines (for positive-polarity Ps conversions and downward velocity
decrease) or dotted black or purple lines (for negative-polarity Ps conversions and downward
velocity increase) outlining the main features discussed in the text (labels 1-7). M: multiples.
e: Vs section from Nouibat et al. (2022a) used for time-to-depth migration of the CCP stack
(Vp/Vs = 1.8). f: V}, section from the local earthquake tomography of Solarino et al. (2018).
Note the consistency between interfaces identified by independent methods in (d) and (e).
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Figure 3.3: Depth sections along the CIFALPS profile across the southern Western Alps (same
keys as Fig. 3.2). a: Bouguer anomaly (Zahorec et al., 2021) (in red). The Bouguer anomaly
along the CIFALPS2 profile is shown for comparison (in grey; the grey dot indicates the
b: Geological map. c: Interpretive geologic cross-section (modified
after Malusa et al., 2021); d: CCP receiver-function stack (computed with V,,/Vy = 1.7). e: Vj
section (Nouibat et al., 2022a). f: V], section (Solarino et al., 2018). Labels 1-6 and the region
marked by a star are discussed in the text. Note the consistency between interfaces identified
by independent methods in (d) and (e).
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3.4 Interpretation and discussion

3.4.1 CIFALPS2 vs CIFALPS geologic cross-sections

The new crustal-scale geological cross-section of the northern Western Alps along the
CIFALPS2 main profile has some similarities with the previously proposed cross-section of
the southern Western Alps (CIFALPS experiment, see Malusa et al., 2021), but also some
major differences (cf. Fig. 3.2c and Fig. 3.3c). Along the CIFALPS2 profile, the uppermost
20-25 km of the European lower plate consists of a mainly granitic upper crust and associated
sedimentary cover (Fig. 3.2c). To the east of the Jura fold-and-thrust belt, these upper crustal
rocks rest on top of a relatively homogeneous lower crust with low S-wave velocities, reaching
3.3 km/s and detected as far east as underneath the Gran Paradiso dome. Such low S-wave
velocities are not consistent with granulitic rocks of felsic to intermediate composition, which
have been suggested for the European lower crust along the CIFALPS profile (Solarino et al.,
2018). Instead, they are more consistent with V; values expected for remnants of the Paleozoic
Saxo-Turingian suture zone inherited from the Variscan orogeny (e.g., Guillot et al., 2009) and
later involved in the Alpine orogeny. Notably, smaller volumes of low-V; rocks at lower-crustal
depths are also revealed along the CIFALPS section beneath the Subalpine Chains (Fig. 3.3e),
to the west of a region characterized by felsic-intermediate granulitic rocks. This suggests that
relics of this Variscan suture zone are also present to the west of the External massifs, where
they were not previously detected because they are masked by Jurassic-Oligocene sedimentary
successions. This Variscan suture zone was possibly involved obliquely into the Western Alps
subduction zone, and to a greater extent in the north than in the south, which is consistent
with the Variscan paleogeography (Guillot et al., 2009). Variscan inheritance is also evidenced
by the presence of a Moho step detected beneath the Mont Blanc (Fig. 3.2c) and previously
imaged by Lu et al. (2018) and Zhao et al. (2020) in their tomography models. The Moho
step is parallel to the surface trace of the Eastern Variscan Shear Zone recognized as a major
lithospheric fault active between 320 and 250 Ma (Guillot et al., 2009) and reactivated during
the Alpine orogeny. However, no Variscan inheritance is expected deeper in the mantle.

At depths > 40 km beneath the Alpine subduction wedge, the European lower crust is likely
eclogitized (Fig. 3.2c), in line with predicted pressures (> 1.2 GPa) and temperatures (> 400°C)
in that region of the crust, but it is still seismically distinguishable from the underlying mantle
lithosphere (Fig. 3.2d-e). No earthquake is associated to this eclogitized lower crust (Eva
et al., 2020) because the subduction zone is fossil and has been inactive for a long time. On
the western side of the profile, the high V; (~ 3.7 km/s) crust detected from 7-15 km depth
beneath the Bresse Graben, and also extending under the western Jura to the east and the
Massif Central to the west (Fig. 3.2¢), is likely related to the late Eocene-Oligocene activation
of the Cenozoic Rift System of Central Europe (Ziegler, 1992; Sissingh, 2001), which mainly
post-dates (U)HP rock exhumation in the Western Alps.

In the northern Western Alps, the eastward-dipping European Moho is located at 25-35 km
depth beneath the External zone to the west of the Moho step, reaching ~ 40 km depth
underneath the Frontal Pennine Fault and ~ 45 km depth beneath the centre of the Gran
Paradiso dome. It is less steep than in the southern Western Alps, where the Moho shows a
more continuous profile without steps from ~ 40 km depth beneath the Frontal Pennine Fault
to ~ 70 km depth beneath the core of the Dora-Maira dome (Fig. 3.3c). A comparison between
the CIFALPS2 main profile and the ALP-N and ALPS-S complementary profiles (Fig. 3.3),
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located ~ 20 km to the north and south of the CIFALPS2 main profile, respectively, reveals that
the change in European-Moho dip angle takes place over a distance of a few tens of kilometers
around the city of Ivrea.

The eastward-dipping Adriatic Moho is located close to the Earth’s surface near Ivrea, and
at ~ 30 km depth farther east, in front of the Monferrato (Fig. 3.2c). In the Ivrea region,
the high-density peridotites of the Adriatic mantle, together with amphibolites of the Sesia-
Lanzo unit and lower crustal rocks of the Ivrea-Verbano zone (Scarponi et al., 2020), induce a
stronger and narrower Bouguer anomaly than in the south (IGA in Fig. 3.2a), where the lower
but broader positive anomaly (IGA in Fig. 3.3a) is mostly induced by a deeper (~ 10 km depth)
body of serpentinized mantle rocks located beneath the Dora-Maira dome (SM in Fig. 3.3c).
These observations suggest that the Ivrea gravity anomaly probably has different causes in the
northern Western Alps than in the southern Western Alps. The gravity anomalies documented
by the pan-Alpine surface-gravity database of Zahorec et al. (2021) also show along-strike
variations on the lower-plate side of the orogen (Figs. 3.2a and 3.4a). In the External zone of
the Western Alps, the negative anomaly is more pronounced along the CIFALPS2 profile (red
line in Fig. 3.2a) than along the CIFALPS profile (grey line in Fig. 3.2a), while the less steep
European Moho would result in a less pronounced negative anomaly in the northern Western
Alps than in the southern Western Alps. This negative anomaly matches and possibly reflects
the distribution of low-V; lower-crustal rocks of the previously mentioned Variscan suture zones.
Further gravity modelling, which is beyond the aims of this paper, would help confirming such
hypothesis and may provide further support to the geologic interpretation of the CIFALPS2
profile shown in Fig. 3.2c.

The high-velocity seismic body located above interface '3’ in Fig. 3.3e and referred to as
"Adria seismic body’ by Nouibat et al. (2022a), was already detected in the V}, model by
Solarino et al. (2018) (Fig. 3.3f) and included in previous interpretations of the CIFALPS
profile. However, the V5 model by Nouibat et al. (2022a) allows tracing near-vertical faults
located to the east of the Rivoli-Marene Fault down to the lithospheric mantle. These strike-
slip faults, like the thrust faults underneath the External massifs, were active for a long time
after the exhumation of the subduction wedge (Malusa et al., 2017; Eva et al., 2020), and
a reconstruction of their original structure should be applied for a proper analysis of the
late Eocene dynamics of the subduction zone. The along-strike variations in European-Moho
attitude revealed by the CIFALPS experiments have major implications for the structure and
evolution of the overlying subduction wedge, which is much smaller in the northern Western
Alps (Fig. 3.2¢) than in the southern Western Alps (Fig. 3.3¢). Also, mantle-wedge rocks are
less involved in the orogeny in the north than in the south. Along the CIFALPS2 profile, we
interpret the set of diffuse negative-polarity Ps converted phases beneath the Gran Paradiso
dome as a progressive velocity change between subducted European crustal rocks and the
overlying serpentinized mantle-wedge rocks (Fig. 3.2c). However, no large body of partly
serpentinized mantle-wedge rocks is imaged beneath the Gran Paradiso dome, unlike beneath
the Dora-Maira dome. Another major difference is highlighted at the level of the subduction
channel, because a thick body of subduction-channel serpentinites and metasomatized mantle
peridotites was suggested for the CIFALPS seismic images in the southern Western Alps (Zhao
et al., 2020; Malusa et al., 2021), whereas no evidence of a thick and partly exhumed subduction
channel has been imaged along the CIFALPS2 profile.
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3.4.2 Lateral Moho variations and relations with the slab structure.

Our analysis reveals that the north-south change in the geometry of the subduction wedge is
significant between profiles that are only ~ 20 km apart. We further investigate the sharpness
of this change by mapping the depth of a Moho proxy, that is the iso-velocity surface Vs =
4.3 km/s in Fig. 3.4a, taking benefit of the 3-D Vs model of Nouibat et al. (2022a). According
to Figs. 3.2-3.3, this surface is a good proxy of the European Moho and a correct proxy for
the Adriatic Moho at some distance from the subduction wedge. Close to the subduction
wedge, the Adriatic Moho is shallower than the 4.3 km/s V; contour, for example because of
the serpentinization of upper-mantle peridotites (black dotted area in Fig. 3.4a). The western
boundary of the Adriatic upper plate in the northern Western Alps is marked by the Ivrea
gravity anomaly (red dashed line in Fig. 3.4a).

This Moho proxy depth map highlights the strong and sharp lateral changes in the deep
structure of the Western Alps, confirming what is revealed by receiver function analysis
(Figs. 3.2-3.3). The European Moho reaches very large depth (> 70 km, dark blue color
in Fig. 3.4a) almost only in the region between our two profiles, from CIFALPS?2 in the north
to ~ 20 km south of CIFALPS in the south. The European Moho is affected by a major
step, outlined by purple arrows in Fig. 3.4a, which is almost aligned with the Mont Blanc and
Belledonne external massifs. The yellow arrows mark instead the region with the strongest
along-strike change in European Moho attitude, which is located to the south of the Gran
Paradiso dome and oriented ENE-WSW. The shallow body of V; > 4.3 km/s (yellow star in
Fig. 3.4a) that is crosscut by the CIFALPS profile and interpreted as dry Adriatic mantle in
Fig. 3.3c, has a very small size of ~ 20 x 40 km? and is exclusively located to the east of the
Dora-Maira dome, within the region showing the deepest European Moho. This high-velocity
body is clearly crosscut, in map view, by the Rivoli-Marene Fault (RMF in Fig. 3.4a), which
marks the western boundary of the Adriatic upper plate in the southern Western Alps, in
agreement with the interpretive geologic cross-section of Fig. 3.3c.

The ENE-WSW change in European Moho attitude shown in the map, when plotted on
a 100-km depth slice of the P-wave velocity perturbation model of Zhao et al. (2016a) (black
arrows in Fig. 3.4b) is aligned with a major bend in the high velocity anomaly interpreted as
the European slab (dark blue colors in Fig. 3.4b). This suggests that the observed depression
in the European Moho could be a response to slab bending, which was likely promoted by the
Cenozoic northward motion and indentation of the Adriatic upper plate before (U)HP rock
exhumation (Fig. 3.4c). We exclude any potential change in European Moho attitude due to
European slab breakoff after (U)HP rock exhumation, because recent tomography models of
the Alpine region (e.g., Zhao et al., 2016a; Rappisi et al., 2022) document a continuous and
undetached slab beneath the Western Alps (see discussion in Malusa et al., 2021).
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3.4 Interpretation and discussion
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Figure 3.4: Along-strike Moho variations and relations with the slab structure. a: Analyzed
profiles on a Moho-proxy depth map based on the S-wave velocity model by Nouibat et al.
(2022a), where the iso-velocity surface V; = 4.3 km/s is considered as the best proxy for
the European Moho. Geologic boundaries (thin white lines) and major faults (black lines)
are also shown for reference (same acronyms as Fig. 3.1; MC: Massif Central). Black dots
mark the area where the Adriatic Moho lays at shallower levels than Vi = 4.3 km/s (e.g.,
due to serpentinization of the uppermost mantle, see main text and Figs. 3.2 and 3.3 for
details). Purple arrows: inherited Moho step in the lower plate (Lu et al., 2018). Yellow arrows:
region with the strongest along-strike change in Moho attitude. Yellow star: mantle-lithosphere
dry peridotite at shallow depth. Black diamonds: continental UHP localities (Chopin, 1984;
Manzotti et al., 2022). Dotted red line: 0-mGal contour of the Ivrea gravity anomaly (IGA,
from Bigi et al., 1990). b: Upper mantle depth slice of the P-wave velocity perturbation model
of Zhao et al. (2016a) (depth 100 km; same region as (a)). The strongest along-strike change
in Moho attitude (black arrows) is aligned with a major bend in the European slab (dark
blue colors in the model). c¢: Palinspastic reconstruction of the Alpine subduction zone at
35 Ma, showing the indentation of Adriatic lithosphere in the Central Alps and consequent
transtension in the Western Alps leading to (U)HP rock and mantle-wedge exhumation. The
exhumed mantle wedge of the southern Western Alps (in green) is juxtaposed against previously
exhumed mantle rocks at the tip of the Adriatic upper plate (horizontal lilac lines). The grey
arrow indicates Adria-Europe relative plate motion (after Malusa et al., 2021).
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Chapter 4

Ambient Noise Tomography of the
Ligurian-Provence Basin

This Chapter is a published paper in Journal of Geophysical Research. Citation: Nouibat,
A., Stehly, L., Paul, A., Schwartz, S., Rolland, Y., Dumont, T., Crawford, W., Brossier, R.,
Team, C., and Group, A. W. (2022b). Ambient-noise tomography of the Ligurian-Provence
basin using the AlpArray onshore-offshore network: Insights for the oceanic domain structure.
Journal of Geophysical Research: Solid Earth, 127(8), €2022JB024228, https://doi.org/10
.1029/2022JB024228.

In Chapter 2, we showed how high-quality ambient-noise correlations between onshore sta-
tions were used in a Bayesian inversion procedure to derive a large-scale Vs model, covering the
Alpine belt (Nouibat et al., 2022a). The robustness of this model was emphasised in Chapter
3, through comparison with independent data in the western Alps (Paul et al., 2022). In the
present Chapter, we aim to take use of the ocean-bottom-seismometers (OBSs) of AlpArray to
extend the 3-D model to the Ligurian sea. However, the use of OBSs in ambient noise imaging
is a challenging topic. OBS noise recordings are affected by different type of long-period noises
— electronic transients (e.g., glitches) and infra-gravity waves, seafloor currents induced noises
(compliance, tilt). Furthermore, OBS-OBS first order correlations (or C''s) are of lower quality
than onshore correlations, thus limiting the number of dispersion measurements to be used for
the 2-D inversion and therefore the coverage of the Vi model a posteriori. Finally the water
column above the OBSs — often not taken intro account in the inversion at depth for Vs — may
have a considerable influence on the short-period component of the local dispersion curves.

We present a self-consistent ambient-noise tomography procedure for oceanic imaging with
OBS data. This procedure includes a pre-processing step to correct the OBS continuous records
from the transients and the seabed-induced noises. The second step consists on computing it-
erative correlations (or C2s) between the OBSs to enhance the seismic coverage in the marine
part. Then, similar to Nouibat et al. (2022a), the 3-D V; model is derived using a transdimen-
sionnal 2-D inversion for group-velocities followed by a probabilistic inversion for Vy at depth.
In the inversion at depth, the water column is accounted for in the oceanic domain. This
complete procedure is applied successfully in the Ligurian Sea by combining onshore stations
and OBSs. The V; model, validated by controlled-source seismic data, provides new insights
into the 3-D architecture of the oceanic crust in the Ligurian-Provence basin.


https://doi.org/10.1029/2022JB024228
https://doi.org/10.1029/2022JB024228

Summary

The Ligurian-Provence basin (Northwestern Mediterranean Sea) is one of the Miocene-Pliocene
back-arc basins that resulted from the retreat of the Adria subduction in the plate reorganiza-
tion due to Africa-Europe convergence. The crustal structure of the basin is still debated, even
though it has been probed by active seismic profiling. We derive a three-dimensional shear-
wave velocity model of the Ligurian-Provence back-arc basin (Northwestern Mediterranean
Sea) using ocean-bottom seismometers (AlpArray OBSs) and land stations from permanent
and temporary seismic networks. The quality of OBS continuous records is enhanced by a
specific processing that reduces instrumental and seabed-induced noises (transients, tilt, com-
pliance). To further improve the resolution of ambient-noise tomography in the offshore area,
we compute the Rayleigh-wave part of the Green functions for OBS-OBS pairs by using onshore
stations as virtual sources. 2-D group-velocity maps and their uncertainties are computed in
the 4 - 150 s period range by a transdimensional inversion of Rayleigh-wave travel times. The
dispersion data and their uncertainties are inverted for a probabilistic 3-D shear-wave velocity
model that includes probability densities for V; and for the depth of layer interfaces. The
probabilistic model is refined by a linearized inversion that accounts for the water layer in the
Ligurian Sea. Our S-wave velocity and layer boundary probability models correspond well to
a recent, high-resolution P-wave velocity cross-section derived from controlled-source seismic
profiling along the Ligurian-Provence basin axis. A joint interpretation of the P- and S-wave
velocity sections along this profile reveals a thin, anomalous oceanic crust of low P-wave ve-
locities but high S-wave velocities, intruded by a gabbroic body. The illuminated part of the
upper mantle appears to be devoid of serpentinization.

keypoints:

e Efficient processing scheme to remove transients and reduce tilt and compliance from
continuous ambient noise recorded by OBSs

e Computation of iterative correlations between OBSs based on a virtual reconstruction of
the Rayleigh waves

e Thin, anomalous oceanic crust with gabbroic intrusions evidenced in the basin axis from
a joint interpretation of Vi and V), models
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4.1 Introduction

In the last two decades, the deployment of extensive and dense seismic networks of temporary
broadband sensors (e.g., USArray, IberArray) has provided a better understanding of the deep
structures of the crust and upper mantle, in particular through the emergence of increasingly
more precise 3-D seismic imaging (e.g., Moschetti et al., 2010; Levander et al., 2011). However,
many of these dense arrays included exclusively onshore sensors, thus preventing 3-D imaging
of continent-ocean transitions and oceanic domains. The AlpArray seismic network (AASN)
that covers the European Alps and their foreland, is one of the few dense seismic networks
consisting of both onshore and offshore stations (Fig. 4.1; Hetényi et al., 2018). The onshore
AASN has been used in ambient-noise imaging studies at the scale of the Alps and Apennines
to construct 3-D models of shear-wave velocity (Lu et al., 2018, 2020), attenuation (coda-Q,
Soergel et al., 2020), and radial anisotropy (Alder et al., 2021), as well as at the regional scale,
e.g., Vienna basin (Schippkus et al., 2018), Western Alps (Zhao et al., 2020), Southeastern Alps
(Sadeghi-Bagherabadi et al., 2021) and Bohemian Massif (Kvapil et al., 2021). The German-
French ocean-bottom seismometers (OBS) of the AlpArray network have been deployed to
gain insights into the 3-D structure of the lithosphere beneath the Ligurian-Provence basin
and its margins, where major geological/geodynamical issues remain to be clarified. The OBS
recordings have been used together with data of onshore permanent and temporary stations in
the transdimensional ambient-noise tomography of Nouibat et al. (2022a) that covers a large
part of Western Europe. In Nouibat et al. (2022a), we described the probabilistic inversion
strategy for Rayleigh-wave group-velocity maps and their uncertainties, the injection of these
uncertainties in the inversion for the Vs model, and the validity of the model in the southwest-
ern Alps. The present paper is a complement to Nouibat et al. (2022a) that focuses on the
Ligurian-Provence basin. We describe here the specific processing of OBS records and the use
of iterative noise correlations that are required to improve ray coverage in the Ligurian Sea,
hence improving the model resolution in the basin. We further explain how the water layer
and its thickness changes are taken into account in the inversion for S-wave velocity. Finally,
we compare our Vs model to a V,, section derived from controlled-source seismic profiling along
the basin axis.

The geodynamic context of the western Mediterranean region is controlled by the northward
motion of Africa (1 cm/yr) with respect to Europe since Late Cretaceous times (Fig. 4.1). This
global convergence was accommodated by several collision episodes involving Europe with
continental micro-plates (Iberia and Adria), leading to the formation of peri-mediterranean
mountain belts (Alps, Apennines, Pyrenees, Dinarides and Betics; e.g., van Hinsbergen et al.,
2020). During Miocene and Pliocene times, part of this convergence was accommodated by
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development of back-arc extensional basins behind the Adria northwest-dipping subduction
zone (e.g., Gueguen et al., 1998; Jolivet et al., 2020). This extension started in the Ligurian-
Provence basin, and has further spread from west to east, resulting in the opening of the
Algerian basin, and later, of the Tyrrhenian basin (e.g., Séranne, 1999; Rollet et al., 2002).
Crustal thinning in the central Ligurian basin resulted in the formation of a narrow oceanic
domain mainly identified from geophysical data, including seismic reflection, refraction and
wide-angle profiling (e.g., Egger et al., 1988; Déverchere and Beslier, 1995; Dannowski et al.,
2020), altimetry data and magnetic data from aeromagnetic surveys and reduction to the
pole (Sandwell et al., 1995). Although the crust of the central Ligurian basin is considered
"atypical’ because it is thinner than normal oceanic crust and highlights non-linear magnetic
anomalies and a concomitant low gravity anomaly (Bayer et al., 1973; Sandwell and Smith,
1997; Rollet et al., 2002), its petrological and lithological nature is poorly constrained and
still debated. Several hypotheses have been considered: (1) thin oceanic crust with tholeitic
volcanism overlying mantle rocks, similar to the Tyrrhenian sea (e.g., Mascle and Rehault,
1990; Bonatti et al., 1990); (2) partly serpentinized peridotites of exhumed upper mantle mostly
devoid of volcanic crust (e.g., Boillot et al., 1989; Beslier et al., 1993; Jolivet et al., 2020); (3)
thinned and stretched continental crust related to an hyper-extended margin (e.g., McKenzie,
1978; Pascal et al., 1993; Dannowski et al., 2020).

We combine the OBS records of the AlpArray network with those of 890 onshore stations
from the AlpArray temporary network, the Cifalps-2 temporary experiment and European
permanent networks (Fig. 4.1). Ambient-noise data recorded by OBSs have already been used
to build shear-wave velocity and anisotropy models in different regions, e.g., South-central
Pacific (Harmon et al., 2007), Southeast of Tahiti Island (Takeo et al., 2016) and Western
Indian Ocean (Hable et al., 2019). The originality of our approach lies in the specific processing
of OBS records and their use within an innovative tomographic framework based on data-driven
Bayesian inversions, which has recently been successfully applied to image the lithosphere at
the scale of Western Europe (Nouibat et al., 2022a). Specific and careful pre-processing of
OBS records is compulsory because they are affected by noise sources at the seabed such
as compliance and tilting, and they may also be impacted by intrinsic instrumental noise
(Crawford et al., 1998; Crawford and Webb, 2000; Deen et al., 2017). Furthermore, OBSs
are sensitive to local noise sources such as tides and currents, boat traffic, or marine animals,
which are not recorded coherently over long distances (e.g., Batsi et al., 2019). Such noises
are therefore unsuitable for ambient-noise tomography, and they even alter the signal-to-noise
ratio of surface waves reconstructed by noise correlation. Finally, the water column above the
seismometers (water depth of 1100 - 2800 m in our case) may have a significant impact on the
quality of the Rayleigh-wave dispersion measurements between distant OBSs, particularly at
periods shorter than 15 s. Wolf et al. (2021) have highlighted the difficulties in using the AASN
OBSs to measure Rayleigh waves dispersion curves from noise correlations. These difficulties
are partly related to the high level of sea-floor noises. To overcome these difficulties, we propose
an innovative way of computing seismic noise correlations using OBS data that consist (1) in a
pre-processing of the OBSs noise records that decrease efficiently the seabed noise, and (2) in
computing iteratively noise correlations between OBS stations using onshore stations as virtual
sources.
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Figure 4.1: Tectonic map of the western Mediterranean region (modified from Faccenna et al.,
2014; Jolivet et al., 2020) with locations of seismic stations used in this work (red circles:
onshore sensors; green triangles: AASN OBS). The oceanic domains of the Ligurian-Provence,
Algerian and Tyrrhenian back-arc basins are filled with gray color. The gray frame shows the
location of the map in Figure 4.8a.

The overall methodology and its results are presented in sections 2 to 4. Section 2 is
dedicated to the description of a specific pre-processing that aims at cleaning OBS daily noise
records from instrumental transient glitches and seafloor noises. Section 3 presents how iterative
noise correlations are computed between OBSs using onshore stations as virtual sources. In
section 4, we show how noise correlations are used to build a 3-D S-wave velocity model of the
Ligurian-Provence basin by computing 2-D probabilistic transdimensional Rayleigh wave group
velocity maps and their uncertainties at different periods, and by inverting local dispersion
curves to derive a probabilistic V; model. The fifth and final section is dedicated firstly to a
validation of the resulting 3-D V; model through a comparison with a recent V}, model obtained
along a linear refraction, wide-angle seismic profile in the center of the basin by Dannowski
et al. (2020). Finally, we show how the combination of the V}, and Vi models along the same
profile provides insightful clues to the structure and nature of the crust in the central Ligurian-
Provence basin.
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4.2 Data processing

4.2.1 Description of the AASN sea-bottom instruments

We processed ambient-noise records from 23 ocean-bottom-seismometers (OBS in Fig. 4.1) that
were deployed for eight months in the northwestern Mediterranean Sea as the offshore part of
the AlpArray temporary seismic network (AASN; network code Z3). All OBSs were deployed in
June 2017 by the AlpArray-OBS cruise of the French R/V "Pourquoi-Pas?’ (Crawford, 2017),
and recovered in February 2018 by the MSM71 cruise of the German R/V 'Maria S. Merian’
(Kopp et al., 2018).

Sixteen LOBSTER instruments (Long-term Ocean Bottom Seismometer for Tsunami and
Earthquake Research) belong to the GEOMAR and DEPAS pools (German instrument pool for
amphibious seismology). Designed by K.U.M. Enviromental- and Marine Technology GmbH,
these instruments were equipped with HTI-01-PCA hydrophones from High Tech Inc., Tril-
lium compact velocimeters from Nanometrics and K.U.M., and with CMG-40T velocimeters
from Giiralp for four of them. Seven broadband OBS (BBOBS) belong to the French OBS
pool of INSU-TPGP. Designed by the Scripps Institution of Oceanography, these instruments
were equipped with deep-sea differential pressure gauges and Nanometrics Trillium-240 very
broadband velocimeters.

The drift of the sensor clocks was measured before the deployment and after the recovery.
Recordings were then corrected for clock drift in the RESIF and GEOFON datacenters that
archive and distribute the dataset. Hable et al. (2018) has demonstrated that the assumption
of a linear clock drift is adequate for the ocean-bottom instruments used here.

4.2.2 Glitch removal

The first step of the processing of OBS data is the removal of instrumental transient nearly-
periodic impulsive noises (glitches) from continuous records of the 7 French broadband OBSs
(BBOBS in section 2.1). Indeed, the vertical-component signals exhibit glitches of 1-hr period
caused by the activation of the hourly-check of the internal mass centering of the sensor. The
pressure component exhibits glitches with a period of 2.65 hrs, related to data writing on the
hard disk. No glitch was detected on the horizontal components. Similar glitches have been
observed in other datasets recorded with the same instruments (e.g., Deen et al., 2017).

Similarly to Deen et al. (2017), we remove glitches from the data using an average glitch
waveform matching algorithm. Detailed explanation can be found in Text S1 of the supporting
information. Supplementary Fig. 4.10 shows a vertical-component daily record of OBS A416A
before and after removing the hourly glitches. It documents the efficiency of the processing
by comparing the original signal (in blue), the synthetic glitch signal time series (in red), and
the final, glitch-free signal (in black). Similarly, Supplementary Fig. 4.11 shows a daily record
of the pressure component before and after removing the 2.65-hrs-period glitches. The power
spectral density curves of an example of 1-day raw and pre-processed vertical component record
displayed in Fig. 4.2a, show that removing the glitches reduces the noise level by up to 15 dB
at frequencies lower than 10~! Hz.
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4.2.3 Seafloor-noise reduction

At frequencies below 5 x 1072 Hz, the power spectral densities (PSD) of the three-component
records of all OBSs are dominated by noise due to compliance and tilt (Fig. 4.2). The com-
pliance is a long-period pressure signal generated by infra-gravity waves induced by pressure
variations in the water column (Crawford et al., 1998). Tilting corresponds to displacements
and rotations of the sensor induced by seafloor currents that also generate long-period noise.
As documented by Fig. 4.2a, long-period noise is stronger on the horizontal components than
on the vertical-component. Crawford and Webb (2000) have shown that noise on the vertical-
component is lower when the instrument is better levelled. However, long-period noise on the
vertical component strongly increases if the instrument is tilted, even slightly, since accelera-
tion induced by seafloor currents on the horizontal components is projected onto the vertical
component.

Tilt and compliance noises on the vertical-component records are reduced by using a
frequency-dependent response function method (Crawford et al., 1998; Crawford and Webb,
2000). The horizontal components are firstly corrected for compliance noise by subtracting
coherent signals derived from the pressure component. In a second step, tilt noise is reduced in
the vertical-component by subtracting coherent signals derived from the compliance-corrected
horizontal components (black to green in Fig. 4.2a). Finally, the resulting vertical-component
signal is corrected for compliance by subtracting the coherent signal derived from the pressure-
component signal (green to purple). Text S2 of the supporting information provides a detailed
explanation of this procedure.

Figure 4.2a shows the power spectral density of a daily, vertical-component record of OBS
A416A before any correction is applied (blue curve), after correcting from the hourly glitches
(black), from the tilt (green) and from the compliance (purple). As shown in Fig. 4.2b, the co-
herence of the raw vertical-component with the horizontal components (black and blue curves)
increases below 5 x 1072 Hz (see also Supplementary Fig. 4.12a) while coherence with the
pressure component increases around 1.2 x 1072 Hz. Figure 4.2a shows that the reduction
of the tilt noise (green curve) is maximum (10 dB) at 5 x 10~3 Hz, which is the frequency
with the maximum coherence between the vertical component and the 2 horizontal compo-
nents. The correction for the compliance noise is almost negligible for this record except
around 1.2 x 10~2 Hz, where the coherence between the vertical and the pressure components
increases (green area in Fig. 4.2b). Supplementary Fig. 4.12b confirms that the correction for
compliance is maximized for this station around 1.2 x 1072 Hz. In this specific case, the tilt
noise is stronger than the compliance noise, which indicates that pressure variations generate
less noise than sea-current induced tilt. This strong tilt noise may result from strong currents
at the seabed and/or the presence of poorly consolidated sediments directly under the OBS.
The lower compliance noise may be due to the large water depth of OBS A416A (~ 2630 m),
damping the effect of pressure-induced infra-gravity waves.
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Figure 4.2: Effect of the different corrections for glitch and seafloor noises on the PSD of a
1-day vertical-component record of OBS A416A. Raw signals are band-pass filtered between 2.5
and 250 s, corrected from the instrumental response and decimated to 1 Hz sampling frequency.
(a) PSDs before and after corrections; Orange dashed lines indicate the Peterson (1993) New
Low and High Noise Model (NLNM & NHNM); Blue: PSD of the raw vertical-component
record (blue signal in supplementary Fig. 4.10a); At frequencies > 5 x 1072 Hz, the PSD is
dominated by the primary (~ —140 dB) and secondary (~ —120 dB) microseisms. At longer
periods, the PSD is dominated by the effect of the periodic glitches and the seafloor noises with
levels similar to the secondary microseism and higher than the NHNM (in the 3 x 1072 Hz -
4 x 1072 Hz band) with a peak amplitude at 5 x 10~3 Hz; Black: PSD of the Z-component
after correction for the 1-hr glitches (black signal in supplementary Fig. 4.10a); The —130 dB
peak at 5 x 1073 Hz remains, pointing to its oceanic origin; Its amplitude is weaker than the
secondary microseism but still stronger than the primary microseism; Green: PSD of the Z-
component after correction for the glitches and the tilt noise; Purple: PSD of the Z-component
after correction for the glitches and seafloor noises; The maximum amplitude of the residual
signal is now well below the primary microseism and the NHNM. The dotted and dashed black
curves are the PSDs of the horizontal components. Colored areas show the reduction of the
noise level after correcting from glitches (blue), from the tilt (gray), and from the compliance
(green). (b) Coherence between the vertical channel and the horizontal (blue and black curves)
and pressure (red curve) channels. The gray area shows the frequency domain where the Z-
component is coherent with the horizontal components due to tilt noise. The green area shows
the domain where the Z-component is coherent with the pressure component due to compliance
noise. At frequencies higher than 5 x 1072 Hz, the coherence is due to primary and secondary
microseisms.
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4.3 Computation of noise correlations and group-velocity mea-
surements

Once OBS records have been corrected for glitches and seafloor noises, we apply the same
pre-processing scheme described below to the records of all stations, onshore and offshore, in
order to prepare the calculation of inter-station cross-correlations. As explained in Soergel
et al. (2020) and Nouibat et al. (2022a), we first down-weight the contribution of earthquakes
and other high-amplitude transients by removing all 4-hr segments with a peak amplitude 4
times greater than the standard deviation of the current daily record, and with a RMS greater
than 1.5 times the daily mean RMS. Each daily record is then filtered into six period bands
(3-5,5-10, 10 - 20, 20 - 40, 40 - 80 and 80 - 200 s) and amplitudes are normalized by
their envelope. Finally, the 6 filtered and normalized signals are stacked to obtain the 4-hr
pre-processed broadband signal.

4.3.1 First-order correlations

As in Nouibat et al. (2022a), we compute seismic noise cross-correlations for all station pairs
by segments of 4 hrs. The 4-hr correlations are normalized and stacked to obtain a single
reference correlation per station pair. We use up to 4 years of continuous vertical records for
on-land stations pairs, and up to 8 months data to compute correlations for OBS-OBS and
OBS-land-station pairs.

As shown by Nouibat et al. (2022a) and supplementary Fig. 4.13a, Rayleigh waves are
clearly visible in the correlations for on-land station pairs in a wide period band (5 - 150 s). The
Rayleigh waves have an average signal-to-noise ratio (SNR) greater than 3.5 (Supplementary
Table 4.2). Although correlations for OBS-land station pairs are computed from only 8 months
of data, Rayleigh waves have a SNR > 3 in the 5 - 70 s period band, except in the 40 - 70 s band
where the SNR is slightly lower (SNR = 2.87, see supplementary Fig. 4.13b and Table 4.2).
These noise correlations can therefore be used for Rayleigh-wave tomography. Supplementary
Figures 4.13b-c demonstrate the effectiveness of corrections for glitches and seafloor noise in
enhancing the SNR of correlations between OBS and land-station records.

First-order correlations between raw OBS records are displayed in the Fig. 4.3a. They can
be compared to correlations for land-land station pairs and OBS-land station pairs shown in
Supplementary Fig. 4.13. The SNR of correlation signals for OBS pairs is poorer than for other
types of pairs in all period bands (average SNR < 2.6, Table 4.1). Therefore, Rayleigh waves
are hardly detectable at periods shorter than 40 s in OBS-OBS correlations, and undetectable
at longer periods (SNR < 1.6, Table 4.1). This may be explained by several factors such as local
noises generated around the sensors by seafloor currents, or seismic noises generated between
the stations that induce signals around time 0 s of the correlations, masking the Rayleigh
waves. Therefore, these first-order OBS-OBS correlations of raw records cannot be used for
Rayleigh-wave tomography.

Figure 4.3b and Table 4.1 document once again the effectiveness of the corrections for
glitches and seafloor noises applied to OBS records, which improve the inter-OBS correlation
signals. The correlations have a better SNR and are more symmetrical than those obtained
from uncorrected signals, particularly at periods shorter than 40 s (columns a-b of Fig. 4.3).
However, correlation signals are still noisy, particularly at short lag times, and accurate
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4.3 Computation of noise correlations and group-velocity measurements

measurements of Rayleigh-wave group velocities remain challenging. To further improve the
quality of correlations for OBS pairs, we chose to virtually reconstruct the Rayleigh waves by

computing iterative correlations.

SNR — % of retained paths

Period band 1st order CC Cleaned 1st order CC 2nd order CC

10s —20s  2.52 — 2.45% 3.29 — 8.11% 5.77 — 39.6%
20s —40s  2.32 — 1.52% 3.61 — 11.5% 5.62 — 23.4%
40s —70s  1.57 — 0.03% 3.12 — 5.22% 4.52 — 14.3%
70s —150s  1.13 — 0.01% 1.42 — 2.61% 4.37 — 7.31%

Table 4.1: Signal-to-noise ratio and percentage of selected paths for group-velocity tomography
in different period bands using: (1) first-order cross-correlations of raw OBS vertical-component
records, (2) first-order cross-correlations of pre-processed signals (corrected for glitches, and
seafloor noises), and (3) second-order cross-correlations of pre-processed signals.
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Figure 4.3: Time-distance plots of correlation signals for OBS-OBS pairs, obtained in different
period bands at different steps of the processing. (a) First-order cross-correlations (C1s) of raw
signals. (b) C's of pre-processed signals (glitch removal & seafloor-noise reduction). (c) Second-
order correlations (C?s). The C'ls in (a) are generally of poor quality and poor symmetry, with
strong signals at short lag times due to interferences even at short periods. These interferences
become stronger with increasing period, and they progressively overshadow the Rayleigh wave-
trains. In (b), the C! signals are strongly improved due to corrections for glitches and seafloor
noises, in particular in the three short- and medium-period bands. The 70 - 150 s band is still
affected by interferences that hide the Rayleigh wave-trains. In (c), the quality and the time-
symmetry of correlation signals are significantly improved in all period bands by the calculation
of C?s. In particular, the Rayleigh wave-train emerges from the noise in the long-period band.
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4.3.2 TIterative correlations for OBS-OBS paths

We have seen in the previous section that correlations for OBS pairs can hardly be used for
Rayleigh-wave tomography. Since correlations computed between onshore stations and OBSs
exhibit clear Rayleigh waves, we will use onshore stations as virtual sources in order to measure
the travel time of Rayleigh waves between OBSs. Indeed, first-order correlations computed
between onshore stations and OBSs contain the Rayleigh-wave part of the Green’s function.
It is thus possible to use them to mimic the case where Rayleigh waves are emitted on the
continent and recorded by OBSs. By computing correlations of Rayleigh waves emitted by
each virtual source and recorded by two OBSs (i.e., by computing a second-order correlation),
it is possible, thanks to the stationary phase theorem, to isolate the Rayleigh-wave propagating
between the two OBSs, and therefore to measure its travel time. We explain this with more
detail in the following.

Let us consider any medium with a distribution of sources f. The wavefield recorded at a
station A can be expressed using the Green’s function G of the medium:

u(ra,t // G(rs,ra, ) f(ra,t —t') dt’ dr (4.1)

It has been shown that the time-derivative of the first-order cross-correlation C e B(T) com-
puted between wavefields recorded at two stations A and B is the Green’s function Gy (1)
of the medium, assuming for instance a perfectly homogeneous distribution of white noise ev-
erywhere in the medium (e.g., Lobkis and Weaver, 2001; Snieder, 2004; Wapenaar, 2004; Roux
et al., 2005; Weaver, 2005; de Verdiere, 2006):

d
O (1) = G (7) (42)

In the case where all white noise sources are spatially uncorrelated, the correlation of wavefields

recorded at A and B can be rewritten as the integral of correlations between G(7,77) and
G(7,rp):

CI(T_A,’I"E,T) :/ u(ra, t) w(rp,t+71) dt
0
:// G(rs,ra,t) flrs,t —t') dt’ dﬁ;@// G(rs, 1B, ) frs,t —t') dt’ drs
QJo QJo

=/ G(rs,74,t) @ G(ra, rp, t) dry
Q
(4.3)

where ® denotes the cross-correlation operation. Since the time-derivative of correlations is
similar to the Green’s function of the medium, it follows immediately by substituting dC*/dt
to G in Eq. 4.3 that the first-order correlation is equivalent to a second-order correlation that
we will note C?:

d

cw%@w:/cﬂ,*>®d
Q

5 CH (%7, 1) diy = C*(rh, 7, 7) (4.4)

dt

Equation 4 indicates that it is possible to reconstruct the Green’s function of the medium
between A and B by re-correlating the noise correlations computed between each point of the
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medium and stations A and B. However, this demonstration assumes that the time-derivative
of correlations are the exact and complete Green’s function of the medium. The assumption
would be correct if stations that could be used as virtual sources would exist everywhere in the
medium.

In practice, the seismic noise recorded at the Earth surface in the period band considered
in this work (5 - 150 s) is dominated by Rayleigh waves. As a consequence, noise correlations
computed between onshore stations and OBSs do not provide the full Green’s function of the
medium including all propagating modes, but they do provide robust estimates of the travel
time of Rayleigh waves.

Rather than attempting to reconstruct the full Green’s function, we will measure the travel
time of the Rayleigh waves between OBSs A and B by using a simplified approach inspired by
Eq. 4.4. It consists in re-correlating only the Rayleigh-wave parts of the correlations computed
between onshore stations and OBSs A and B, that we consider as the Rayleigh-wave part of
the Green’s function:

d d

d d
702,Ray _‘7 _‘7 = / — CLRQZJ —; >t Cl,Ray —; >t d—;
dr (TA B 7—) dr o dt (T yTA, )® dt (T y B, ) r (45)

~ GRay(r_A, By T)

where superscript ’Ray’ indicates that we only correlate the fundamental mode of Rayleigh
waves of first-order correlations. In that way, we only retrieve the fundamental mode of the
Rayleigh-wave part of the Green’s function.

In practice, the distribution of virtual sources is never homogeneous. Instead, we use
land stations deployed all over Western Europe, while OBSs are located in the Ligurian Sea
(Fig. 4.1). Therefore, the condition of the stationary phase theorem are not completely met.
To circumvent this difficulty, we select virtual sources that are expected to contribute construc-
tively to the correlations (Fig. 4.4). To that end, we design a virtual-source azimuthal-filter
that only retains sources located in the end-fire lobe of the OBS couple, that is in azimuths at
+ 20° with respect to the azimuth of the OBS pair. Moreover, we enhance the virtual source
coverage by using separately the causal and anticausal parts of the first-order correlations to
compute the second-order correlation.

Because onshore stations are well distributed and OBS-onshore correlations exhibit clear
Rayleigh waves, the use of virtual sources in iterative correlations for OBS-OBS paths leads to
a higher quality of Rayleigh waveforms (columns b-c of Fig. 4.3 and Table 4.1). This is achieved
through: (1) separately recovering the causal and anticausal parts of the Green’s function by
using separately the causal and anticausal parts of the first-order correlations, thus avoid-
ing interferences at long periods, and (2) controlling the distribution of virtual sources, thus
guaranteeing a higher quality of the C?s by contrast to OBS-OBS C's that exhibit low signal-
to-noise ratio probably due to local noise sources. These local noise sources do not contribute
significantly to OBS-onshore stations paths, and therefore neither to second-order correlations.
Supplementary Fig. 4.14 shows that phases of the Rayleigh waveforms reconstructed from the
C' and C? processes match. In the 5 - 10 s band, iterative correlations do not systematically
improve the signal quality as compared to first-order correlations. Therefore, we select for each
path the correlation of highest quality after checking that the C'!' and C? are coherent.

The strengths of the iterative correlations make it possible to substantially improve the
path coverage in the Ligurian-Provence domain (Table 4.1). Our results demonstrate the
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efficiency of this method in providing robust group-velocity measurements. Further illustration
and validation will be the subject of a future paper.
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Figure 4.4: Details of the computation of second-order correlations for 2 examples of OBS-OBS
pairs, using station CFF (FR network) as virtual source. (1-2a): Station location maps. In
example (1), the virtual source is roughly aligned with the OBS pair, while in example (2),
the azimuth of the virtual source is almost perpendicular to the pair. (1-2b, 1-2¢): First-order
correlation signals between CFF and each OBS. The green areas show the Rayleigh-wave search
windows (wave propagation of 1 to 5 km/s over the inter-station distances). The blue areas
show the Rayleigh-wave detection windows. (1-2d): First-order correlation of the OBS signals
(C', in black), and correlation of the positive-time (causal) parts of the C's between CFF
and the OBS couple (P-P, in blue). (1-2e): First-order correlation of the OBS signals (C1,
black), and correlation of the negative-time (acausal) parts of the C's between CFF and the
OBS couple (N-N, red). (1-2f): Comparison of the causal (P-P, blue) and acausal (N-N, red)
C?s (that will be summed to obtain the final C?), with the first-order correlation of the OBS
signals (C', black). The C? and C! signals have similar phases in (1) where the virtual source
is aligned with the OBS pair. They have incoherent phases in (2), since CFF is not located in
the end-fire lobe of this OBS pair (see text).
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4.3.3 Group-velocity measurements

Once first-order and iterative correlations have been computed for onshore and offshore stations
respectively, we derive group-velocity dispersion curves of the causal and acausal parts of the
correlations by using multiple filter analysis (MFA, Dziewonski et al., 1969b; Herrmann, 1973).
As in Nouibat et al. (2022a), we adapt the width of the gaussian filter to the inter-station
distance to accommodate the trade-off in resolution between the time and frequency domains
(Levshin et al., 1989). We correct our group-velocity measurements from the biases that
occur when the MFA method is applied on signals having a non-flat spectrum (Shapiro and
Singh, 1999). This is especially important when measuring Rayleigh-wave velocities using noise
correlations around the first and second microseismic peak, i.e., around 7 s and 14 s.

In order to build the group-velocity maps in the Ligurian-Provence domain, we maximize
the path coverage over the Ligurian Sea by using simultaneously OBS-OBS, land-land, and
land-OBS station pairs. A careful selection of group-velocity measurements is achieved to keep
the most reliable ones and discard those that are biased by an unfavorable distribution of noise
sources, or by interferences of causal and acausal Rayleigh waves for instance.

For first-order correlations (C's) computed between land-land and land-OBS stations, at
each period, we keep measurements if: (1) the SNR defined as the ratio of the Raleigh-wave
peak amplitude and the standard deviation of the following signal, is greater than 3 on the
positive and negative correlation times, (2) group velocities measured in positive and negative
correlation times differ by less than 0.2 km/s, and (3) the inter-station distance is greater
than 2 wavelengths. For iterative correlations (C?s) computed between OBS stations, we
do not use the SNR criteria, since iterative correlations only exhibit the fundamental mode
of the Rayleigh waves, owing to their construction. Nevertheless, for each C? satisfying the
distance and symmetry criteria, we only keep the group-velocity measurement of the side of the
correlation (positive or negative time) where the amplitude of the Rayleigh-wave is maximum
(i.e., where we have more virtual sources contributing).

Table 4.1 shows that for OBS-OBS pairs, the selection procedure would reject more than
97% of Rayleigh waves velocity measurements performed on first-order correlations computed
using OBS data that were not corrected from the compliance and tilt noises. This illustrates
that these signals are obviously not usable for ambient-noise tomography. By contrast, we
selected between 2.6% to 11.5% of the measurements performed on first-order correlations
done using OBS data corrected from sea floor noises. This highlights the importance of the
pre-processing scheme described in section 2. Moreover, we kept between 7.3% and 39.6%
of group-velocity measurements performed on iterative correlations (C?s) depending on the
period-band considered. Second-order correlations provide a substantial gain over first-order
correlations, leading to a significant improvement of the raypath coverage in the Ligurian-
Provence basin with respect to the ANT of Wolf et al. (2021) based on first-order correlations.
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4.4 3-D shear-wave velocity model

4.4.1 Inversion for 2-D group-velocity maps

We compute 2-D group-velocity maps and associated uncertainties using a ’data-driven’
transdimensional approach at discrete periods from 4 s to 150 s. At each period, probabilistic
group-velocity maps are derived by exploring millions of 2-D models using the reversible-jump
Markov-chain Monte-Carlo method (rj-McMC, Bodin et al., 2012). The method used for
the inversion and the spatial resolution of the resulting group-velocity maps are discussed in
detail in Nouibat et al. (2022a). Uncertainty and path density maps at different periods are
presented in Supplementary Figure 4.15.

16 2.0 24 2.8 3.2 3.6 4.0
U (km/s)

Figure 4.5: Group-velocity maps (average solutions) at 6 to 35 s periods, obtained with the
Hierarchical Bayes reversible-jump algorithm. Only areas with uncertainty lower than 0.5 km/s
are shown. C-SLPB: central and southwestern parts of the basin, GL: Gulf of Lion, NLPB:
northeastern Ligurian-Provence basin, SFB: southeast-France basin.
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Resulting group-velocity maps of the Ligurian-Provence basin and its margins are shown
in Fig. 4.5 for periods from 6 s to 35 s. The 6 s and 8 s maps (sensitive to ~ 4 - 8 km
depth) highlight low-velocity anomalies (U < 1.6 km/s) in the central and southwestern parts
of the basin (C-SLPB in Fig. 4.5), that are probably associated with thick sediment sequences.
These velocities are lower than those of the southeast-France basin and the Gulf of Lion (re-
spectively SFB and GL in Fig. 4.5). The northeastern Ligurian-Provence basin (NLPB), its
northern, Provence coast margin and its southern margin in Corsica have larger velocities
(U > 2.4 km/s). From simulations of Rayleigh-wave dispersion in synthetic 1-D models, we
show that such periods are also highly sensitive to the presence and thickness of the water
column (Supplementary Figure 4.16). The 10 s map still shows velocities lower than 2.5 km/s
in the central and southwestern Ligurian-Provence basin. The 12 s and 15 s maps (sensitive to
~ 10— 15 km depths) highlight velocities larger than 3.5 km/s associated with the thin crust of
the Ligurian basin. However, the northeastern basin has lower velocities indicative of a deeper
Moho in the Gulf of Genova. Velocities lower than 3.2 km/s correspond to thick crust under
Corsica and the Provence coast. At 25 s period (sensitive to ~ 15 — 30 km depth), velocities
are still lower along the western coast of the Gulf of Genova than in the basin, indicative of a
thicker crust, as in Corsica. At 30 s and 35 s periods, group velocities are homogeneous and
exhibit large velocities (U > 3.5 km/s) in most of the study region.

4.4.2 Inversion for shear-wave velocity

The group-velocity maps and their uncertainties are used to derive a 3-D V; model. For this,
we perform a two-step data-driven inversion to tackle the non-unicity of the inverse problem.
The main part of this process is described in detail in Nouibat et al. (2022a), so we will only
summarize it here. We will rather focus on the specificity of the inversion for the offshore
region, which is the consideration of the water layer. A result of the inversion for Vy at an
offshore location in the Ligurian Sea is shown in Supplementary Fig. 4.17.

Firstly, a 3-D probabilistic solution is computed that gives at each location the probability
distribution of V; and the probability of having an interface as a function of depth. This is
achieved using an exhaustive grid search on a set of ~ 130 million synthetic four-layer models,
which include a sedimentary layer, the upper crust, the lower crust and a half-space representing
the upper mantle. The strength of this first-step Bayesian framework lies in constraining the
structural complexity of the crust (i.e., of the short-period part of the dispersion curve) by
means of an ensemble of models, fitting the dispersion curve to the degree required by its
uncertainties. However, due to the four-layer model assumption, this procedure is not sufficient
to fully describe the complexity of the model structure, particularly in the mantle part, that
is in the long-period part of the dispersion curve. Hence, we use an iterative linear least-
square inversion (Herrmann, 2013) as a complement to update the mantle part of the model
and further refine the fit to the local dispersion curve for the crustal part (Supplementary
Fig. 4.17).

The initial model for the linear inversion (second step) at a given location is the average
of all selected probabilistic solutions of the first inversion step, weighted by their likelihood
values. We discretize the crustal and mantle parts at intervals of 1 and 5 km, respectively, and
assume a gradual increase of Vs below Moho according to the global model PREM (Dziewonski
and Anderson, 1981). For offshore locations, we incorporate on top of this initial model an
additional layer of thickness equal to water depth at the given location. The parameters of
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this water layer are kept fixed during the linear least-square inversion (thickness, Vi = 0 km/s,
V, = 1.5 km/s, p =1 x 103 kg/m?). Since we invert for short periods as well, an appropriate
parameterisation of the water column is crucial. Indeed, we highlight its influence by com-
puting group-velocity dispersion curves for synthetic 3-layer crustal models representative of
the oceanic crust of the Ligurian-Provence basin, and different water levels from 0 to 3.1 km
(Supplementary Fig. 4.16). This shows that the effect of the water layer on the dispersion
curve is substantial at periods shorter than 15 - 20 s, where the water depth changes impact:
(1) the absolute group velocities, and (2) the shape of the dispersion curve, particularly in the
vicinity of the Airy phase.

Figure 4.6 shows depth slices in the 3-D shear-wave velocity model at 3 to 30 km depth.
The sediment layer is clearly visible at 3 - 7 km depth in the central and southwestern Ligurian-
Provence basin, with low velocities of 2 - 3.2 km/s. The transition from crustal (3.5 - 4.1 km/s)
to mantle velocities (4.1 - 4.5 km/s) is located between 10 km and 12 - 15 km in the parts of
the basin with thinnest crust. Between 20 and 30 km, areas of strong velocities corresponding
to the mantle extend westward from the Ligurian-Provence basin to the Gulf of Lion across a
nearly N-S transition of slower velocities at ~ 5.5° E.

a 3 km w P 5 km . C 7 km

A — g
20 25 30 35 40 45 50
Vs (km/s)

Figure 4.6: Depth slices in the final V; model at 3 to 30 km depths. Only regions with 1o error
< 8 % are shown.
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4.4.3 Comparison with the Vg model by Wolf et al. (2021)

Figure 4.7 shows a comparison of our V5 model and the model by Wolf et al. (2021), which was
the first published ambient-noise tomography using data of AlpArray OBSs in the Ligurian
basin. Our V; model covers a wider area as part of the large-scale model by Nouibat et al.
(2022a) that uses all available broadband stations in Western Europe.

At 3-km depth, our model (Fig. 4.7-1a) highlights: (1) the sedimentary cover in the central
and southwestern basin (1.8 - 2.2 km/s), where Wolf et al’s model (Fig. 4.7-1b) exhibits patches
of very low velocities (V5 < 1.4 km/s), and (2) gradual increasing of velocity from the central
basin towards the conjugate margins, which is not clearly visible in Wolf et al’s model where
velocities fluctuate from very low (Vs < 1.8 km/s) to high values (2.4 - 2.5 km/s). At 5-
km depth, we still observe typical sediment velocities (Fig. 4.7-2a), while Wolf et al’s model
(Fig. 4.7-2b) exhibits higher velocities (Vs > 3.5 km/s). At 13-km depth, our model (Fig. 4.7-
3a) shows almost homogeneous mantle velocities in the basin (Vi > 4.1 km/s) while Wolf et
al’s model (Fig. 4.7-3b) exhibits numerous small-size velocity anomalies, fluctuating between
mantle-like (V5 > 4.1 km/s) and crust-like velocities (Vs < 3.7 km/s). These heterogeneities
suggest a much more irregular Moho surface than in our model. At 20-km depth, our model
(Fig. 4.7-4a) documents crustal thinning towards the basin axis with V; increasing across the
conjugate margins. Again, velocities in the central basin are more heterogeneous in Wolf et
al’s model (Fig. 4.7-4b), with localized small-size anomalies. Although the transition domain
has an irregular shape in Wolf et al’s model, it remains to first order similar to that shown in
our model.

We think that such strong differences between the two Vs models are mostly due to differ-
ences in coverage and quality of Rayleigh-wave dispersion data. Indeed, we greatly enhanced
the path coverage in the Ligurian basin by using iterative correlations for OBS-OBS paths. In
addition, the use of all broadband stations in Western Europe provides long ray paths across
the Ligurian sea, allowing us to improve path coverage to the west and southeast and make use
of Rayleigh-wave dispersion measurements up to 150 s. On the other hand, Wolf et al. (2021)
used only 23 onshore stations nearby the basin, thus a limited aperture. Therefore, they used
earthquake records for periods greater than 20 s. To a lesser extent, the differences between
the two models may also be explained by the different strategies used to invert Rayleigh-wave
dispersion measurements. Wolf et al. (2021) computed their 2-D dispersion maps using a linear
inversion that depends on an explicit regularization, while our transdimensional approach does
not. Moreover, our 1-D Bayesian inversion for V; take uncertainties on dispersion measurements
into account, which is key for controlling model complexity.

As we will see in the following section, our V5 model is more coherent with current knowledge
on the crustal structure of the Ligurian-Provence basin than the one by Wolf et al. (2021). In
particular, the thickness of the sedimentary cover and Moho depth and geometry estimated
from our Vs model are coherent with the V,, model by Dannowski et al. (2020) along the basin
axis and with the stratigraphic log after Leprétre et al. (2013).
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Figure 4.7: Comparison between our Vs model (left panel) and the Vi model by Wolf et al.

(2021) (right panel) at four depths.
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4.5 Discussion

We now focus on the oceanic domain of the Ligurian-Provence basin (Fig. 4.8a), in particular
on the comparison of our S-wave velocity model with a recent P-wave velocity model derived
by Dannowski et al. (2020) from a controlled-source seismic profile recorded along the basin
axis (thick black line in Fig. 4.8a). The availability of this high-resolution V), section provides
a unique opportunity to assess the accuracy and validate our V5 model against an independent
dataset. Moreover, the existence of V}, and Vs models along the same profile may provide clues
on the petrological structure of the crust in the oceanic domain of the basin, which is still
debated. Indeed, it has been proposed that the oceanic domain is made of an oceanic crust
with a thin basaltic layer (e.g., Mascle and Rehault, 1990; Bonatti et al., 1990), or an exhumed
and serpentinized mantle devoid of any volcanic upper layer (e.g., Boillot et al., 1989; Beslier
et al., 1993; Jolivet et al., 2020), or even an hyper-extended continental crust (e.g., McKenzie,
1978; Pascal et al., 1993; Dannowski et al., 2020).

4.5.1 Geological setting of the Ligurian-Provence basin

The basin opening initiated at 30 Ma by a rifting phase between Europe and the Corsica-
Sardinia block, as a result of back-arc extension above the Adria oceanic micro-plate, initially
subducting north-westward (e.g., Faccenna et al., 1997). The progressive south-eastward roll-
back and retreat of the Adria slab below the Corsica-Sardinia domain led to stretching of
the continental crust followed by continental break-up during the early Miocene, and to the
genesis of an oceanic crust between 20 and 15 Ma (Séranne, 1999). As a result, the Ligurian-
Provence basin includes two thinned conjugate continental passive margins separated by an
oceanic domain (Fig. 4.8a). According to Rollet et al. (2002), the entire region is character-
ized by magnetic anomalies, and by the presence of magmatic bodies identified from acoustic
facies in seismic reflection profiles. The area between the margins and the oceanic domain is
described as a transitional domain, likely made up of a very thin continental crust overlying a
thick rift-related corner of magmatic underplating (e.g., Séranne, 1999). This limit is marked
by an abrupt change in the amplitude of magnetic anomalies with a transition from mostly
positive values in the deep basin (i.e., oceanic domain) to negative values at the continent-ocean
transition, and by a change in acoustic facies on seismic reflection profiles (e.g., Réhault et al.,
1984; Déverchere and Beslier, 1995; Rollet et al., 2002). While the magmatism occurring in the
margins has been associated to back-arc magmatic activity strongly influenced by subduction
(e.g., Coulon, 1977; Bellon, 1981; Réhault et al., 2012), the nature of magmatism observed
in the oceanic domain remains unknown. It could not be investigated by direct geochemical
analysis due to the presence of a sedimentary cover several kilometres thick.

Figure 4.8b shows a stratigraphic log representative of Western Mediterranean oceanic
basins that includes P-wave velocity estimates. It is derived from the results of joint seismic
wide-angle and reflection profiling in the Algerian and Western Sardinia basins Klingelhoefer
et al. (2008); Gailler et al. (2009); Leprétre et al. (2013). The sedimentary layer of 5-km average
thickness and 1.9 - 5 km /s P-wave velocities is made up of Plio-quaternary sediments, Messinian
and pre-salt units (Fig. 4.8b). The transition from Plio-quaternary to Messinian units occurs
at V, = 2.5 km/s. The Messinian sequence exhibits strong thickness variations ascribed to
salt diapirism. It is separated from the pre-salt unit by the 4.2 km/s velocity boundary. The
deepest sediments overlay an oceanic basement that starts at V, > 5 km/s. The oceanic crust
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is relatively thin with an average thickness of 4.5 km. Its P-wave velocities range from 5 to
7.2 - 7.3 km/s at ~ 12 km depth, which corresponds to the Moho depth (V}, > 7.3 km/s in
the upper mantle). Controlled-source seismic data are useful to constrain the layer thicknesses
and the depths of major interfaces (intra-sedimentary, sediment-crust and Moho), but their
interpretation in terms of petrology only rely on P-wave velocity estimates. The interpretation
is ambiguous as two lithologies of different petrological natures may have similar V, (or Vj)
signatures. However, P- and S-wave velocities can be used jointly to yield information on
lithologies and their hydration degree (e.g., Grevemeyer et al., 2018; Malusa et al., 2021). For
instance, the V,,/V; ratio is commonly used to assess the degree of serpentinization in oceanic
domains and margins (e.g., Bullock and Minshull, 2005; Reynard, 2013; Grevemeyer et al.,
2018). We will take advantage of the availability of the V), cross-section by Dannowski et al.
(2020) and our Vj section along the same profile to further constrain the petrological nature of
the crust in the central Ligurian-Provence basin.
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Figure 4.8: (a) Geological and tectonic setting of the Ligurian-Provence basin and European
domains of southeast France and Corsica, showing: (1) continental margins, (2) transitional
domains, and (3) the central oceanic domain. Gray line: trace of the seismic profile used in the
discussion (Dannowski et al., 2020). Seismic stations are indicated by white triangles (AASN
OBSs) and white circles (onshore stations). (b) stratigraphic log showing P-wave velocity and
thickness of geological units observed in Western Mediterranean oceanic basins (after Leprétre
et al., 2013).
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4.5.2 Seismic velocity cross-sections in the central oceanic domain

Figures 4.9a-b show vertical sections through our 3-D Vs model and probability of presence
of interfaces along the SW-NE transect investigated by Dannowski et al. (2020). The P-wave
velocity section of Dannowski et al. (2020) is shown in Fig. 4.9c.

Figure 4.9b shows two major layer boundaries at ~ 5 and ~ 12 km depth with rather
high probabilities of presence, and a third one of weaker probability at ~ 7.5 km depth. The
good correspondence of the shallowest boundary with the velocity contour Vs = 2.5 km/s sug-
gests that it is probably an intra-sedimentary interface. This boundary also coincides with the
4.2 km/s P-wave velocity contour (Fig. 4.9¢), which corresponds to the base of the Messinian
salt unit according to Fig. 4.8b. This interpretation is consistent with S- and P-wave velocities,
typical of salt (e.g., Yan et al., 2016). The intermediate interface at ~ 7.5 km depth, which
is slightly less pronounced that the Moho boundary (Fig. 4.9b) coincides with the velocity
contours Vi = 3.5 km/s (Fig. 4.9b) and V}, = 5 km/s (Fig. 4.9c), which may support its inter-
pretation as the sediment-crust boundary, in agreement with Fig. 4.8b. However, this interface
does not correspond to a marked change in seismic velocity in the final model of Fig. 4.9a.
Therefore, we cannot detect unambiguously the depth of the sediment-crust transition. We
will use the proxy Vs = 3.5 km/s (or V,, = 5 km/s) for the sediment-crust boundary.

In the northeastern part of the transect (x > 70 km), the lower crust has higher, but still
crustal P-wave velocities (6.0 - 7.2 km/s, in green in Fig. 4.9c), hence a weaker P-wave velocity
gradient at the Moho than in the southwestern part. By contrast, S-wave velocities are high
and almost mantle-like (4.0 - 4.4 km/s), with a low S-wave velocity gradient at Moho depth,
in particular at the northeastern end of the profile (x > 90 km in Fig. 4.9a). These P- and
S-wave velocities are typical of gabbro (Grevemeyer et al., 2018), which suggests a gabbro
intrusive body within the oceanic crust. Our interpretation is at odd with Dannowski et al.
(2020) who interpreted the high V), part of the deep crust as hyper-extended continental crust
based on gravity modeling. The observed high S-wave velocity rules out the continental crust
hypothesis.

As outlined by Dannowski et al. (2020), the V,, = 7.2 km/s is a good Moho proxy because
it coincides with a very strong velocity gradient. In the southwestern part of the profile (z <
70 km), the V}, = 7.2 km/s contour closely corresponds to the V, = 4.1 km/s contour while it
corresponds to the Vi = 4.4 km/s contour for z > 70 km, that is beneath the gabbroic intrusion
(Fig. 4.9¢). Owing to the presence of the gabbro intrusion, a single S-wave velocity contour
cannot be used as proxy for the petrological Moho in the Ligurian-Provence basin, unlike in
continental areas (Nouibat et al., 2022a).

In the southwestern part of the profile, the depths of the V; (4.1 km/s) and V,, (7.2 km/s)
Moho proxies differ by less than 1 km. Such a small discrepancy is remarkable, given that the
two models are totally independent. The depth profiles of the two shallower layer boundaries
are also remarkably similar to those of the V), contours that define lithological layering in the
western Mediterranean basins (Fig. 4.8b). Such similarity to the P-wave velocity model of
Dannowski et al. (2020) validates the offshore part of our shear-wave velocity model, as simi-
larity to the receiver function section of the Cifalps profile validated its onshore part (Nouibat
et al., 2022a).

In the few locations where information on P-wave velocity is available, the uppermost
mantle has the seismic signature of a dry peridotite, with V,, > 7.2 km/s and V; > 4.0 km/s
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(Grevemeyer et al., 2018). We find no evidence of serpentinized mantle, which would show
much lower P- and S-wave velocities. Dannowski et al. (2020) and Wolf et al. (2021) also
concluded on low mantle serpentinization in this part of the basin axis.
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Figure 4.9: Depth sections along the LOBSTER-P02 transect (location shown in Fig. 4.8a).
(a) Shear-wave velocities from our final model. The 2, 2.5, 3.5, 4, 4.1, and 4.4 km/s V5 contours
are shown as white dashed lines. The water column is in sky blue. (b) Posterior probability
densities of presence of a layer boundary obtained from the Bayesian inversion. White dashed
lines indicate the 2.5, 3.5 and 4.1 km/s V; contours. (c¢) P-wave velocities from Dannowski
et al. (2020). Black dashed lines indicate the 2.7, 4.2, 5, 6, and 7.2 km/s V,, contours; white
dashed lines as in (a).
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4.6 Conclusion

Using data of 23 ocean-bottom seismometers of the AlpArray network with those of 890 tempo-
rary and permanent onshore stations, we have derived a 3-D high-resolution shear-wave velocity
model encompassing the Ligurian-Provence basin and its conjugate margins. The OBS contin-
uous records could be fully exploited after a careful, specific pre-processing scheme including
removal of instrument noises (glitches) and reduction of seabed-induced compliance and tilt
noises. We enhanced the quality of correlations between OBSs and maximized the path cover-
age in the Ligurian-Provence basin by involving correlations with onshore stations to virtually
reconstruct Rayleigh waves propagating between OBSs. As in Nouibat et al. (2022a), we com-
puted 2-D group-velocity maps and their uncertainties using a data-driven transdimensional
inversion of Rayleigh-wave group-velocity measurements. The dispersion data and their un-
certainties have then been used jointly in a Bayesian probabilistic approach to derive a 3-D
probabilistic shear-wave velocity model. The output average model was further refined using
a linear inversion that accounts for the presence of the water column.

The comparison with the high-resolution P-wave velocity section derived by Dannowski
et al. (2020) from traveltime inversion of controlled-source seismic data along the basin axis
validates our 3-D ANT model. Layer boundaries revealed by high probabilities of presence of an
interface and V; contours are remarkably consistent with V}, contours. The joint interpretation
of the V}, and V; models highlights a relatively thin anomalous oceanic crust of low P-wave
velocities but rather high S-wave velocities. In the NE part of the profile, the lower part of
the crust exhibits a gabbroic intrusive body. The underlying mantle is anhydrous and shows
no evidence of serpentinisation. These results show the potential of a joint interpretation of
Vp and Vi models since they provide reliable answers to a number of debated questions on
the petrological nature of the crust and uppermost mantle of the Ligurian-Provence basin, at
least along the LOBSTER-P02 seismic profile. They also warrant the same type of study on
the SEFASILS controlled-source seismic profile that crosses the northern margin of the basin
(Dessa et al., 2020).

The use of OBS recordings in ambient-noise tomography is more challenging than with
onshore stations due to shorter recording times, a higher potential of technical problems, sea-
floor noises and generally a poorer signal-to-noise ratio in the frequency bands of microseismic
noise that are key for ambient-noise tomography. Parts of these problems have been solved here
by a specific pre-processing of OBS records that reduces instrument and sea-floor generated
noises such as tilt and compliance. When available, land stations can be used in combination
with OBSs to provide higher quality surface-wave signals between offshore and onshore stations
than for OBS pairs, therefore improving interstation path coverage of ANT in particular at
the ocean-continent transition. We went a step further by showing how to take full benefit
of onshore stations to enhance the quality of correlations for OBS pairs. Our Rayleigh-wave
reconstruction scheme for OBS pairs based on second-order correlations between OBSs and land
stations has proven to be effective in improving the coverage of the offshore domain. Finally, the
transdimensional inversion of the enhanced set of Rayleigh-wave group-velocity observations
for group-velocity maps and their uncertainties and the following hybrid inversion for Vy that
accounts for the water layer have lead to a high-quality 3-D Vi model of the study region. We
have therefore set up a complete, efficient and reliable ambient-noise imaging methodology of
oceanic domains and their margins using OBSs and land stations that opens new perspectives
for the processing of similar datasets.
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4.7 Supporting information

Additional Figures and information are presented as the Supplementary Material. Text S1
provides details on the processing applied to remove glitches of instrumental origin from vertical
and pressure component records of seven AlpArray seismic network broadband ocean-bottom
seismometers (AASN BBOBSs). Text S2 describes how coherent signals are detected and used
to reduce tilt- and compliance-induced noises in vertical-component records of the 23 AASN
OBSs used in this work. Table 4.2 and Figures 4.10 to 4.17 complement sections 2 to 4 of the
main text.

4.7.1 Text S1: Glitch removal

After detrending and demeaning the daily records, we perform a global analysis of the vertical
and pressure components to check that the glitches are continuously present and that their
periodicity is stable with time. At this stage, we measure the average glitch periodicity on
both components. Since the periodicity fluctuates slightly from day to day, we measure the
deviation from the average periodicity for each daily record and design a Dirac comb signal of
the same periodicity for each record.

This Dirac comb signal is firstly used to extract an average glitch signal by cross-correlation
with the corresponding daily record. A synthetic glitch time series is created by convolving the
average glitch signal with the Dirac comb. The peak amplitude of the glitches is reduced by
subtracting this synthetic glitch time series from the daily records. Then, we further reduce
the residual artifacts by matching each glitch individually. This is achieved by searching the
combination of time shift and amplitude with respect to average that best fits each residual
glitch. In that aim, we compute the least-square solution of the linear system:

Ga=r—[o-) 0.0]| 4~ | =r0 (16)

where g_, g4 are one left-shifted and one right-shifted average glitch and A_, A, their ampli-
tudes adjustment factor. r is the residual signal that we want to erase. Finally, we subtract
from r the matrix product of G and the least-square solution (ArsQr).

4.7.2 Text S2: Seafloor noise reduction

We use transfer functions to correct the vertical-component record by removing coherent signals
derived from the three other components:

Z(f) = Z(f) = T (f)R(f) (4.7)

Z and R are Fourier transforms of the vertical channel z and the component r = {h1,h2, p},
which is either the pressure channel p, or one of the two horizontal channels hl, h2. Z is the
Fourier transform of the clean signal Z. T™ is the conjugate of the transfer function between z
and r and T*R is the coherent signal between the two components. f is the frequency.

The transfer function 7' is computed in the frequency domain by quantifying the coherent
function C between z and r:
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TurlF) = Curl | 203,
(4.8)
. Dy (f)
Crl) = /D (D)

where D, , and D,, are the auto-spectral density functions of z and r, and D,, is the
cross-spectral density function.

4.7.3 Table and Figures

Period band Land-Land Land-OBS Land-Cleaned OBS

5s — 10s 3.85 3.03 3.54
10s — 20s 4.32 3.57 4.21
20s — 40s 4.03 3.18 3.56
40s — 70s 3.58 2.87 3.11

Table 4.2: Signal-to-noise ratio in different period bands for: (1) correlations between land-land
stations pairs, (2) correlations between land stations and OBSs raw signals, and (3) correlations
between land stations and OBSs pre-processed signals.
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Figure 4.10: Example of result of the glitch removal process applied to a vertical-component 1-
day record of the sea-bottom station A416A. (a) Blue: initial record band-pass filtered between
2 and 30 mHz to reduce the micro-seismic peaks and enhance the 1-hr period glitches; Red:
synthetic glitch time series used to clean the signal; Black: cleaned record. (b) Blue: 1-hr
length slice containing waveform of the first glitch; Red: waveform of the average glitch used
to construct the synthetic glitch time series (red trace in a); Black: signal after correcting for
the glitch wavelet. Note that: (1) the initial and cleaned signals are quite coherent on both
sides of the glitch peak amplitude; (2) phase and amplitude are stable in the vicinity of the
removed glitch. This illustrates the efficiency of the glitch removal processing.
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Figure 4.11: Example of result of the glitch removal process applied to a pressure-component 1-
day record of the sea-bottom station A416A. (a) Blue: initial record band-pass filtered between
2 and 30 mHz to reduce the micro-seismic peaks and enhance the 2.65-hr period glitches; Red:
synthetic glitch time series used to clean the signal; Black: cleaned record. (b) Blue: 2.65-hr
length slice containing waveform of the first glitch; Red: waveform of the average glitch used
to construct the synthetic glitch time series (red trace in a).
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Figure 4.12: Reduction of the noise level after correction from the tilt- (a) and the compliance-
(b) induced noises of a 5-month vertical-component record of OBS A416A. For each 1-day
record, the amplitude of the reduction is computed from the difference between power spectral
densities (PSDs) before and after correction. The frequency range that is most impacted by
the noise reduction due to tilt correction (a) is indicated by the gray area in the example of
Fig 4.2b in the main text. The frequency band most impacted by the correction for compliance
(b) is shown as the green area in the example of Fig 4.2b in the main text. Note that the tilt
affects signals over a wide band (below 5 x 10~2 Hz) while the compliance effect is more focused
around 1.2 x 1072 Hz. The noise reduction due to compliance correction is weaker than for
tilt correction. However, we observe that tilt is maximum when compliance is minimum and
vice versa. During periods of strong tilt (i.e., strong seabed currents), the tilted vertical sensor
is less sensitive to signals induced by pressure variations in the vertical direction (i.e., lower
compliance effect).
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Figure 4.13: Time-distance plots of correlation signals obtained in different period bands. (a)
Correlations between land-land stations pairs. (b) Correlations between land stations and
OBSs raw signals. (c) Correlations between land stations and OBSs pre-processed signals
(glitch removal & seafloor-noise reduction).
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Figure 4.14: Example of comparison between Rayleigh waveforms reconstructed from the first
order correlation or ’C"’ (in black) and the iterative correlation or ’C*’ (in red). Signals are
normalized and filtered in four different period bands.
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Figure 4.15: Maps of: (1) estimated error of the group-velocity estimates (standard deviation
of the ensemble of sampled velocities) at (1a) 8 s, (1b) 15 s and (1c) 30 s; (2) path density
(number of paths crossing each 0.15° x 0.15° cell) at (2a) 8 s, (2b) 15 s and (2¢) 30 s. Except
for regions with strong velocity contrast (see Fig. 4.5 of the main text), uncertainty is generally
low where ray coverage is high. Note that the Ligurian-Provence basin is covered by no less
than 40 - 50 paths per cell, and that coverage increases in the northwestern part of the basin.
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Figure 4.16: Influence of the water layer thickness on a synthetic Rayleigh-wave group-velocity
dispersion curve at an offshore location. Dispersion curves are computed for a 3-layer crustal
model consistent with a typical oceanic crust of the Ligurian-Provence basin. The underlying
uppermost mantle is represented by a half space. Colors indicate dispersion curves computed
with different water levels, from 0 to 3.1 km. The presence of the water layer and its thickness
variations influence absolute group velocities and the shape of the dispersion curve, particularly
at periods shorter than 15 - 20 s. These changes are for instance strong in the vicinity of the
Airy phase (minimum of the dispersion curve).
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Figure 4.17: Example of the inversion process for Vs at an offshore location in the Ligurian
sea. (a) Location map of the selected grid point (red triangle). (b) Group-velocity dispersion
curve of Rayleigh-wave for the selected grid point; Black: observed dispersion curve with its
uncertainties; Red: predicted dispersion curve for the average Bayesian model; Blue: predicted
dispersion curve for the average Bayesian model with water layer on top; Green: predicted
dispersion curve after the linear inversion. Note that the average Bayesian model does not
fit well the long-period part of the dispersion curve (periods > 30 s) because of the half-
space mantle assumption used in the grid search. The fit is further improved after the linear
inversion. (c¢) Resulting velocity models; Left: posterior probability distribution on shear-wave
velocity from the Bayesian inversion (background colors), weighted average solution model
(posterior mean) predicted from the probabilistic scheme (red line) and final solution model
predicted from the linear inversion (black line). Right: posterior probability distribution on
layer boundaries resulting from the Bayesian inversion. Three maxima at ~ 5 km, ~ 6.5 km
and ~ 11 km depths correspond respectively to the base of the Messinian salt unit, to the base
of the sediment layer and to the Moho.
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Chapter 5

Wave-Equation Tomography of the
Alps and Ligurian-Provence Basin

As seen in Chapters 2 and 4, by combining temporary and permanent, onshore and offshore
European seismological stations, we derived a data-driven probabilistic ANT V; model of the
Alps and the Ligurian sea (Nouibat et al., 2022a,b). In Chapters 2, 3 and 4, we validated both
its onshore and offshore parts by comparison with independent seismological data available
in the western Alps and in the Ligurian-Provence basin (Nouibat et al., 2022a,b; Paul et al.,
2022). To build the V; model, we applied the ’classical’ ambient-noise tomography workflow,
that is a two-step procedure — a 2-D traveltime inversion for dispersion maps, followed by a
1-D depth inversion for V. Our probabilistic procedure allows to explore a large number of
possible model solutions for the two steps of the model construction. However, the ’classical’
two-step procedures present two main limitations related to simplifying assumptions used in
the inversions: (i) the use of ray theory in the 2-D inversion, stating that travel times are only
sensitive to the zero-width source-receiver paths, and (ii) the point-by-point inversion at depth
for Vs based on 1-D sensitivity kernels of the Rayleigh-wave — valid in a laterally homogeneous
media. The last implies that only the vertical fluid-solid interaction is accounted for in the
oceanic domain and its margins, neglecting the effect of the lateral interactions.

The present Chapter contains an article (Nouibat et al., in prep) to be submitted soon
to Journal of Geophysical Research. In this Chapter, we show how the ANT limitations can
be addressed with the use of a wave-equation based tomography. The principle objective is to
further refine the crust and upper-mantle parts of the ANT V; model in the western Alps and the
Ligurian-Provence basin. We present the methodology of our onshore-offshore wave-equation
tomography and its application to the study area. The specificity of this study is to highlight
the effect of the water layer on the 3-D propagation of surface waves in oceanic domains and
their margins. In particular, we show that ignoring this effect in the 5-20 s may result in
wrong physics of the surface-wave propagation and therefore bias in the velocity model. The
wave equation tomography improves the contrast and shape of the velocity structures of the
initial model (ANT model) by correcting bias related to the assumptions used in the two steps
of the ANT inversion. We obtain the highest-resolution Vi model of the Alps and Ligurian-
Provence basin to date. This model provides a high-resolution image of the 3-D geometry of
the subduction of the European lithosphere beneath the western Alps and further constrain
the 3-D structure of Moho in the Ligurian-Provence basin and its conjugate margins.



WAVE-EQUATION TOMOGRAPHY OF THE ALPS AND LIGURIAN-PROVENCE
BASIN

5.1 Summary

Taking benefit of the entire AlpArray and all available permanent seismic networks in Western
Europe, we construct a 3-D onshore-offshore shear-wave velocity model of the crust and upper
mantle using ambient noise wave-equation tomography. We use a frequency-dependent phase
traveltime misfit function in an iterative procedure to refine a recent 3-D Vs model computed
from a Bayesian-based two-step ambient noise tomography. Observed waveforms consist in
vertical-component ambient-noise correlations from 600 high-quality broadband stations in the
Alpine region and surroundings, including ocean-bottom seismometers (OBS) in the Ligurian
Sea. We perform 3-D elastic waveform simulations in the period range 20-85 s. In the 5-20 s
period band, we account for the effect of the water layer in the Ligurian Sea by applying solid-
fluid coupling for acoustic-elastic waveform simulations. The resulting shear-wave velocity
model enhances the velocity structures shape and contrast, accounting for 3-D and finite-
frequency effects. It emphasizes the deep sediments of the Ligurian Basin and the Corsica
variscan domain and focuses the low-velocity anomalies of the crust beneath the Alps. We
obtain a high-resolution 3-D depth map of Moho proxy covering the Alps and Ligurian Sea.
In the western Alps, this map confirms the deepening of the European crust following the
subduction beneath Adria and validates major structures such as the Moho jump beneath the
external crystalline massifs and the Adria Seismic Body (ASB). It provides further constraint
on the 3-D architecture of the deep structure beneath the Ligurian basin, regarding the lateral
and alog-strike crustal-thickness variations from the oceanic domain to the conjugate margins.

keypoints:

e An improved S-wave velocity model of the crust and upper mantle beneath the western
European region, based on wave equation tomography

e 3-D acoustic-elastic coupled modelling of Rayleigh-Scholte wave propagation in the North-
western Mediterranean Sea

e High-resolution 3-D depth map of Moho proxy beneath the Alps and Ligurian-Provnce

basin
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5.2 Introduction

In the northwestern Mediterranean region, convergence between African and European plates
was accommodated by an Oligocene collision leading to the subduction of the European margin
beneath Adria micro-plate and the formation of the Alps (e.g., Schmid et al., 2004; Handy
et al., 2010; Faccenna et al., 2014), followed by a Miocene-Pliocene opening of the Ligurian-
Provence back-arc basin as a result of Adria subduction roll-back (e.g., Gueguen et al., 1998;
Séranne, 1999; Jolivet et al., 2020). Hence, a better constraint on the 3-D heterogeneous
structure beneath the Alpine and Ligurian-Provence continental and oceanic domains and
their transition is crucial to describe the geodynamics of the western Mediterranean region in a
global context. Surface geology of the Alpine domain is described by two continental domains
that are European foreland to the west (lower plate units) and Adriatic foreland to the east
(upper plate units), and in between a subduction wedge of metamorphic units (accretionary
prism) delimited by two major crustal-scale accidents that are the Penninic Frontal Thrust
(PFT) to the West and the strike-slip Insubric Fault (IF) to the East (Figure 1; e.g., Lardeaux
et al., 2006; Schwartz et al., 2009; Agard, 2021). The Ligurian-Provence domain is composed
by two conjugate continental margins, Ligurian-Provence margin to the North and Corsica
margin to the South, separated by transitional and oceanic domains (Figure 1; Rollet et al.,
2002).

With the deployment of the AlpArray temporary seismic network (AASN, Hetényi et al.,
2018), the Western European region has become one of the most densely covered areas. More
specifically, the region consisting of the Alps and the Ligurian Sea, which includes, in addition
to the onshore part of AlpArray, other temporary experiments such as Cifalps-2 in the north-
western Alps (Zhao et al., 2018) and the marine part of AlpArray in the Ligurian-Provence
basin. These dense and high-quality surveys provide ideal set up to use ambient seismic noise
to resolve the crust and upper mantle, as well as major interfaces such as Moho. Several tra-
ditional ambient noise tomography (ANT) were conducted in the region; based on a two-step
workflow: (1) 2-D traveltime inversion for group velocity maps, and (2) 1-D depth inversion
for Vs based on the local dispersion curve. Following on from the large-scale ANT by Lu et al.
(2018), which used a part of the land component of AlpArray, the recent ANT by Nouibat et al.
(2022a,b) was the first study to use the entire AlpArray, resulting in a land-sea model covering
the Alps and the northwestern Mediterranean. These large-scale models combined with other
more regional ANT models, e.g, in the western Alps, Zhao et al. (2020); in the southeastern
Alps, Sadeghi-Bagherabadi et al. (2021); in the Vienna basin, Schippkus et al. (2020); in the
Bohemian massif, Kvapil et al. (2021); in the Ligurian sea, Wolf et al. (2021) and Magrini
et al. (2022), have substantially improved existing knowledge and provided new insights into
the complex deep structure of the region: Moho jumps beneath the external crystalline massifs
(Lu et al., 2018; Nouibat et al., 2022a), subduction of the European continental crust beneath
Adria (Zhao et al., 2020; Nouibat et al., 2022a), and the structure of the crust beneath the
Ligurian Basin (Wolf et al., 2021; Nouibat et al., 2022b), etc. However, these two-step inversion
based models suffer from two major limitations that may bias geological interpretations: (1)
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the ray theory assumption in the first step, which is only valid in the high-frequency case (e.g.,
Snieder, 1986; Cerveny, 2003), and (2) the local 1-D nature of the depth inversion in the second
step, which does not account for the 3-D lateral heterogeneity of the medium, thus limiting the
velocity model to be pseudo-3-D by construction.

Tomographic methods based on the wave equation are an alternative of choice to over-
come such simplifying assumptions, as they naturally accommodate for 3-D heterogeneity and
finite-frequency effects, thus providing more realistic sensitivity kernel for surface waves. These
approaches consist in iteratively updating the velocity model by minimising a misfit function
between observed and synthetic waveforms obtained through 3-D numerical modelling of seis-
mic wave propagation. Although full waveform inversion (FWI), which relates to waveform
differences (i.e. phase and amplitude), has been widely used for crust and uppermost mantle
scales using earthquake body waves (e.g., Tape et al., 2010; Zhu et al., 2012; Yuan et al., 2014;
Fichtner and Villasefior, 2015; Beller et al., 2018), its applications for ambient noise cross-
correlations is still challenging because of the sensitivity to the anisotropic distribution of noise
sources. However, wave-equation tomography (WET) using traveltime differences from noise
correlations has recently demonstrated its potential in resolving small-scale structures and re-
fining velocity models of the crust and upper-mantle (e.g., Chen et al., 2014; Liu et al., 2017).
Using ambient-noise cross-correlations from the data set of Lu et al. (2018), Lu et al. (2020) ap-
plied WET to the Alpine region in the 10-50 s period band in order to improve the crustal part
of the ANT model by Lu et al. (2018). They computed forward simulation and misfit gradient
using 3-D elastic wavefield modelling for a uniform distribution of virtual sources consisting in
64 stations. Although this model confirmed the presence of the Moho jump observed in their
initial model under the external crystalline massifs in the northwestern Alps and increases the
resolution of other existing features (e.g., Ivrea body), it failed in mapping subduction of the
European continental crust although it is evidenced by receiver functions (Zhao et al., 2015;
Paul et al., 2022) and a recent ANT model (Nouibat et al., 2022a). Indeed, there was no
substantial change in the structure of the crust in the resulting WET model beyond the change
in magnitude and contrast of the anomalies in response to the correction for a systematic ve-
locity shift for periods lower than 25 s resulting from a bias in their initial model. Moreover,
this model only covers the onshore part as Lu et al. (2020) only used a part of the terrestrial
component of AlpArray, while its offshore part was not yet available.

In this study, we present an improved WET methodology to that used by Lu et al. (2020).
Theses improvements consist in: (i) perform an acoustic-elastic coupled wave equation tomog-
raphy to achieve a more realistic constrain on velocity structure in the oceanic domain of the
Ligurian basin and along the continental margins; (ii) invert seismic data in a broader band
(5-85 s) in order to constrain the shallow part of the crust as well as the deeper part of the
mantle, and employ a hierarchical inversion strategy that avoids possible cycle-skipping issues;
(iii) using a random sub-sampling scheme over 185 virtual sources rather than a fixed number
of virtual sources. Similar to Lu et al. (2020), we minimize the frequency-dependent phase trav-
eltime differences of surface waveforms and tackle the inversion using the SEISCOPE SEM46
code originally developed for exploration scales (Trinh et al., 2019). Taking advantage of the
densest seismological coverage to date, including the entire AlpArray network, we perform this
methodology at the scale of Western Europe in order to refine the land-sea model by Nouibat
et al. (2022a) from conventional ANT. This model is the most up-to-date and constrained
model of the crust and upper-mantle beneath the Alpine region. It has notably confirmed in
3-D the subduction of European lithosphere beneath Adria. The offshore part of this model
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represents the best 3-D Vs model of the crust beneath the Ligurian sea to date.

The combination of the availability of offshore, onshore-offshore and onshore-onshore cross-
correlation data throughout the Ligurian sea, the offshore extension of the ANT model, and the
recent implementation work to deal with coupled acoustic-solid media in SEM46 (Cao et al.,
2022), motivated us to go further in the improvement of wave equation-based ambient noise
imaging by considering the effect of the water layer on the 3-D propagation of surface waves
from ambient noise correlations. In a oceanic domain, two types of surface waves of different
properties in terms of amplitude intensity and velocity propagation can be superimposed:
Scholte waves (fluid-solid interface waves) and the long-period content of the dispersion of
Rayleigh waves which are free surface solid waves. The distinction between the two types of
waves, the conversion from one to the other or their superposition, is not generally addressed
in marine ambient noise imaging. Scholte waves are generally treated as Rayleigh waves by
neglecting the presence of the water layer. Nevertheless, methodological efforts to address
this issue have been mainly dedicated to improvements of traditional ANT by considering the
effect of the water column on the local dispersion in the 1-D depth inversion framework (e.g.,
Mordret et al., 2014; Guerin et al., 2020; Wolf et al., 2021; Nouibat et al., 2022b; Carvalho
et al., 2022), assuming only the effect of a vertical coupling. Nouibat et al (2022b) have shown
that a water layer thicker than 0.5 km may have a significant effect on the local dispersion curve
(at periods < 20 s) and thus should be taken into account in the 1-D inversion for V; in the
conventional ANT workflow. However, this is not sufficient as it implies a strictly 1-D coupling
in a laterally homogeneous medium. Furthermore, the dispersion maps used to extract the
local dispersion curve are derived without accounting for the effect of the water since the 2-D
inversion step assumes surface-wave ray paths in elastic medium. This biases the physics in
the local dispersion curve, even if the 1-D effect of the water layer is taken into account in its
inversion for V. To fully recover the effect of the water layer, the 3-D fluid-solid interaction
needs to be addressed. An accurate modeling of surface-wave propagation through/along a
rough seafloor such as in the Ligurian Sea is therefore important to that end. For this purpose,
we apply a fluid-solid coupling for acoustic-elastic 3-D simulations and compare with observed
data. The objective is twofold. Firstly, to investigate the influence of the water layer on the
propagation of surface waves between onshore and sea-bottom stations, more specifically, the
Rayleigh-Scholte waves. To our knowledge, this is the first study to document the influence
of the water layer on the 3-D propagation of ambient noise surface waves. The second goal
is to incorporate the fluid-solid coupling in the inversion framework, which makes this study
the first ambient noise wave equation tomography to account for the effect of 3-D coupling for
deep imaging including marine environment.

The objective of this study is to build a self-consistent high-resolution onshore-offshore 3-D
Vs model. This model is intended to better constrain the geometry of the European Moho
and refine the imaging of subduction wedge and assess the pertinence of other major features
shown by Nouibat et al. (2022a) in the continental part, such as the low-velocity anomalies at
the base of the lower crust and the Adria seismic body (ASB). Its offshore part is designed to
improve the 3-D velocity structure in the marine environment of the ANT model, in particular
by correcting for any bias deriving from ignoring the 3-D effect of the water layer. Finally, we
will use this 3-D model to derive an homogeneous 3-D Moho depth map, covering the Alps and
the Ligurian-Provence basin.
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Figure 5.1: Geological and tectonic setting of the study area modified from Handy et al. (2010)
in the Alpine domain and from Rollet et al. (2002) in the Ligurian Sea, with locations of seismic
stations used in this work (white circles: virtual sources; green circles: receivers). Black lines
show locations of the seismic profiles discussed in the text.

Section 2 describes the dataset of ambient-noise correlations and the initial velocity model
used in the wave equation tomography. The overall methodology is presented in Sections 3—4.
Section 3 introduces the iterative process of the WET workflow, while Section 4 is dedicated
to 3-D modelling of surface waves, with emphasis on the acoustic-elastic case. In the light of
the specific case of the Ligurian-Provence basin, we document the importance of the fluid-solid
coupling for marine crustal imaging based on ambient noise data. In Section 5, we assess the
robustness of the resulting 3-D Vs model. Section 6 presents tomography results and related
discussions; depth slices, 2-D transects, and a proxy of the 3-D depth map of Moho.
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5.3 Data

5.3.1 Ambient noise processing

We use cross-correlations of vertical-component seismic noise records from the dataset of
Nouibat et al. (2022a,b). It involves 600 broadband stations from all available temporary and
permanent networks in Western Europe between 2015 and 2019, including the entire AlpArray
Seismic Network (AASN) and the Cifalps-2 experiment (Fig. 5.1). Correlations between on-
shore stations are computed after a standard comb-filter processing of noise records. Nouibat
et al. (2022b) applied a specific processing to remove transients and reduce seafloor-induced
noises from records of the AASN OBSs, and used an iterative approach to compute correlations
between OBSs by involving onshore station records. All stations in Figure 1 serve as virtual
receivers, out of which 185 stations are selected as virtual sources. Waveforms are filtered in
four period bands: 5-10 s, 10-20 s, 20-40 s, and 40-85 s with frequency corners adjusted to
those used in the pre-processing of ambient-noise waveforms to avoid overlap problems. We
keep only reliable cross-correlations by applying the following criteria: (1) signal-to-noise ratio
(SNR) greater than 5, (2) inter-station distance larger than one wavelength for the maximum
period considered in each period-band. The final dataset includes 10000-35000 high-quality
cross-correlations depending on the period band.

5.3.2 Initial model

The initial model is the 3-D onshore-offshore Vi model by Nouibat et al. (2022a) computed
by ambient-noise tomography using all available permanent and temporary seismic networks
in Western Europe from 2015 to 2019. This model is derived from a hybrid data-driven to-
mography involving a 2-D transdimensional Bayesian inversion for group-velocity maps and
their uncertainties, and a 1-D probabilistic inversion for V; at depth. The onshore part of this
model has been validated in the western Alps by comparison with other available geophys-
ical studies, e.g, receiver functions, controlled-source seismic experiments, Bouguer anomaly
along the Cifalps & Cifalps-2 profiles (Nouibat et al., 2022a; Paul et al., 2022). The offshore
part has been validated by comparison with a high-resolution V), cross-section derived from
refraction and wide-angle seismic profiling along the axis of the Ligurian basin (Nouibat et al.,
2022b). Based on the extensive land-sea coverage of the seismic array and the improved ANT
methodology that were used, this model is so far the best resolved model at the scale of West-
ern Europe. However, it remains limited by the assumptions made in the two steps of the
inversion, in particular the high-frequency assumption for Rayleigh-wave propagation in the
2-D inversion, and the 1-D assumption in the inversion for V. Furthermore, even if Nouibat
et al. (2022b) considered the water column in the oceanic part, they assumed Rayleigh-mode
dispersion, which might be problematic in the case of Rayleigh-Scholte mode conversion or pure
Scholte-mode dispersion. The objective of the present study is to overcome these limitations
and improve the resolution of the Vs model by performing wave-equation tomography.

5.4 Iterative inversion scheme

Similar to Lu et al. (2020), we formulate the inverse problem as the minimization of the
misfit function () defined by the differences of frequency-dependent phase traveltime between
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observed and synthetic vertical-component waveforms of ambient-noise Rayleigh waves

min € (m) = %ZZATi(w,m)Q, (5.1)

i

where AT;(w, m) is the phase traveltime residual for the ith station pair at frequency w, given
the model parameters (m). We measure AT using a multi-taper technique (Tape et al., 2010).
We tackle the minimization of (§) using a quasi-Newton local optimization method, with the
following iterative scheme:

myy1 = myg + aomy (52)

where «j, is the step length estimated by line search strategy and dmy = —BpVE(my) is
the model update in which Bj is an approximation of the inverse of the Hessian H matrix
(i.e. the second-order derivative of £ with respect to model parameters). We use the limited
memory version of quasi-Newton methods (I-BFGS) to estimate By using gradients at few
previous iterations. We update the velocity model by inverting from low to high frequencies,
in four narrow period bands: 5-10 s, 10-20 s, 20-40 s, and 40-85 s. Given the dispersive
character and depth sensitivity of the Rayleigh-wave phase velocity at these periods, such a
hierarchical approach is useful to prevent cycle skipping issue. This approach first constrains
large-scale anomalies in the upper mantle part of the model using the long-period content, then
it constrains small-scale anomalies in its crustal part using the short-period content.

We reconstruct simultaneously V, and V), to account for the sensitivity of the Rayleigh-wave
to V},, which becomes non-negligible at short periods (e.g., Eddy and Ekstrém, 2014; Qiao et al.,
2018). Therefore, the relative perturbation of the misfit function (£) to perturbations of the
two parameters is given by the linear relation: §¢(m) = Ky, (m)d In V; + Ky, (m)é In V},, where
Ky, and Ky, are the sensitivity kernels for Vi and V}, respectively (i.e. misfit gradients with
respect to Vs and V,). Due to the computational cost of modelling for multiple sources, we
employ a randomized sub-sampling strategy of the ensemble of virtual sources over iterations
in order to achieve optimal path coverage without compromising the quality of the inversion
results. The general workflow of the inversion is summarized in the following:

(1) Perform the forward modelling for subsets of 64 virtual sources.

(2) Measure phase traveltime misfits between observed and simulated waveforms and com-
pute the adjoint sources.

(3) Perform the adjoint modelling and extract gradients from cross-correlations of incident
and adjoint fields.

(4) Gradients are summed and smoothed using a 2nd-order Bessel filter with coherent lengths
computed from the local wavelength associated with model velocity, at the maximum
frequency considered (Trinh et al., 2017).

(5) Estimate the step length and update the current velocity model.

(6) At each 3 iterations, another subset is selected. The inversion at the current period-band
is stopped after 9 iterations and the output model is used for the next shorter period-band
following the same iterative procedure. The density model is updated accordingly using
empirical formulas (Brocher, 2005).
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5.5 3-D simulations of surface-wave propagation

We perform forward and adjoint simulations using the time-domain wave-equation modelling
of the SEM46 spectral-element-based code. We simulate the propagation of the vertical com-
ponent of Rayleigh waves by applying a point-force at the location of virtual sources whith
a filtered Dirac delta as source-time function. Therefore, the synthetic waveform (ugy,) at
a receiver position for model (m) is the convolution product between the source time func-
tion (s) and the synthetic Green’s function (Gyp) for the source-receiver pair (e.g., Lu et al.,
2020): usyn(m,t) = s(t) * Ggyn(m,t). To compare with synthetic waveforms, we convolve
the source time function (s) with the time derivative of the noise cross-correlation (C') for the
source-receiver pair, which is a good approximation of the Green’s function (G) of the target
medium (e.g., Lobkis and Weaver, 2001; Snieder, 2004; Wapenaar, 2004; Roux et al., 2005;
Weaver, 2005): u(t) = s(t) * —0,C(t) = s(t) * G(t). The time sampling of simulation
varies from 0.04 to 0.0015 s, with the CFL condition satisfied. Surface waves are extracted
in a time window with min[d/5, tymee — 1.57] and mazx[d/2,tmee + 1.57] as lower and upper
limits in the 10-20 s, 20-40 s, and 40-85 s, and a time window with min[d/1.5, t;,q. — 27 and
max([d/4, tmaz + 2T as lower and upper limits in the 5-10 s, where d is the interstation distance
(in km), t;as is the arrival time of the maximum of the envelope of synthetic waveform, and
T is the maximum period of the considered band.

5.5.1 Elastic modelling of Rayleigh waves

We simulate the incident wavefield in the 20-85 s period band by solving the second-order
elastic wave equation:
ps(?ttu =V.o+ fs, o =Ce (53)

where u is the displacement field, f; is the force vector, o and € are the second-order stress
and strain tensors respectively, ps is the solid density and C is the fourth-order elastic stiffness
tensor. The velocity model is discretized based on a flexible 3-D Cartesian-based hexahedral
mesh, with element size in the solid domain varying from 15 to 6 km and from 10 to 4 km in
the horizontal and vertical directions, respectively. We parameterize Gauss—Lobatto—Legendre
(GLL) points by isotropic P-, S-wave velocities and density, starting from the S-wave velocity
model described in section 2, and the (V,,, p) computed from V, by empirical formulas (Brocher,
2005).

Misfit elementary gradients with respect to the medium parameters are obtained from
the zero-lag correlation of adjoint and incident wavefields, based on the adjoint-state method
(Plessix, 2006). Adjoint wavefields are obtained by injecting the adjoint sources at receiver
locations in the adjoint wave equations. The adjoint source for the multi-taper method is given
by the derivative of synthetic waveforms weighted by the frequency-dependent phase difference
measurements (Tape et al., 2010). Gradients of (§) with respect to the solid parameters (ps,
C71y) are obtained by the zero-lag cross-correlations

) @ d, s G = (e e (5.4)
Qs,t

Ops oCyy oCry

where u is the adjoint wavefield vector associated with u, and € is the adjoint of the strain
field € for model sets €.
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5.5.2 Acoustic-elastic modelling of Scholte-Rayleigh waves
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Figure 5.2: Comparison of snapshots of the vertical displacement wavefield in the 5-10 s period-
band simulated using (al-cl) the elastic wave equation, (a2-c2) the acoustic-elastic coupled
wave equation for the source station indicated by the red triangle. (a3-c3) show the differences
between the elastic and acoustic-elastics wavefields. The wave fields are extracted on a 3-D
surface corresponding to the topography in the onshore part and to the bathymetry of the sea
floor in the marine part. Black dashed frames show scattered Rayleigh-wave packets. The thin
black lines are geological and tectonic boundaries (Fig. 5.1).
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Since we also invert phase dispersion data for S-wave velocities in the Ligurian-Provence
basin, we have to consider the influence of the seafloor topography on the propagation of
surface waves in the 5-20 s period band. Indeed, Scholte waves can be excited as a result of
the fluid-solid interaction (e.g., Zheng et al., 2013; Zhu et al., 2004). Scholte waves can also
be generated from Rayleigh-Scholte mode conversion at the continent-ocean transitions. To
further investigate this influence, we account for the effect of the water layer by considering
fluid-solid coupling in the 3-D wave equation through the second-order equation system (Cao
et al., 2022):

psOpu=V-o+f;, o=Ce, in Q,

1 1 1 .

“Oup—V - <V<p> = / —Pydtdt, in Qp,

K pr K
1

u-n= ;vw'n7 o-n= ﬁttgon, on Ffs (55)
f

where the first equation describes the elastic wave propagation in the solid domain (€2,) in
terms of displacement vector u (same as Eq. 3), the second equation describes the acoustic
wave propagation in the fluid domain (€2f) in terms of scalar displacement potential ¢, Py is
the pressure source associated with a force vector fy, ps is the fluid density and x is the bulk
modulus of the fluid. The third system gives the boundary conditions along the fluid—solid
interface (I'ys), describing the interaction between the two domains. Our implementation
considers a staircase fluid-solid coupling to handle the meshing of the seafloor and consider a
minimum vertical size of 200 m for elements in the water column, ensuring proper sampling of
waves in water. Misfit gradients in the solid domain are given by expressions (4). In the fluid
domain, gradient building is performed following the hybrid approach proposed by Cao et al.
(2022). Gradients of (§) with respect to the fluid parameters (pf, x) are then obtained by the
zero-lag cross-correlations:

o€ (m) _ (v p L vp> X (p o) (5.6)
Qe it " 5.t

Opy I Ok

The gradients on V,, and V; are estimated using elementary gradients (4) and (6) based on
chain rule.

Figure 5.2 shows snapshots of the simulated vertical displacement at the surface in the
5-10 s period band for an onshore source station located in southern France. We performed
elastic (Fig. 5.2al-cl) and acoustic-elastic modelling (Fig. 5.2a2-c¢2) in the initial model and
computed their differences (Fig. 5.2 a3-c3). Figure 5.3 shows synthetic surface waveform fits
to data at an OBS located in the central Ligurian-Provence basin at a depth of ~ 2700 m
(location in Fig. 5.3a). Figures 3b1l,b2;cl,c2 and d1,d2 show simulations in the initial model
and Figures. 3b3,c3,d3 show simulations in the final model. In the elastic modelling case,
the source-OBS pair is assumed to be located on the free surface. We therefore observe
the propagation of a Rayleigh wave everywhere in the oceanic part (Fig. 5.2al,cl). In the
acousitc-elastic case, we account for the fluid-solid coupling by considering the presence of the
water layer in the basin. In this case, we detect a mode conversion from Rayleigh to Rayleigh-
Scholte wave at the Gulf of Lion margin. The resulting wave packet is characterized by stronger
amplitude and slower propagation velocity inducing strong wavefront distortion (Fig. 5.2a2,c2).
However, we notice in both modeling cases a dissipation within the Ligurian-Provence basin and
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almost the same wavefield in the continental part, as expected. For instance, both simulations
evidence a scattering of the wave packet to the north of the Ligurian sea (dashed black frame
in Fig. 5.2c1,c2). As highlighted in Fig. 5.2a3,c3, the discrepancies in amplitude and travel
time, mostly in the oceanic part, are significant. Indeed, the arrival time of the Rayleigh-wave
envelope from elastic modelling in the 5-10 s band is ~ 35 s earlier than that of the Rayleigh-
Scholte wave from acoustic-elastic modelling (Fig. 5.3bl). The arrival time of the observed
surface wave is much closer to the arrival time of the simulated signal with fluid-solid coupling
(Fig. 5.3b2). This fit is further improved after inversion as shown in Fig. 5.3b3. Differences
between the two modeling results are also visible in the 10-20 s period band with a lower but still
significant misfit due to the free-surface boundary condition (Fig. 5.3c1-¢3). As illustrated in
Figures 3d1-d3, the differences between elastic and acoustic-elastic simulations are negligible
in the 20-40 s period band, showing that the surface wave in these period ranges becomes
insensitive to the coupling effect. Furthermore, the waveform computed from elastic modelling
in the final model fits very well the observed signal, indicating that the elastic assumption
is efficient at long periods. Finally, even though amplitude differences are not built into the
misfit function, the fits of the observed waveforms are quite good, and they are improved by
the WET, which points to the robustness of the initial model and the inversion. This example
illustrates that neglecting the effect of the water layer in this context would lead to significant
phase shifts, biasing the robustness of the velocity model and inducing cycle skipping issues.

Figure 5.4 shows snapshots extracted at the solid surface (topography and seafloor) and at
10 km depth, in the 5-10 s period band for an OBS source located in the northeastern part of the
basin. A significant amplitude attenuation of the wave propagating in the Ligurian-Provence
and Tyrrhenian basins is observed at 10 km depth. This is consistent with the trapping of the
Rayleigh-Scholte wave in the vicinity of the elastic-acoustic interface (Nayfeh, 1995). Hence,
we detect the long-period dispersion of the elastic wave at 10 km depth, and a undistorted
wavefront. Finally, Figure 5.4 shows that wave packets are dissipated in the oceanic part
(Ligurian-Provence and Tyrrhenian basins) or through the sharp Provence margin towards the
continental part. This example suggests that considering the fluid-solid interaction would help
to recover the shallow 3-D velocity structures, as it will be illustrated in the next section.
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Figure 5.3: Comparisons between simulated vertical-component seismograms (red) and ob-
served noise correlation waveforms (black) filtered in the 5-10 s, 10-20 s and 20-40 s period
bands for the source-receiver pair in (a) (red: station source, white: receiver). Elastic and
acoustic-elastic simulations in the initial model (labeled 'msn7’) are shown in bl, c1, d1 and
b2, ¢2, d2 respectively. Seismograms in b3, ¢3 are computed from acoustic-elastic modelling in
the final model (labeled 'myy gr’) while d3 is computed from elastic modelling. The gray areas
indicate the surface-wave window and AT corresponds to the cross-correlation-based time shift
between observed and synthetic windowed waveforms.
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Figure 5.4: Snapshots of the wavefield computed from the acoustic-elastic coupled wave equa-
tion in the 5-10 s period-band, showing the depth attenuation of the Rayleigh-Scholte wave
generated by an offshore source (red triangle). Wavefields are extracted (al-cl) at the surface
(Ztopo, same definition as in Fig. 5.2) and (a2-c2) at 10 km depth. Black dashed frames show
scattered Rayleigh-wave packets.
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5.6 Model robustness

We document the model robustness by analyzing histograms of misfit for the initial and final
model and their spatial and azimuthal distributions. The misfit is expressed as traveltime delay
for waves propagating on 100-km distance (s/100 km) in order to avoid biases related to long
inter-station distances. Figure 5.5 shows histograms of traveltime misfits for the initial (in
gray) and final models (in blue) at 8, 20, 35 and 35 s. The indication of mean and standard
deviation values allows a quantitative comparison. The initial histograms are rather narrow
and globally centred around zero misfit value (absolute misfit < 0.2 s/100 km). Similarly to
Lu et al. (2020), the initial standard deviation increases with period (0.3 s/100 km at 8 s to
0.73 s/100 km at 55 s). However, we do not observe a significant positive shift of the mean
value at periods lower than 20 s as in Lu et al. (2020), which illustrates the consistency of
our ANT model. The final model fits the data significantly better than the initial model, with
overall smaller average misfits and standard deviations.
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Figure 5.5: Comparison of histograms of misfit (in s/100 km interstation distance) for the
initial (man7, red) and final (my gp, blue) velocity models at 8, 20, 35 and 55 s periods.
Labels 'mean’ and ’sd’ refer respectively to the mean value and standard deviation of the
misfit distribution.

Figure 5.6 displays the azimuthal distribution of misfit for the initial (red) and final (blue)
models at 8, 20, 35 and 35 s. In Lu et al. (2020), the main difference between the initial and
final distributions was an overall correction towards zero for the final model in particular at
long periods as a result of the shift of the mean misfit. Our initial distributions do not show
such a bias, which is in line with the mean value of initial histograms of misfits at the same
periods. However, we observe an increase of the average misfit with period as in Lu et al. (2020).
The final model improve the fit to the data, with overall smaller average misfits and standard
deviations. However, the residual variations, even if small, may be related to anisotropy.
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Furthermore, the variations presented here are averaged over the whole study region, which
may encompass local variations of anisotropy. Indeed, recent studies on azimuthal anisotropy
reveal significant variations in the Alpine region (Késtle et al., 2022; Soergel et al., 2022).
Further analysis of anisotropy variations would require computing the distribution of misfits
by clusters on specific locations. This could be the topic of a future article.
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Figure 5.6: Comparison of the azimuthal distributions of misfit for the initial (red) and final
(blue) velocity models at 8, 20, 35 and 55 s periods. Misfits are averaged over uniform azimuth
bins of 10°. Error bars represent the standard deviation of the misfits inside bins.

The spatial distribution of misfit can also be used to document the quality of the final model.
Figure 5.7 displays misfit maps for the initial and final models at 8, 20, 35 and 35 s. In the
initial model, the misfit patterns tend to coincide with geological structures due to imperfection
in the isotropic initial velocity model. The 8 s map (Fig. 5.7al) highlights low misfit anomalies
along the central and eastern Alps, west Po basin, southeastern french foreland and the central
Ligurian-Provence basin. A strong low anomaly is observed in the Adriatic Sea. Positive
anomalies are observed in the northeast french foreland, north and south Apennines and south
Ligurian-Provence basin. The 20 and 35 s misfit maps (Fig. 5.7b1-c1) evidence positive misfits
all around the Alpine belt, while negative misfits are observed along the Alpine arc and Po basin.
Note that the western foreland of the Alps has rather low positive misfit values (<0.5 s/100 km)
which indicates that the 1-D inversion in the ANT model is sufficiently robust to recover such
structural changes at depth. We will further document this point along cross-sections in the
next section. The transition to 55 s is marked by an inversion of polarity: the European foreland
and central Ligurian-Provence basin evidence negative anomalies, while the central and eastern
Alps and Apennines display positive anomalies. Strong negative anomalies are observed in the
western Ligurian-Provence basin and central Adriatic Sea. Most of these regionally organized
misfit patterns are corrected after WET inversion (Fig. 5.7a2-d2). Although strong misfits in
the South of the study region are significantly smaller, some residuals remain, in particular
along boundaries of the study region where path coverage is poorer (e.g., southern Corsica, in
the 20 and 35 s maps, or in the eastern Ligurian-Provence basin at 55 s).
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Figure 5.7: Comparison of the spatial distributions of misfit for the initial (left-hand side: al-
d1) and final (right-hand side: a2-d2) velocity models at 8, 20, 35 and 55 s periods. Misfits are
averaged over cells of 0.2° x 0.2° assuming great circle ray paths. The gray area hides regions
where the initial model is unconstrained.
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5.7 Results and discussion

5.7.1 Depth slices

Figure 5.8 shows the shear-wave velocity depth slices at 6 and 26 km in the initial and final
models and the relative variations to the initial model. The geometry of V; heterogeneities is
roughly preserved, but the velocity are different, as shown by Fig. 5.8a3,b3. At 6 km-depth
(Fig. 5.8al-a3), the final model exhibits lower velocities (< 2.5 km/s) with strong negative
velocity variations (< —8 %) in the Ligurian-Provence basin. This low velocity anomaly arises
from the slower velocity of the Rayleigh-Scholte waves. Another new pattern appears in Corsica
where the western Variscan Corsica exhibits high V while northeastern Alpine Corsica exhibits
lower velocities. Such changer in the oceanic part of the velocity model and in Corsica are likely
due to the incorporation of fluid-solid coupling in the 3-D inversion. This coupling is important,
not only for sea-sea paths but also for land-sea or land-land paths (e.g., in and around Corsica).
On the onshore domain, relative variations roughly coincide with geological structures, with a
velocity decrease in the western and eastern parts of the subduction wedge and an increase in
the forelands.

The 26-km maps (Fig. 5.8b1-b3) display two striking features: (1) a velocity decrease in
velocity (to —8 %) in the subduction wedge and the Ligurian-Provence basin, and (2) a velocity
increase (up to 8 %) in the crust beneath the Alpine forelands and the Apennines. In particular,
we point out two strong and nearby velocity changes of reversed polarities in the European
crust: the fast anomaly (labelled '1’) and the low anomaly (labelled ’2’) in Figure b3, that will
be discussed in more detail in the next section.

Transitions between the main domains exhibit small variations from the initial model. This
is consistent with the low average misfit observed along the main tectonic boundaries (e.g., the
subduction wedge-European foreland boundary, see Fig. 5.1). This again shows the robustness
of the ANT model that deals with such sharp transitions. However, strong velocity changes
between the ANT and the WET models show that the WET overcomes imperfections in the
ANT model and the high-frequency approximation in the inversion for group velocity maps or
the 1-D assumption in the inversion for V.

Figure 5.9 shows that important differences are observed between our Vs model and the
WET V; model by Lu et al. (2020). We observe an overall change in amplitude of velocity
anomalies and their contrast, in the European crust along the Alpine arc, and in the Adriatic
crust as well. Our velocity model is obviously higher resolution as illustrates the 46-km depth
slice (lower crust to upper-mantle, Fig. 5.9c1-c2), where the western Alpine lower-crust and the
Adriatic upper-mantle appear more differentiated in our model. These discrepancies are due
to differences in the initial models’ seismic coverage and robustness, as well as to differences in
the inversion methodology, since we invert hierarchically in four narrow period bands instead
of one broad band as Lu et al. (2020) did.
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Figure 5.8: Depth slices in the initial (al-bl) and final (a2-b2) shear-wave velocity models and
the relative variations to the initial model (a3-b3), at 6 (al-a3) and 26 km (b1-b3) depths.
Labels 1 and 2 refer to velocity structures discussed in the text.
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Figure 5.9: Comparison of depth slices of shear-wave velocities in the WET model of Lu et al.
(2020) (al-cl), the WET model of this study (a2-c2), at 26 (al-a2), 36 (b1-b2) and 46 km
(c1-c2) depths. The gray areas hide regions where the velocity models are unconstrained.
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5.7.2 Vertical cross-sections

To further point out the improvements bought by wave-equation tomography, we now compare
Vs crustal-scale depth sections in the initial and final models along three representative profiles,
P1, P2 in the southwest Alps and P3 in the Ligurian-Provence basin (see locations in Fig. 5.1).

5.7.2.1 Cross-sections in the western Alps

Profile P1 coincides with the Cifalps transect, which was extensively investigated in a number
of tomography studies (Malusa et al., 2021, and references herein). It was also used by Nouibat
et al. (2022a) to validate the onshore part of the ANT model, by comparison to a migrated
receiver function stack. Profile P2 is located close to the ECORS-CROP controlled-source
seismic profile (Nicolas et al., 1990) and the Cifalps-2 profile (Fig. 5.1; Paul et al., 2022). Both
transects cross the mountain belt from the European foreland (subducted lower plate) to the
Adriatic foreland (upper plate) and the subduction wedge bounded by the Penninic Frontal
Thrust (PFT) to the west and the Insubric Fault (IF) to the est.

Figure 5.10 shows the two velocity models along P1 and P2 profiles and the relative velocity
changes. The final model displays lower velocities in the European mantle and higher velocities
in the Adria mantle along the two transects (£2 %). This indicates a non-negligible contribution
of misfit enhancement at long periods in the model update. The European crust (labeled ECC)
shows three main patterns: (i) an attenuation (dv/v > +5 % in P1) of the LVZ in the lower
crust of the foreland (label '1%); (ii) a strengthening (dv/v < —3 to —4 %) of the lower crustal
LVZ located beneath the surface trace of the PFT (label ’2’). These two velocity changes are
also visible in the Fig. 5.8b3 which shows a shift of the LVZ1 towards the north-east. This
shift is likely the result of correcting for the seismic ray deviation bias that is not considered in
the ANT model due to the high frequency approximation. It also reflects the higher resolution
of the final model; (iii) a progressive increasing of velocities beneath the SW, as highlighted
by positive-velocity variations from 40 km depth and 180 km offset. The final model shows
almost no change in the Adria crust, which is less structurally complex than the European
crust, indicating that the ACC is indeed well constrained at depth by the ANT.

Similarly to the receiver function Moho (dashed yellow line), the 4.2 km/s contour of the
final model dips continuously following the subduction of the European lithosphere beneath
the westernmost Po plain, and reaches a maximum depth of ~ 80 km. We can therefore define
this iso-velocity as a proxy for Moho. The European Moho proxy reaches only 55 km maximum
depth in the north (profile P2), Two major changes of the Moho proxy may be noticed: (i) a
change of geometry underneath the subduction wedge in profile P1, at location 3, where the
shape of the 4.2 km/s contour is much more consistent than the one of the ANT model that
goes down deeper as a result of anomalous low velocities (> 4.2 km/s) at depths > 80 km.
Indeed, the final model displays a velocity increase in this zone. Similar changes in the north
(P2) underline a decrease in the maximum depth reached by the Moho proxy (55 km instead of
70 km), which is more coherent with the ECORS-CROP wide-angle reflection profile (Nicolas
et al., 1990); (ii) strong changes in the V; gradient at Moho depth, particularly in the north
(P2) with positive variations (dv/v > +5 %). In P1, the European Moho shows a decrease
in velocity under the Rhone valley, then a strong increase (under the LVZ labelled ’1%). The
Moho jump in P2 is well preserved in the final model which indicate that this structure is well
constrained by the ANT and therefore not an artefact. The crust-sediment interface, which can
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be roughly approximated by 2.8 km/s contour, shows a velocity decrease below the Po plain
and below the Rhone valley. These variations along the main interfaces are possibly due to the
correction of the bias associated with the 1-D layer model assumption in the construction of
the ANT model. Moreover, their sharpness undoubtedly demonstrates the resolving capacity
of our tomography. The comparison with Lu et al. (2020)’s model along the two transects
(Fig. 5.10a5,b5) shows first-order discrepancies, particularly in the lower crust and the upper
mantle. These differences are more important in the P1 profile, reflected for instance by the
absence of the European Moho deepening in the model of Lu et al. (2020). Nevertheless, there
are similar first-order lateral structures, such as the Moho jump in the P2 profile. It is worth
remembering that these differences are most likely due to differences in the resolution and
robustness of the two initial models. However, this comparison is meaningful since the model
of Lu et al. (2020) is the only WET model in the Alpine region.

5.7.2.2 Cross-section in the Ligurian-Provence basin

We now focus on the offshore part of the study area, on profile P3 along the axis of the Ligurian-
Provence back-arc basin (location in Fig. 5.1). This transect crosses the three main domains
involved in the genesis of oceanic crust as a result of the roll-back of the Apenninic slab and the
opening of the basin (Séranne, 1999): (1) the oceanic domain, described as an atypical oceanic
crust by Rollet et al. (2002); (2) the transitional domain which includes a thin continental
crust overlying a thick rift-related corner of magmatic underplating (e.g., Séranne, 1999); (3)
the Ligurian margin made of stretched continental crust units. The oceanic southwestern part
of the transect coincides with the seismic refraction and wide-angle reflection line by Dannowski
et al. (2020), which has been used by Nouibat et al. (2022b) to validate the offshore part of
the ANT model. The northeastern part of the profile coincides with the marine part of the
wide-angle reflection line by Makris et al. (1999).

Figure 5.11 shows that the final model displays major changes with the ANT model: (i)
a strong velocity decrease in the sediments and oceanic crust of the oceanic domain (dv/v >
—8 %); (ii) a strong increase in velocity of sediments followed by a decrease in velocity of the
crust in the transitional domain; (iii) a decrease in sediments velocity followed by an increase in
velocity of the crust in the margin domain. These changes at shallow depths are likely related
to the consideration of 3-D fluid-solid coupling. Conversely, the uppermost mantle displays
lower velocity changes with an overall decrease in the oceanic domain and an increase in the
transitional and continental domains. Similarly to the onshore part, we define the Moho proxy
as the 4.2 km/s contour. This contour is consistent with the V,, Moho proxy defined as the
7.3 km/s V}, contour by Dannowski et al. (2020) (dashed yellow line in Fig. 5.11). Depth and
geometry of the Moho proxy is almost unchanged in the oceanic part between the two models.
However, we see a significant increase in velocity reflecting a stronger gradient at this interface,
similar to the Moho in the continental part. The most important change is in the margin part
where the Moho proxy is shallower indicating a gradual thickening of the continental crust
towards the northeast, to a maximum depth of 27 km.
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Figure 5.10: Comparison of depth sections for the initial and final models and the model
by Lu et al. (2020) along the WSW-ENE transect P1 (left-hand side) and the WNW-ESE
transect P2 (right-hand side). Locations of P1 and P2 are indicated in Figure 5.1. (al,bl)
Topographic profile and geological map (extracted from Fig. 5.1). (a2-b2) Shear-wave velocities
from the ANT initial model ("'man7’). (23-b3) Shear-wave velocities from the WET final model
‘mypr’). (ad-b4) Relative variations to the initial model. The white and black curved arrow
highlight the subduction of the European lithosphere beneath Adria. The dashed yellow line
in (a3) and (ab) show the European Moho picked from a receiver function section (Zhao et al.,
2015; Paul et al., 2022). Note the remarkable agreement with the V5 Moho proxy in (a3).
Acronyms: ECC, European Continental Crust; ACC, Adriatic Continental crust; ASB, Adria
seismic body. Labels 1, 2 and 3 indicate structures discussed in the text.
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Figure 5.11: Comparison of depth sections for the initial and final models along the SW-NE
offshore transect P3 (see location in Fig. 5.1). (a) Shear-wave velocities from the ANT initial
model. (b) Shear-wave velocities from the WET final model. The black dashed line represent
the Moho proxy from the active seismic P-wave velocity section of Dannowski et al. (2020). (c)
Relative variations to the initial model.

5.7.3 New large-scale map of Moho depth

The Moho depth cartography in the western Mediterranean region has been the target of a
variety of seismic experiments but is so far still not enough well constrained in 3-D to answer
first-order questions regarding the deep 3-D geodynamics. We discuss the 3-D structure of
the Moho in the Alpine region by comparing with the Spada et al. (2013)’s reference Moho
map and the recent Moho map from the WET by Lu et al. (2020). We further discuss the
topography of Moho in the Ligurian Sea by comparing with depth iso-contours from the recent
conventional ANT by Magrini et al. (2022).

In a tectonically complex setting as in the western Mediterranean region, a precise definition
of the three-dimensional Moho structure is fundamental to understanding the link between man-
tle dynamics and the geological setting. Thus, numerous large-scale Moho maps have been con-
structed from different seismological methods. By interpolating data from CSS, RF and LET
(e.g., Waldhauser et al., 1998; Lombardi et al., 2008; Piana Agostinetti and Amato, 2009; Diehl
et al., 2009; Di Stefano et al., 2009), Spada et al. (2013) derived a first 3-D Moho map in three
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blocks: a European Moho, an Adriatic Moho, and a Ligurian—Sardinia—Corsica—Tyrrhenian
Moho (Fig. 5.12a). This smooth Moho shows crustal thickening beneath the Alps and Apen-
nines and thinning beneath the Ligurian and Tyrrhenian oceanic domains. However, this Moho
is limited by the quality of the CSS and RF measurements, limited coverage of the 2-D profiles,
and finally by the resolution and coverage of the LET model by Diehl et al. (2009). The densi-
fication of permanent seismic networks in Western Europe and the expansion of conventional
ANT have made it possible to derive finer versions of the Moho structure as a Vs Moho proxy
(e.g., Molinari and Morelli, 2011; Késtle et al., 2018; Lu et al., 2018; Nouibat et al., 2022a).
These models have provided significant constraints on geological models, confirming 2-D obser-
vations by other methods such as CSS and RF. However, although these models are spatially
continuous, they are not truly 3-D as all of them are based on a point-by-point depth inversion
for Vi, which is problematic for lateral consistency.

The recent Moho depth map of the Alpine region by Lu et al. (2020), estimated from
the depth of the V;=4.2 km/s iso-velocity surface from their WET, is up-to-now the highest
resolution depth map of Moho proxy (Fig. 5.12b). This Moho map is truly 3-D as the WET
relies on the physics of wave propagation. This model is consistent with the geometry of the
large ensembles in Spada et al. (2013)’s model with far higher resolution. It shows changes in
maximum crustal thickening along the Alpine arc from Western Alps (~ 50 km) to Central-
Eastern Alps (50-55 km), marked by a maximum depth between Tauern and Engadin windows
in the the Eastern Alps and ~ 40 km shallower depths beneath the Lepontine Dome. The
European foreland exhibits a crustal thickness of 35 km while larger thicknesses are observed
in the Adriatic side, beneath the Po basin. This model exhibits a SW-NE oriented Moho
step that roughly follows the boundary of the external crystalline massifs in the western Alps.
The recovery of such sharp features reveals the strength and resolving capability of the wave-
equation tomography of Lu et al. (2020). However, this Moho map has two major deficiencies:
(i) it does not highlight the subduction of the European continental crust, in disagreement with
the RF Moho (see Fig. 5.10). Indeed, this major structure was not recovered in the ANT by Lu
et al. (2018) used as an a priori model in their WET; (ii) it does not cover the Ligurian-Provence
basin due to the low ray coverage in this area before the deployment of AASN OBSs.

Figure 5.12c shows the Moho depth map estimated from the iso-velocity surface
Vs=4.2 km/s in our WET V5. This Moho map covers a wider area than that of Lu et al. (2020),
notably the oceanic domain of the Ligurian-Provence basin and Corsica. In the area covered
by the Moho of Lu et al. (2020), our depth map is overall similar to that of Lu et al. (2020),
with a few important discrepancies. First, our map exhibits higher resolution, as illustrated
by the Moho beneath the Po basin which appears more differentiated. In the Western Alps,
the European Moho deepens to significantly larger depths (> 60 km). The area of maximum
Moho depth is overlain by a small-size anomaly at 20-25 depth located in the subduction wedge
(dashed white line). This shallow high-velocity is already visible in the initial ANT model and
is discussed in Nouibat et al. (2022a). The strong along-strike variations in Moho depth from
north to south are in line wih RF observations between the northwestern and southern Alps
(Paul et al., 2022), indicating a non-cylindricity of the deep structure of the Western Alps.
Besides this differences, we confirm structures outlined by Lu et al. (2020), such as the Moho
jump below the external crystalline massifs that appears more linear and better aligned with
the Variscan Accident than the one in Lu et al. (2020) which presents a shift to the east from
theses faults, likely due to poorer station coverage in the western part of their covered area.
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Figure 5.12: Depth maps of Moho and Moho proxy in the western Mediterranean region. (a)
Spada et al. (2013)’s map composed of three blocks: European Moho (M1), Adriatic Moho
(M2) and Ligurian—Sardinia—Corsica—Tyrrhenian Moho (M3). (b) Lu et al. (2020)’s depth
map of the V; = 4.2 km/s iso-velocity surface from their WET model. (c¢) Depth map of the
Vs = 4.2 km/s iso-velocity surface from our WET model. Acronyms: Eu, European Moho; Ad,
Adriatic Moho; Li, Ligurian Moho; WA, Western Alps; CA, Central Alps; EA, Eastern Alps.
Arrows in purple: Moho step beneath the external crystalline massifs (Lu et al., 2018). Dashed
white line: boundary of the Adria seismic body (ASB; Nouibat et al., 2022a). The black lines
correspond to geological and tectonic boundaries of Figure 5.1. The gray areas hide regions
where Moho maps are unconstrained.
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5.7.4 Moho architecture beneath the Ligurian Sea

3-D crustal imaging of back-arc basins with continental margins based on surface waves is a
challenging topic due to the difficulty of accounting for the effect of complex topography on
the wave propagation physics, as illustrated in this study. One of the main objectives of this
study is to produce an homogeneous 3-D map of the Ligurian Moho structure in line with the
physics of surface wave propagation in a hybrid medium.

Unlike the Alpine region, the 3-D structure of Moho in the Ligurian Sea is poorly constrained
by 3-D velocity models. In this region, the few constraints on the Moho depth are mainly
provided by CSS data (e.g., Makris et al., 1999; Rollet et al., 2002; Contrucci et al., 2001;
Dannowski et al., 2020). This gap is partly due to the poor coverage of seismological stations
in this area before the deployment of AlpArray OBSs, making it difficult to achieve 3-D high-
resolution imaging with tomography methods such as ANT or LET for instance. Figure 5.13
shows the Moho proxy depth map in the Ligurian-Provence basin. This Moho map shows
strong lateral variations with depths ranging from 12 km between Provence and Corsica to
~40 km along the margins and Provence margin. In the oceanic domain, the Moho gradually
deepens along the axis of the basin, from 12 km between the Ligurian-Provence and Corsica
margins to 18 km in the southern part. The transition to the Ligurian-Provence and Corsica
margins is characterised by a strong gradient in Moho depth while the transition to the Ligurian
margin is smoother. A strong crustal thickening reaching 40 km in is visible in the Provence
margin. Red dashed show depth contours of the Moho surface recently published by Magrini
et al. (2022) from conventional ANT. This model shows smoother depth variations than ours
within the basin and at transitions to the conjugate margins. Along the basin axis, it shows
depths increase from the southern part of the (15 km) to the northern part (18 km). While
our Moho has a depth of about 12 km in the oceanic domain traversed by the active seismic
profile of Dannowski et al. (2020), the Magrini et al. (2022)’s Moho is 15-18 km deep in the
northern portion of the profile and more than 18 km deep in the southern portion. However,
Dannowski et al. (2020) detected a Moho of ~ 12 km depth, which is more consistent with
the depths displayed by our model (see Figure 5.11). These comparisons demonstrate that our
Moho model provides a better resolution of the crustal thinning beneath the Ligurian-Provence
basin.
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Figure 5.13: Depth map of the Vs = 4.2 km/s iso-velocity surface from our WET model as
a proxy of Moho in the northwestern Mediterranean Sea. Black lines are iso-depth contours
from our Moho proxy. Red lines: iso-depth contours from Magrini et al. (2022)’s Moho depth
map. Dashed yellow line shows the trace of Dannowski et al. (2020)’s CSS profile. Dashed
white lines are limits of the main geological domains in the Ligurian-Provence basin from
Rollet et al. (2002). Acronyms: PM, Provence margin; LPM, Ligurian-Provence margin; LM,
Ligurian margin.

5.8 Conclusion

Using ambient noise data from exhaustive coverage of permanent and temporary arrays in
the western European region, we derive a 3-D high-resolution onshore-offshore S-wave velocity
model of the Alps and Ligurian-Provence basin from wave equation tomography. We iteratively
refine the recent ANT model of Nouibat et al. (2022a) by minimizing the phase travel time
differences between observed and simulated waveforms in the 5-85 s period band. Observed
signals are obtained from ambient noise cross-correlations and synthetics are computed from
SEM-based 3-D elastic and acoustic-elastic modelling of surface waves. Taking the Ligurian
Sea domain as an illustration, the specificity of this study is to highlight the effect of the
water layer on the 3-D propagation of Rayleigh waves by applying a fluid-solid coupling for
3-D acoustic-elastic simulations. We demonstrate that the elastic propagation assumption is
no longer valid at short periods (5-20 s), since the surface-wave packet is dominated by a
composite Rayleigh-Scholte mode propagation with lower velocities. Finally, we incorporate
the fluid-solid coupling in the inversion framework of the WET.

In line with the true physics of surface-wave propagation, the ANT corrects for the biases in
the ANT model related to the high-frequency assumption and the 1-D inversion. The resulting
model has a better resolution, with significant intra-crustal changes. In the superficial part,
the WET better emphasizes the deep sediments of the Ligurian-Provence domain and a high-
velocity anomaly beneath the Variscan part of Corsica. This improvement is partly due to
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accounting for Rayleigh-Scholte wave 3-D sensitivity kernels at short periods. In the crust, the
WET mainly change the velocity contrast and focus the LVZ in the W-Alps with an overall
velocity decreasing in the subduction wedge and increasing in the two forelands. In addition,
the WET validates major structures already present in the initial model, such as the subduction
of the European crust down to 70-75 km beneath Adria in the southwestern Alps, and the slow
anomalies at the base of the crust in the northwestern Alps, thus validating recent first-order
interpretations on the deep structure in this area (e.g., Nouibat et al., 2022a; Paul et al., 2022).
Significant changes are observed in the oceanic crust of the Ligurian-Provence domain, where
intra-crustal velocities decrease significantly with up to 10 % variations from the initial model
along the axis of the basin.

The resulting model is so far the highest resolution S-wave velocity model of Western
Europe. We present a new depth map of the Moho proxy of Western Europe. In the Western
Alps, this map shows the deepening of the European crust and confirms the Moho jump under
the outer crystalline massifs (Lu et al., 2020) and the ASB (Adria seismic body Nouibat et al.,
2022a). This proxy is the first truly 3-D representation of the land-sea Moho in the western
Mediterranean region. We show a strong deepening of the Moho towards the Ligurian-Provence
and Corsica conjugate margins, and a smoother deepening towards the Ligurian margin with
depths ranging from 10-12 km at the oceanic domain axis to 40 km at the Provence margin.
In a future perspective, this final model can be used as the initial model in earthquake-based
FWI to better constrain the P-wave velocity of Western Alps and Ligurian Sea.
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Chapter 6

Conclusion and Perspectives

Conclusion

The objective of this thesis was to set up a new generation of 3-D large-scale seismological
models, to be used as self-consistent input for geological and tectonic interpretation for a better
understanding of the deep geodynamics in the western Mediterranean region. To achieve this,
we have deployed innovative ambient noise-based imaging methodologies and applied them for
the crust and upper-mantle beneath the Alps and the Ligurian sea, taking advantage of the
densest database in Western Europe to date.

With this manuscript, we provide two shear-wave velocity models that cover the Alpine
belt and the Ligurian-Provence basin. First, a probabilistic quasi-3-D model derived from a
two-step ambient noise group velocity tomography (ANT), presented in Chapters 2 and 4.
This model provides at each location, at each depth, the probability density on V; and on
the presence of interfaces. This ANT V; model was used as an initial model in wave equation
tomography (WET) to construct a higher resolution 3-D V model in the western Alps and the
Ligurian-Provence basin, as seen in Chapter 5.

In terms of methodological development, we first set up a full data-driven Bayesian ap-
proach to derive the ANT V; model. This approach, designed to address the issue of data
and model uncertainties, allowed the construction of both V; and their uncertainties at depth,
and both group velocities and their uncertainties at period, while realistically quantifying the
errors in the source-receiver group-velocity measurements. In the framework of this Bayesian
ANT methodology, we set up a dedicated procedure for 3-D imaging of oceanic crust with
ocean-bottom-seismometers (OBS). This involves a specific processing sequence that deals with
electronic and seabed-induced noise in the OBS raw recordings, and an iterative scheme that
improves the quality of the OBS-OBS first-order correlations. We have successfully applied this
procedure to the Ligurian-Provence basin, thereby complementing the onshore part of the Vj
model. In a second step, we deployed a wave-equation-based inversion procedure that naturally
deals with the limitations of the ’classical’ two-step ANT, which are the use of the ray theory
and the point-by-point inversion at depth. The specificity of our WET is that it accounts for
the effect of the water layer on the 3-D propagation of the surface waves, by incorporating
an efficient 3-D fluid-solid coupling for the acoustic-elastic numerical simulations. We have
successfully applied this procedure to the crust and upper-mantle beneath the western Alps
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and the Ligurian-Provence basin, thus improving both the onshore and offshore parts of the
ANT V, model.

The ANT V; model is so far the highest resolution model of the Alps and the Ligurian
sea, from the conventional two-step tomography. We validated both the onshore and offshore
parts of this model by comparing with recent receiver function (RF) and controlled-source
seismic (CSS) cross-sections across the western Alps and the Ligurian-Provence basin, as seen
in Chapters 2-4. Our Vi model provided new insights on the 3-D geometry and along-strike
variations of the crust and upper-mantle structures beneath the western Alps (Moho steps in
the French External Massifs and the subduction wedge, LVZ in the European lower crust, Adria
seismic body, etc.). It also provided new insights into the thickness and petrological-lithological
nature of the oceanic crust and the underlying upper-mantle beneath the Ligurian-Provence
basin (gabbro intrusive bodies, no evidence of serpentinization, etc.). Finally, we achieved
an even finer resolution and better robustness of the model with the use of the WET, which
enhanced the contrast of the velocity structures and corrected their spatial location, especially
in the marine part (as seen in Chapter 5). We extracted from this model, a high-resolution large-
scale 3-D Moho map that covers the Alps and the Ligrurian sea. The obtained WET model is,
to-date, the highest resolution shear-wave velocity model of the Alps and the Ligurian-Provence
basin.

Perspectives

Improvement of the ANT and WET

In view of its robustness and simplicity, the classical two-step ANT is still required to derive
robust preliminary 3-D velocity models for use in seismic imaging methods based on numerical
modelling of wave propagation, such as the WET. The full Bayesian approach we have proposed,
allowing the exploration of large sets of models, both for group velocity maps and for Vs depth,
is a significant step forward in improving existing ANT methodologies. However, this method
can be further improved. For instance, our 2-D traveltime inversion for the dispersion maps,
still relies on the ray theory, which is the case in almost all classical ANT methods. A potential
methodological effort to be made on this issue is considering finite-frequency kernels, already
used in the framework of local earthquake tomography (LET). With regards to our 1-D inversion
for Vs, it would be useful to perform the grid search over 1-D Vi model composed of larger
number of sub-layers for a better description of complex geological lithologies. Finally, another
possible improvement is to accompany the velocity models with a meaningful estimate of the
resolution by considering it as a part of the inversion problem.

A possible improvement of our wave equation tomography might be the consideration of the
anisotropy effect, which is non negligible in the Alpine region as shown be recent studies (e.g.,
Alder et al., 2021; Soergel et al., 2022). In our WET, we used only the vertical-component of
Rayleigh waves and compared with the correlation signals of vertical-component noise records.
Considering both Rayleigh and Love waves by using multi-component ambient-noise correla-
tions would be useful to further constrain the 3-D shear-wave velocity model. Besides that,
other types of misfit functions can be used for the WET, based on group traveltime differences
or on cross-correlation time delays. In contrast to the multi-taper misfit function we used,
these misfit functions are not phase-based and hence less resolving. However, they can be
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useful in preventing cycle skipping, which would potentially make initial model building by
the ANT no longer necessary. It may also be useful to consider the issue of quantifying the
model uncertainties in the context of WET, by employing techniques that have been already
developed for the FWI problem, such as statistical-oriented approaches (e.g., Biswas and Sen,
2017; Fichtner et al., 2019), or ensemble Kalman filter (EnKF') approaches (e.g., Thurin et al.,
2019, Hoffmann et al., in prep). Finally, the numerical modelling of wave propagation in the
ocean and on its margins can be further improved with a finer meshing of the seabed than
the staircase approximation we used. This could be useful at higher frequencies, especially for
subsurface marine imaging with ambient noise.

Towards 3-D V,,, V; models from FWI of earthquake body waves

Our next objective is to construct V,,, Vs models of the crust beneath the western Alps and
the Ligurian-Provence basin using body waves from regional earthquakes. Our ANT and
WET V; models rely on surface waves, which are more sensitive to lateral variations than the
intracrustal variations and structural interfaces, in contrast to the body waves. However, these
models are high-quality starting models for full-waveform inversion (FWI) of body waves — a
natural extension of the wave equation tomography based on ambient noise.

We aim to perform the FWI using body waves records from all available seismological sta-
tions in the period 2015-2022, the AlpArray network included. All available body-wave-based
3-D V},, V5 models in our study area were derived from conventional local earthquake tomogra-
phy (LET) — based on the arrival time information of the body-wave. As none of these models
used the temporary AlpArray network (deployed only from 2016), they do not recover the 3-D
velocity structures beneath the Ligurian-Provence basin. By performing the FWI, including
the amplitude and waveform of body waves, and using the AlpArray stations in complement to
permanent stations, we would further improve the resolution and coverage of the previous LET
models. Since the earthquake parameters (origin time, hypocentre, focal mechanism) depend
on the physical parameters of the medium, we will consider jointly inverting for the velocity
and source parameters to achieve a better model robustness. Finally, to constrain both the
structural interfaces and lateral velocity variations, we will consider alternating FWI and WET
to invert both earthquake body waves and ambient-noise surface waves.

Applying FWI based on local-earthquake body waves for 3-D large-scale crustal imaging
would involve the use of higher frequency content (up to 1 Hz), which is challenging both in
terms of technical aspects and computational costs (rough estimates of the computational cost
is shown in Appendix A). Nevertheless, we will take advantage of the same 3-D numerical
simulation tools used for the WET, developed as part of the SEM46 package of the Seiscope
consortium. The principal differences with respect to the WET, beyond the change in the
seismic-wave type, will be the choice of the misfit function and the account of focal mechanisms
of the earthquakes. As far as the computational time is at issue, the use of the WET model
as an initial model, which is moreover the most reliable model to date, would be beneficial
to achieve a reasonable convergence time. In addition, we will deploy the same source sub-
sampling algorithm used in the WET this time for earthquakes, so that we can ensure a more
thorough coverage while keeping the same total number of iterations.

The 3-D FWI model is intended to provide a high-resolution image of the crustal structures
beneath the western Alps and the Ligurian sea, and key information on their lithological-
petrological nature (with the V,,/V ratios). For instance, further constraining the complex 3-D
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structure of the subduction wedge — crucial in the understating of the strong lateral variations
recorded at the surface and of the deep processes involved in the subduction of the European
lithosphere. In the Ligurian-Provence basin, this model could provide key insights into the still
debated nature and composition of the oceanic crust and underlying mantle.

The 3-D velocity models as input for other studies

Our 3-D velocity models can be used for other studies, either as 3-D self-consistent observations
for geological and tectonic interpretations, or as input data for geophysical studies. Our ANT
Vs model is already used to set up an integrated geological-geophysical 3-D model of the
lithosphere beneath the western Alps and the Ligurian sea in the framework of the RGF
(French Geological Referential) program. In this 3-D geomodel, the main geological formations
(sediments, upper and lower crust, mantle) and their boundaries (basement, Moho, etc.) are
constrained at depth by a series of geologically interpreted V; cross-sections, together with
3-D iso-velocity surfaces, extracted from our model. Other ongoing studies use our ANT Vj
model, for instance, as a seismological reference model for detection of clustered seismicity
beneath the southwestern Alps and the Ligurian-Provence basin (Beaucé et al., in prep), for
assessing chemical and mineralogical properties of the Alpine slab (Sonnet et al., in prep), and
for describing the kinematic evolution of the Alpine orogeny since 35 Ma, in combination with
geo-thermochronological, tectonic and sedimentological data (Bellahsen et al., in prep).
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Appendix A

Computing resources required

I present here an overview of the computing resources required for the main tasks of this Ph.D.

work.

We have used the regional High Performance Computing infrastructure of the GRI-
CAD/CIMENT project, hosted by Univ.
noble-alpes.fr) and the national HPC clusters of the TGCC infrastructure (https:
//www-hpc.cea.fr/fr/complexe/tgcc.htm), available through the GENCI annual calls.

Grenoble Alpes (https://gricad.univ-gre

Main tasks Computing time | Machine - center | CPU architecture

(CPU-scalar

hours)
Data download, pro- | ~ 80 000 Dahu - GRICAD | 2x24c & 2x32c¢c Intel Xeon
cessing and tests CIMENT Skylake @2.30 GHz
ANT (2-step inversion | ~ 1 100 000 Dahu - GRICAD | 2x24c & 2x32c Intel Xeon
and tests) CIMENT Skylake @2.30 GHz
WET (inversion in | ~ 970 000 Irene - TGCC 2x64c AMD Rome @2.60 GHz

4 period bands and
tests)



https://gricad.univ-grenoble-alpes.fr
https://gricad.univ-grenoble-alpes.fr
https://www-hpc.cea.fr/fr/complexe/tgcc.htm
https://www-hpc.cea.fr/fr/complexe/tgcc.htm

COMPUTING RESOURCES REQUIRED
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Appendix B

Origin of data

The waveforms data used in this manuscript belong to the permanent seismological networks
with codes AC, BE (Royal Observatory of Belgium, 1985), CA (Institut Cartografic i Geologic
de Catalunya-Institut d’Estudis Catalans, 1984), CH [Swiss Seismological Service (SED) at
ETH Ziirich, 1983], CR (University Of Zagreb, International Federation of Digital Seismo-
graph Networks, 2001), CZ (Institute of Geophysics, Academy of Sciences of the Czech Re-
public, 1973), ES (Instituto Geografico Nacional, Spain, 1999), FR (RESIF, 1995), G [Institut
de Physique du Globe de Paris (IPGP) and Ecole et Observatoire des Sciences de la Terre de
Strasbourg (EOST), 1982], GB [GEOFON Data Centre, 1993], GR [Federal Institute For Geo-
sciences And Natural Resources (BGR), 1976], IV (INGV Seismological Data Centre, 2006),
NL (KNMI, 1993), OE (ZAMG— Zentralanstalt fiir Meterologie und Geodynamik, 1987), SL
(Slovenian Environment Agency, 2001), and UP (SNSN, 1904). We also used data of the tem-
porary AlpArray network (Z3 network, AlpArray Seismic Network, 2015), Cifalps (YP network,
Zhao et al., 2016b, and XT network, Zhao et al., 2018) and EASI experiments (XT network,
AlpArray seismic network, 2014).
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