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Abstract. Methodological advances in seismic tomography are often driven by the quality of data sets.
The dense and homogeneous spatial coverage of the AlpArray seismic network, including hundreds
of permanent and temporary broadband stations, has motivated a series of methodological develop-
ments of ambient-noise-based tomography of the lithosphere across the entire Alps-Apennines re-
gions, which have been published and are reviewed here. To take full advantage of the ocean-bottom
seismometers (OBS) in the Ligurian-Provence basin, reconstructed Rayleigh wave signals between
OBS have been improved by second-order correlations with onland stations. A Bayesian or fully trans-
dimensional formalism has been introduced in both steps of isotropic ambient noise tomography.
The three-dimensional S-wave velocity models have been further improved by wave-equation based
inversions accounting for the physics of seismic wave propagation, including elastic-acoustic cou-
pling at the sea bottom. A beamforming approach has been developed to avoid systematic errors in
the measurement of azimuthal anisotropy from seismic noise. Probabilistic inversions for depth vari-
ations of azimuthal and radial anisotropy have provided robust estimates of anisotropic parameters
in the crust and upper mantle that diVer significantly from earlier surface-wave tomography studies.
These methodological improvements have taken the full benefit of the quality of available seismic data
to significantly improve knowledge of the seismic structure of the crust and shallow mantle beneath
the Alps-Apennines system. Our findings include detailed mapping of strong and abrupt Moho depth
changes under the Western Alps, contrasting orientations of fast velocity directions between the upper
and lower Alpine crust, and the absence of significant radial anisotropy everywhere in the European
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crust and shallow upper mantle, except in the Apenninic lower crust. These methods can be applied
to similar dense arrays with equivalent potential benefits.

Keywords. Seismic tomography, Ambient noise, Bayesian inversion, Seismic anisotropy, Lithospheric
structure, European Alps.
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1. Introduction

The Alpine mountain range is part of the continental
collision ranges created by the convergence of the
Eurasian and African plates in the Mediterranean
region. It results from the subduction of the Alpine
Tethys under the Adriatic microplate since the Late
Cretaceous, and the subsequent continental colli-
sion between the European and Adriatic paleomar-
gins in the Cenozoic [e.g., Handy et al., 2010]. The
Alpine belt is an outstanding example of subduc-
tion and continental collision studies, which has
been investigated by geologists for more than 150
years. Several major concepts of modern geology
have been developed in the Alps, such as nappes,
when the prominence of horizontal over vertical dis-
placements was proposed by Emile Argand [Argand,
1922]. More recently, the identification of coesite,
which is a high-pressure polymorph of quartz, in
gneisses of the Dora Maira massif (south-western
Alps, Italy) led Chopin [1984] to propose that conti-
nental crust may be subducted to depths of 90 km
or more. The amount of geological knowledge about
the Alps is unparalleled in any other mountain range,
and they provide a unique natural laboratory to ad-
vance our understanding of orogenesis and its rela-
tionship to present and past mantle dynamics. The
Alpine mountain belt is also a populated area where
millions of Europeans are aVected by its topogra-
phy, geology and associated natural hazards such
as earthquakes or landslides. Yet, accurate informa-
tion on the lithospheric structure of that emblematic
and populated mountain range was hampered by
insu'Ycient and spatially heterogeneous geophysical
data until the last few years. Filling that gap was the
primary motivation for the AlpArray initiative, which
gathered a large number of European research in-
stitutions to deploy a dense and homogeneous tem-
porary broadband seismological network over the

Alps and its forelands to complement the permanent
networks [Hetényi et al., 2018a].

In addition to gaining knowledge of Alpine litho-
spheric structure, the high spatial coverage of AlpAr-
ray temporary stations and permanent networks has
given us the opportunity to develop new methods of
seismic tomography at this large regional scale based
on ambient noise. A review of these methodological
developments is gathered in this paper because they
could be applied with great benefit to other similary
dense networks.

1.1. Seismic imaging in the Alps

Seismic imaging is an essential complement to ge-
ological studies to build lithospheric-scale interpre-
tive models and improve the understanding of the
dynamics of the mountain belt in space and time.
The geometry and depth of the crust-mantle bound-
ary, only accessible with geophysics and in partic-
ular active-source seismology and earthquake seis-
mology, are key information for geological and geo-
dynamic modeling. Each of these methods has lim-
itations and provides partial information, which is
why noise-based tomography methods are a valu-
able complement. In the Alps, deep seismic sound-
ing (DSS) experiments including ECORS-CROP in the
Western Alps [e.g., Nicolas et al., 1990], NFP-20 in the
Central Alps [e.g., Frei et al., 1990], and TRANSALP
in the Eastern Alps [e.g., Liischen et al., 2006] pro-
vided crucial data for interpretive crustal-scale sec-
tions along a number of crooked lines mostly trans-
verse to the belt. The results from these localised
studies cannot be extrapolated to other locations
along the belt due to its arcuate, non-cylindrical
geometry. DSS profiles provide high-frequency re-
flectivity images of the crust, hence sharp and sub-
horizontal velocity contrasts with no or poor in-
formation on absolute velocities. Thus, they can-
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not be interpreted in terms of petrology. Moreover,
the European Moho, de ned as the base of the
highly re ective lower crust, was not detected be-
low the intensely deformed and highly heteroge-
neous crust of the internal zones in the ECORS-
CROP and NFP-20 W5 and E1 proles across the
Western and Central Alps [e.g., Nicolas et al., 1990,
Marchant and Stampi, 1997]. The deep Euro-
pean Moho has only been detected by the ECORS-
CROP wide-angle seismic re ection experiment un-
der part of the internal zones to a maximum depth of
55 km [ECORS-CROP Deep Seismic Sounding Group,
1989].

A similar type of information on velocity contrasts
beneath seismic stations is provided at lower fre-
guencies by receiver function (RF) analysis in partic-
ular for Moho depth estimates [e.g., Kummerow et al.,
2004, Lombardi et al., 2008, Zhao et al., 2015, Het-
ényi et al., 2018b, Paul et al., 2022, Michailos et al.,
2023]. In some speci ¢ cases, such as in the presence
of a very heterogeneous, scattering crust, receiver
function analysis can be more e Vective at detecting
the crust-mantle boundary than re ection seismics
because it uses low-frequency, high-energy waves
from teleseismic earthquakes that travel across the
heterogeneous crust only once. Moreover, receiver
functions computed for station arrays provide es-
timates of Moho depth with 2-D coverage. In-
deed, Spada et al. [2013] generated a Moho depth
map of ltaly, including the Alpine region, which
combines DSS data with receiver functions. Spada
et al. [2013]'s model displays three Moho surfaces,
European, Adriatic-lonian and Ligurian—Corsican—
Sardinian—Tyrrhenian. As this model allows only one
Moho at a given location, the Moho surfaces never
overlap, even though the European lithosphere is
known to underthrust Adria.

The polarity of converted waves in receiver func-
tions provides useful information on the sign of ve-
locity change with depth. For example, Zhao et al.
[2015] observed negative-polarity P-to-S converted
waves in RF of the CIFALPS pro le close to the so-
called Ivrea body positive Bouguer anomaly (blue
line in Figure 1). This gravity anomaly high is
known since the rst geophysical experiments in the
Alps that also reported high-velocity refracted waves
(Vp £7.4 km/s) at 10 km depth in the same area
of the Italian Piemonte region [Closs and Labrouste,
1963]. The source of this gravity and seismic ve-

locity anomaly is called the Ivrea body and it is
interpreted as a slice of Adriatic upper mantle at un-
usually shallow depth [e.g., Nicolas et al., 1990]. The
negative-polarity converted phases in the RF of the
CIFALPS pro le were the rst evidence for the in-
verted Moho beneath the Ivrea body, as the contact
between the high-velocity Adriatic mantle wedge on
top and the lower velocity European crust or sub-
duction interface below [Zhao et al., 2015]. These
negative-polarity converted waves from 20-60 km
depth and the positive-polarity conversions at 75—
80 km depth were the rst seismic evidence for con-
tinental subduction of the European lithosphere be-
neath Adria, according to Zhao et al. [2015]. Like
deep seismic sounding, however, receiver functions
yield no clues on absolute velocities.

Local earthquake tomography (LET), which relies
on the inversion of body-wave arrival times (mostly
direct P and S waves) from local earthquakes for ab-
solute velocities (Vp and Vs or Vp/Vg) is an eY cient
tool to get 3-D images and complement 2-D DSS or
receiver function re ectivity images. The size of the
imaged crustal volume and the resolution of the to-
mography depend on the distribution of seismic sta-
tions at the surface and earthquake hypocenters at
depth. In the Alps, the seismicity level is low to mod-
erate, with rare events of magnitude ES5. Many years
of recording are therefore required to reach su Y cient
ray coverage in local earthquake tomography studies
of the whole Alpine region like in Diehl et al. [2009]:
12 years (1996-2007) for 1500 events of M| E 2.5.
Another issue is that most earthquake sources in the
Alps are shallow (focal depths C 15 km), exceptin the
westernmost part of the Po basin where hypocenters
on the Rivoli-Marene fault reach 70-80 km depth
[Eva et al., 2015]. Due to low magnitudes, these deep
events are only detected by stations close to epi-
centers. They, however, proved useful to image the
deep parts of the subduction wedge of the western
Alps by LET including the high-velocity Ivrea body
[Solarino et al., 1997, Paul et al., 2001, Solarino et al.,
2018, Virieux et al., 2024]. Imaging the crust to Moho
depth with LET in most of the Alps requires records
of Pn waves, thus suY cient-magnitude earthquakes
and station arrays of large spatial extent. Until re-
cent years, this last condition was only reached by
compiling records of a large number of regional and
national networks with heterogeneous data sharing
policies and traveltime picking strategies, at the cost
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Figure 1. Maps of broadband seismic stations in the Alps and surrounding regions including all stations
used in the studies discussed in Sections 2—3; (a) before 2010: red triangles are public permanent stations
in 2009; (b) after 2020: red triangles are permanent stations in 2019; green triangles are temporary stations
used in the studies described in this paper (EASI, AlpArray, CIFALPS and CIFALPS-2). The blue line in (a)
and (b) is the 0 mgal contour of the Ivrea Bouguer anomaly. Black lines: main geological units and faults
from the tectonic map compiled by M. R. Handy. The thick black line CC  Cis the CIFALPS pro le used in
Figure 3. DM: Dora Maira massif; IGA: Ivrea gravity anomaly.
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of heavy homogenization work [13 networks used
in Diehl et al., 2009, Bagagli et al., 2022, and Virieux
etal., 2024].

In addition to low-to-moderate seismicity and
heterogeneous coverage of permanent seismic net-
works, the strong crustal heterogeneity and its very
3-D character are other challenges in seismic tomog-
raphy of the Alpine lithosphere. Crustal heterogene-
ity is not surprising for a collisional belt with a long
tectonic history. However, the arcuate shape of the
western Alps, the presence of large and deep basins
including the Po basin and its unconsolidated sed-
iment layers and high level of anthropogenic noise
close to the heart of the belt make seismic imaging
of the Alpine lithosphere particularly challenging.

Since Aki et al. [1977], the most basic and often
used method to image seismic heterogeneities in the
upper mantle is teleseismic tomography. It is based
on the inversion of observed relative arrival times of
P (or S) waves generated by earthquakes at teleseis-
mic distances ( E20°) for relative variations of P (or S)
wave velocity (Vp, or Vs) in the upper mantle beneath
a seismic array. Teleseismic tomography has been
widely used to image fast-velocity slabs interpreted
as subducted continental and/or oceanic lithosphere
in the Alpine upper mantle [e.g., Lippitsch et al., 2003,
Piromallo and Morelli, 2003, Zhao et al., 2016a, Paf-
frath et al., 2021]. Contrasting results of these mantle
tomography studies have led to controversies about
the geometry of the slabs at depth, including whether
the European slab is attached or detached in the
western Alps [e.g., Zhao et al., 2016a], or whether Eu-
rope is the upper or lower plate in the eastern Alps
[e.g., Lippitsch et al., 2003]. These questions are still
of the utmost importance to understand the past and
present dynamics of the mountain belt. A major is-
sue for teleseismic tomography is the di Y culty in
separating the contribution of the crust from that of
the mantle in arrival times for near-vertical ray paths
[e.g., Waldhauser et al., 2002]. This is of particular im-
portance in mountain ranges such as the Alps due to
strong changes in crustal thickness.

The mantle structure can also be imaged with tele-
seismic surface-wave tomography [e.g., EI-Sharkawy
etal., 2020]. Frequency-dependent traveltime data of
surface waves are inverted for S-wave velocity as for
ambient-noise tomography, but using periods
To overcome the poor sensitivity of such long pe-
riod surface waves to crustal structure, Kastle et al.

E30s.

[2018] have jointly inverted dispersion data from
ambient noise correlations in the short-period band
(8-30 s) with data from teleseismic surface-wave
records at longer periods. The horizontal resolution
of the resulting shear-wave velocity models however
remains rather low in the upper mantle, limiting the
value of this type of model in the debates on slab ge-
ometry beneath the Alpine range.

1.2. Ambient noise imaging in the Alps before
AlpArray

Ambient noise tomography (ANT) is particularly well
suited to imaging the Alpine crust as a comple-
ment to the methods outlined in the previous sec-
tion because (a) it does not require local earthquakes
[Shapiro et al., 2005], and (b) the period range of seis-
mic noise is adequate for crustal imaging, in con-
trast to teleseismic surface wave tomography which
is dominated by longer wavelengths. Asu Y cient cov-
erage of the study region by seismic arrays is the
only requirement for a fairly resolved 3-D velocity
model since each station becomes a wave source for
all other stations in the noise cross-correlation pro-
cess [Campillo and Paul, 2003, Shapiro and Campillo,
2004].

Since the rst application of ambient noise to-
mography to the Alps by Stehly et al. [2009], station
coverage has improved signi cantly in density but
also in spatial homogeneity. Thisimprovementis due
to numerous new permanent broadband stations (in
Austria, Germany, France, etc.) and to temporary
networks, most importantly the AlpArray seismic
network [AASN; AlpArray Seismic Network, 2015]. In-
deed the AASN, which included more than 600 sta-
tions, was designed to Il in gaps between perma-
nent stations and to homogenize spatial coverage in a
way that no location in the Alps was more than 30 km
away from a seismic station onland [Hetényi et al.,
2018a]. The AASN also had a marine component with
29 ocean-bottom seismometers (OBS) deployed for 8
months in the Ligurian basin. It was complemented
by denser quasi-linear or 2-D temporary arrays on
targets of speci c interest. The most important ones
were EASI across the Eastern Alps [AlpArray Seismic
Network, 2014], CIFALPS and CIFALPS-2 across the
Western Alps [Zhao et al., 2016b, 2018], and Swath-
D in the Central and Eastern Alps [Heit et al., 2017].
Figure 1 shows the seismological stations prior to
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2010, and the stations which were used in the studies
summarised in this review. For seismic tomography
in general, and ambient noise tomography in partic-
ular, there is clearly a time before and a time after
AlpArray.

Before AlpArray, the limited coverage of large parts
of the Alpine area only allowed for ambient noise to-
mography studies of the central Alps, relying mainly
on the dense ltalian and Swiss permanent networks
[Stehly et al., 2009, Verbeke et al., 2012, Molinari
et al., 2015]. The pioneering application of ANT to
the Alps by Stehly et al. [2009] used records of 150
broadband stations in Switzerland and neighbouring
countries. They applied a classical two-step proce-
dure, with an inversion of dispersion measurements
for group velocity maps of Rayleigh waves in the 5—
80 s period band, followed by a non-linear Monte
Carlo inversion of the dispersion curve in each cell
for a 1-D shear-wave velocity model. The set of 1-
D models were then merged into a so-called 3-D Vg
model that should more properly be called pseudo
3-D. This study provided a data constrained Moho
depth map of the Western Alps, because crustal
thickness was a free parameter in the inversion. This
Moho map shared many similarities with the refer-
ence map computed by Waldhauser et al. [1998] from
depth-migrated controlled-source seismic data, in-
cluding strong and abrupt Moho depth changes from
25-30 km beneath the European forelands and the
Po plain, to 55 km beneath the internal Alpine arc
from southern Switzerland to the Dora Maira massif
(Piemonte, Italy). This rst successful application of
ANT in the Alps was considered a proof of concept.
The tomography by Stehly et al. [2009] was followed
by those of Verbeke et al. [2012] and Molinari et al.
[2015], who expanded the station array to the ltal-
ian and Slovenian permanent broadband networks
and the tomography to the Apennines, and used both
group and phase velocity dispersion data.

In the last large-scale ANT before AlpArray, Kastle
et al. [2018] used records of 313 permanent stations
covering the broad Alpine region and the Apennines.
To overcome the sparse station coverage in the exter-
nal, western and northern Alps, they complemented
ambient noise phase dispersion measurements
with two-station measurements from regional and
teleseismic earthquake records. The ambient noise
and earthquake-based dispersion datasets agreed
well enough in the overlapping period band 8-60 s to

be jointly inverted for Rayleigh and Love wave phase
velocity maps in the broad period range 4-250 s
[Kéastle et al., 2016]. In a second stage, Kastle et al.
[2018] jointly inverted Rayleigh and Love-wave phase
dispersion data in each cell for 1-D V,, and Vs models
of the crust and upper mantle. According to the au-
thors, the 3-D Vs model of the upper mantle derived
from joint inversion has much higher resolution than
when each individual dataset, ambient noise and
earthquake-based, is inverted alone. By averaging
the crustal thickness of the 500 best- tting Vs mod-
els, Késtle et al. [2018] computed a Moho depth map
that compares remarkably well with receiver func-
tion and DSS Moho depth estimates along numerous
pro les across the Alps and Apennines [Kummerow
etal., 2004, Spada et al., 2013, Zhao et al., 2015].

The installation of the AlpArray temporary seismic
network started in Austria in the summer of 2015 and
» 200 of the planned 267 temporary stations were op-
erating by mid-2016 [Hetényi et al., 2018a]. By adding
the rst months of AASN recordings (until June 2016)
to a four-year noise dataset from European-wide
permanent broadband networks, Lu et al. [2018]
achieved the rst ANT of the broad Alpine region with
fairly homogeneous coverage and an average station
spacing of » 50 km. This study was the rstin a series
of noise-based isotropic and anisotropic tomography
studies on the Alpine lithosphere that have built on
the spatial homogeneity and density of the AlpArray
dataset (from both permanent and temporary sta-
tions) to develop and apply new data analysis and
imaging methods.

Indeed, the high spatial density of AASN and as-
sociated permanent and temporary networks has
driven methodological advances in ambient noise
tomography, just as the USArray Transportable Ar-
ray has driven the advent of Eikonal tomography
[Lin et al., 2009]. The present paper focuses on
key methodological advances on isotropic (Section 2)
and anisotropic (Section 3) imaging. We also show
how the application of these new methods to Alpine
data opens new perspectives (Section 4) for the geo-
logical and geodynamic modeling of the Alpine belt.

2. Isotropic ambient noise tomography

The homogeneous coverage provided by the AASN
motivated a number of ambient noise isotropic to-
mography studies on regional targets in and around
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the Alps [e.g., Guerin et al., 2020, Molinari et al., 2020,
Sadeghi-Bagherabadi et al., 2021, Schippkus et al.,
2018, Szanyi et al., 2021]. In this section we fo-
cus on noise-based isotropic tomography studies of
the broad Alpine region and surroundings using all
or most available stations in Western Europe at the
time of study. We describe three key improvements
to isotropic imaging with cross correlations in this
highly heterogeneous area.

2.1. Second-order cross-correlation techniques

The Ligurian basin, which separates the Corsica—
Sardinia block from the southern coast of France and
north-western Italy (Figure 1) is a back-arc basin gen-
erated by the rollback of the Adriatic slab in Oligo-
Miocene time [e.g., Rollet et al., 2002]. Situated at the
transition between the Alps and Apennines moun-
tain ranges, it was considered an important target for
the AlpArray temporary seismic experiment, which
therefore included 24 broadband ocean-bottom seis-
mometers (OBS, Figure 1).

Ambient noise tomography of an o Vshore area is
possible without OBSs provided that it is surrounded
by land stations. For example, Magrini et al. [2022]
have computed an S-wave velocity model of the west-
central Mediterranean, including the Ligurian basin,
from surface-wave tomography using records of on-
land stations in Europe and North Africa. Lateral res-
olution in the Ligurian basin and its margins remains
limited, due to lack of OBS data, illustrating that the
integration of land and sea-based observations is a
key target for noise-based imaging in coastaland o V-
shore areas. Such land-sea data integration was the
target of a speci c e Vort for methodological devel-
opment by Nouibat et al. [2022b]. This work aimed
at solving the issues of ANT from OBS data, as OBSs
are generally deployed for less than a year, and sig-
nal quality is lower than that of land stations. In this
section, we summarize how Nouibat et al. [2022b] en-
hanced the signal-to-noise ratio of noise correlations
between sea-bottom stations by computing second-
order correlations with on-land stations as virtual
sources.

At periods longer than 20 s, OBS recordings are af-
fected by tilt and compliance noise induced by the
soft seabed on which the instruments rest. Craw-
ford et al. [1998] and Crawford and Webb [2000] have
derived a speci c pre-processing scheme based on

the recordings of the pressure component of OBS
records and comparison between horizontal and ver-
tical velocity components. Nouibat et al. [2022a] and
Nouibat et al. [2022b] applied this pre-processing to
the AlpArray OBS recordings, along with corrections
for instrument noise (glitches) at a few stations.

These noise reduction procedures were insu Y -
cient to ensure the emergence of clean Rayleigh
waves in noise correlations for OBS station pairs,
due to sea oor currents, boat tra Y ¢, marine animals
and seismic waves in the water column. Since the
recordings of onshore stations are free of such noise,
Nouibat et al. [2022a,b] have synthesized Rayleigh
waves between OBS stations by using onshore sta-
tions as virtual sources. This procedure is nhamed
C2, or iterative noise correlation because it recovers
the Rayleigh-wave signal between two OBSs by cor-
relating Rayleigh-wave signals emerging from corre-
lations between these OBSs and onland stations. The
C2 method relies on the stationary phase theorem.
Onland stations used as virtual sources must be lo-
cated close to the azimuth of the OBS pair to opti-
mize constructive interference of the wave elds ra-
diated by the source and recorded by the two OBS.
In Nouibat et al. [2022a,b], virtual sources were se-
lected in azimuths close ( § 20°) to the azimuth of the
OBS pair. Since virtual sources are mostly distributed
to the North and East of the OBS array, Nouibat
et al. [2022b] enhanced the coverage by separate use
of the causal and anticausal parts of the rst-order
correlations (C1: between OBSs and land stations)
to compute the OBS—OBS second-order correlations
(C2). Extensive tests show that Rayleigh wave sig-
nal quality may be higher in OBS—OBS correlations
(C1) than in C2 correlations in the 5-10 s period
range with lower water column noise. For each OBS—
OBS pair, Nouibat et al. [2022b] selected the corre-
lation of highest quality after checking the coher-
ence of C1 and C2 correlations. Figure 2 documents
how this procedure improves inter-OBS signal qual-
ity, and thus ray coverage inside the Ligurian basin,
enabling high-resolution ambient noise tomography
of the crust in the basin.

2.2. Bayesian and transdimensional inference
A primary objective of (isotropic) seismic tomogra-

phy of the Alpine lithosphere is a depth map of the
crust-mantle boundary at a resolution of a few tens
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Figure 2. Inter-OBS noise correlation waveforms (Z comp.) generated in four frequency bands by: (left)
rst-order, standard correlation of pre-processed noise records; (right) second-order correlation using
land stations as virtual sources. Modi ed from Nouibat et al. [2022b].
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of km. More precisely, a geological [Calcagno et al.,
2008] and potentially geodynamic modeling of the
mountain belt requires depth maps of the super-
posed European, Adriatic and Ligurian Moho sur-
faces aVected by the subduction of the Alpine Tethys,
the following collision of the European and Adriatic
margins, and the opening of the Ligurian backarc
basin. Seismic studies prior to the AlpArray project
mapped the European Moho to a maximum depth
of 55 km below the belt axis [e.g., Spada et al., 2013,
Stehly et al., 2009, Kastle et al., 2018]. Receiver func-
tions of the CIFALPS transect in the south-western
Alps provided the rst seismic evidence for conti-
nental subduction, including converted waves on the
deep European Moho at 75-80 km beneath the west-
ernmost Po plain, and negative-polarity conversions
on an “inverted” Moho between the Adriatic man-
tle wedge on top and the European crust below, as
shown in Figure 3b [Zhao et al., 2015, Paul et al.,
2022].

To take full advantage of the increased station
density and to avoid dependence on arbitrary
choices such as an initial model, several improve-
ments were made to the inversions for Vg with depth.

2.2.1. 1-D depth inversion for V ¢ with a full explo-
ration of the model space

A rstimprovement ofthe 1-D inversionfor  Vgwas
performed by Lu et al. [2018], who used a subset of
AlpArray data, as station installation was still ongo-
ing. Their inversion for group velocity maps involved
a linearized inversion method based on ray theory
[Boschi and Dziewonski, 1999], and an adaptive pa-
rameterization scheme that reduced cell size in areas
with high path density.

In the 1-D inversion stage for Vs, they built upon
the inversion method of Macquet et al. [2014], where
a full exploration of the model space was combined
with a linear inversion for Vs. In this way, Lu et al.
[2018]'s inversion for Vg included two steps. The rst
one used a grid search approach to uniformly sample
and calculate group velocity dispersion curves for a
low-dimensional model space based on a three-layer
crust above a mantle half-space. This full model ex-
ploration was feasible because the dispersion curves
can be computed with normal mode summation,
and is computationally tractable. It was thus possi-
ble to determine an ensemble of models for which
the dispersion curve matched the observed one. This

rst inversion step provided for each geographical
grid cell a probabilistic Vs model and the probabil-
ity to have a layer boundary at a given depth. How-
ever, to reduce the size of the model space to explore,
the parameterization did not allow for low velocity
zones. The second step was a linear inversion for Vg,
where the problem was linearized around the mean
of the probability distribution obtained at the previ-
ous step.

The dense station coverage and the two-step 1-
D inversion scheme for Vs combining probabilistic
sampling and linear inversion resulted in a (pseudo)
3-D Vs model with signi cantly higher spatial reso-
lution than, for example, the model by Kastle et al.
[2018]. Comparison with controlled-source re ec-
tion proles [ECORS-CROP: Sénéchal and Thou-
venot, 1991; TRANSALP: Kummerow et al., 2004] and
receiver function stacked sections across the Alpine
belt [TRANSALP: Kummerow et al., 2004; CIFALPS:
Zhao et al., 2015, Paul et al., 2022] displayed striking
coincidence in Moho depth despite the poor sensi-
tivity of surface-wave dispersion to layer boundaries
(see Figures 3b,c for the CIFALPS transect). Lu et al.
[2018] computed three depth maps of Moho proxies
in the Alpine region using the probability of interface
occurrence, the depth gradient of Vg and the isoveloc-
ity surface Vg /4.2 km/s. These maps revealed new
features such as an 8-km abrupt Moho step beneath
the external crystalline massifs of the Western Alps,
from Pelvoux to Mont-Blanc, which had not been de-
tected by the ECORS-CROP DSS pro le presumably
due to poor signal penetration.

The 3-D Vs model by Lu et al. [2018] however failed
to clearly image the continental subduction of Eu-
rope beneath Adria in the western Alps, which had
been identi ed by receiver functions (Figures 3b,c).
Since the inversion of Lu et al. [2018] was based on
a simpli ed parameterization (only three crustal lay-
ers), and on a nal optimization framework, the solu-
tion was a unique model that explains observations,
but without associated uncertainties and trade-o Vs.
In this way, this unique solution did not depict the
full state of information contained in the data.

2.2.2. 1-D depth inversion for V s with transdimen-
sional inference

The next step in methodological improvement
was therefore to carry out inversions within a full
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Figure 3. Cross-sections along the CIFALPS pro le in the southwestern Alps (CC © location shown in
Figure 1b). (a) Bouguer anomaly from Zahorec et al. [2021]; IGA: Ivrea gravity anomaly. (b) Common-
conversion point (CCP) stack of receiver functions at stations of the CIFALPS experiment; locations of
stations projected onto the CIFALPS pro le are shown as black inverted triangles at the surface; the solid
thick black lines are the European Moho (EurM) and the Adriatic Moho (AdM) that appear as converted
waves of positive amplitude (in orange-red); the dotted thick black line shows an inverted Moho (InvM,
higher velocity on top than on the bottom), which is marked by converted waves of negative amplitude (in
blue); modi ed from Paul et al. [2022]. (c) Shear-wave velocity model from the ambient noise tomography

of Lu et al. [2018]. (d) Shear-wave velocity model from the ANT with transdimensional inversion to Vs by
Zhao et al. [2020]. (e) Shear-wave velocity model from the ambient noise tomography of Nouibat et al.
[2022a]; dashed black line: Vs A3.8 km/s velocity contour; continuous black line: Vs A4.3 km/s velocity
contour (Moho proxy); the thick grey lines are the Moho boundaries shown as black lines in (b). (f) Shear-
wave velocity model from the ambient noise wave-equation tomography of Nouibat et al. [2023].
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Bayesian framework and a fully adaptive parame-
terization, without any linearization, and where the
solution is a full probability distribution, therefore
providing uncertainty estimates. In this context,
Zhao et al. [2020] performed a Bayesian transdi-
mensional inversion of the group-velocity Rayleigh-
wave dispersion data of Lu et al. [2018] with a focus
on the western Alps (4.5°E-9°E; 44°N-46.7°N). Un-
like the inversion by Lu et al. [2018], which assumed
a four-layer model, the transdimensional inversion
treats the number of layers as an unknown parame-
ter [Bodin et al., 2012, Yuan and Bodin, 2018]. At each
gridpoint, Zhao et al. [2020] inverted dispersion data
for Vs perturbations around a homogeneous half-
space reference model with velocity 3.8 km/s, allow-
ing a wide range of velocity variations ( § 50%).

The resulting (pseudo) 3-D Vs model (Figure 3d)
displays a channel of anomalously low shear-wave
velocities (Vs £3.6 km/s) at 70-km depth beneath the
fast-velocity, high-density Ivrea body anomaly in the
CIFALPS cross-section (IGA in Figure 3a). This low-
velocity anomaly is located between the deep Euro-
pean Moho and the inverted Moho of the Ivrea body
imaged by receiver functions of the CIFALPS exper-
iment (Figure 3b). The transdimensional inversion
of Zhao et al. [2020] was thus able to image the sub-
duction of the European continental lithosphere be-
neath the Adriatic lithosphere with minimal a priori
constraints.

2.2.3. 3-D tomography with transdimensional inver-
sions

The third methodological improvement carried
out by Nouibat et al. [2022a] was to use the entire
AASN dataset and apply a full transdimensional ap-
proach at both stages of the inversion, that is in the
2-D inversions for group velocity maps and in the
1-D inversions for Vs. At each period, a transdi-
mensional inversion was carried out to obtain proba-
bilistic Rayleigh-wave group-velocity maps following
Bodin et al. [2012]. In the second stage, a full transdi-
mensional approach was used to invertfor Vg ateach
geographical location the dispersion curve obtained
in the rst stage.

The key bene t of the transdimensional inversion
for group velocity maps is that spatial parameteriza-
tion is treated as part of the inversion, allowing local
resolution to adapt to data density. Another improve-
ment introduced by Nouibat et al. [2022a] is the com-

putation of uncertainties on group velocity estimates
by transdimensional inversion; these uncertainties
are then incorporated into the inversion for Vs (sec-
ond stage). Young et al. [2013] and Pilia et al. [2015]
were the rst studies to use this two-step transdi-
mensional procedure, with uncertainty computed in
the rst stage used to weight the input in the second.

In the rst stage, to account for the strong lateral
velocity contrasts of the Alpine crust, straight rays of
the classical forward model were replaced by bent
rays with the ray geometry updated at each iteration
using the fast marching method of Rawlinson and
Sambridge [2004]. Nouibat et al. [2022a] applied this
new inversion scheme to four years of noise records
from » 1440 permanent and temporary seismic sta-
tions, including the entire AlpArray network with its
oVshore component (Z3 network: AlpArray Seismic
Network 2015), the two CIFALPS experiments [YP and
XT networks: Zhao et al., 2016b, 2018], and the EASI
experiment [XT network: AlpArray Seismic Network,
2014] (Figure 1). Data coverage is improved com-
pared to Lu et al. [2018], and so to Zhao et al. [2020],
especially in the Western Alps and the Ligurian Basin.

Figure 3e shows a depth section along the CIFALPS
transectinthe 3-D Vs model by Nouibat et al. [2022a],
which may be compared to the models by Lu et al.
[2018] shown in Figure 3c, and Zhao et al. [2020]
shown in Figure 3d. Unlike Lu et al. [2018] and sim-
ilar to Zhao et al. [2020], Nouibat et al. [2022a] im-
age the dipping low-velocity layer beneath the Ivrea
body high-density, high-velocity anomaly (IGA, x A&
210-300 km in Figure 3), which is indicative of the
continental subduction of Europe beneath Adria. As
the Zhao et al. [2020] inversion for Vs was based
on the same dispersion dataset as Lu et al. [2018],
and as Nouibat et al. [2022a] used the same inver-
sion method for Vg as Lu et al. [2018], but with a
diVerent set of four-layer models, we propose that
the major di Verence between Figures 3c and 3e is
related to the di Verence between the sets of veloc-
ity models explored in the probabilistic inversion for
Vs: 130 million for Nouibat et al. [2022a], and 8 mil-
lion for Lu et al. [2018]. In particular, the com-
plex vertical velocity pro les of the subduction region
with alternating high and low velocities were not ex-
plored by Lu et al. [2018]. Vertical velocity gradients
are stronger in Nouibat et al. [2022a]'s model (Fig-
ure 3e) than in Zhao et al. [2020]'s model (Figure 3d),
in particular at the crust-mantle boundary. Even
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though the input data and the inversion schemes dif-
fer, the overall similarities between the two models of
Figures 3e and 3f suggest that the di Verences in ve-
locity gradient at the Moho may result from the pa-
rameterization of the inversions for Vs. While the
probabilistic inversion of Nouibat et al. [2022a] as-
sumes a four-layer starting model with a velocity
jump at Moho, the reference velocity model in the
transdimensional inversion of Zhao et al. [2020] is a
homogeneous half-space with no discontinuity. This

a priori uniform distribution of velocity may favor a
smooth velocity gradient at the Moho. The Vg model
by Nouibat et al. [2022a] with its a priori imposed
sharp crust-to-mantle velocity contrast is more in
line with previous controlled-source (ECORS-CROP
in the north-western Alps) and receiver function pro-
les [CIFALPS: Figure 3b; CIFALPS-2, Paul et al.,
2022], which display clear re ected and converted
phases on the Moho. The impact of other re ne-
ments in the Nouibat et al. [2022a] inversion method-
ology (error estimates on group velocities, bent rays)
isdiY cultto evaluate due to the di Verences in the in-
put data coverage. It would be an interesting test to
apply the fully transdimensional inversion for Vg of
Zhao et al. [2020], with an a priori constraint on the
velocity jump at the Moho, to the group velocity data
with uncertainties of Nouibat et al. [2022a].

2.3. Wave-equation tomography

To compute shear-wave velocity models of the crust
and uppermost mantle from Rayleigh-wave travel-
time data between station pairs, Lu et al. [2018] and
Nouibat et al. [2022a] have used a two-stage inver-
sion scheme, which, in spite of improvements related
to a probabilistic approach, is a standard strategy for
ANT. The rst stage, a series of 2-D inversions of trav-
eltime data for group velocity maps at selected peri-
ods, is based on ray theory, which is only valid at in-
nite frequency. The second stage, a set of 1-D in-
versions of the local dispersion curves for S-wave ve-
locity, results in 1-D models merged into a pseudo
3-D model. The strong crustal heterogeneity of the
Alps and surrounding areas, including the Ligurian
back-arc basin, makes the ray hypothesis particularly
inadequate. This area therefore provides an excel-
lent chance of testing a tomography procedure that
better accounts for the physics of seismic wave
propagation. In this section, we rst describe a new

wave-equation based approach of ambient noise to-

mography called wave equation tomography [WET,
Lu et al., 2020] for the elastic case, using only land
station recordings. We next present the extension of
the WET method to include elastic—acoustic coupling

at the sea bottom and OBS records [Nouibat et al.,
2023].

2.3.1. Wave-equation onshore tomography (elastic
case)

To calculate a truly three-dimensional Vg model
consistent with wave propagation physics, Lu et al.
[2020] derived a wave-equation based approach,
hence called ambient noise wave-equation tomog-
raphy. As in the ambient noise adjoint tomogra-
phy of Chen et al. [2014], the observable is travel
time (i.e. phase) of the Rayleigh wave reconstructed
from noise correlation, while full-waveform inver-
sion (FWI) would invert amplitude and time. Indeed,
Rayleigh wave amplitudes are not correctly retrieved
by the classical noise correlation procedure [e.g.,
Campillo, 2006]. FWI of ambient noise correlation
signals probably has great potential for lithospheric
imaging. It is not yet operational because it would
require speci ¢ pre-processing of noise records for a
better retrieval of amplitudes and, more importantly,
an accurate estimate of noise source distributions
and emitted waveforms [e.g., Fichtner, 2014, Sager
etal., 2018].

The wave-equation tomography (WET) approach
implemented by Lu et al. [2020] consists of iteratively
updating an initial ambient noise tomography model
(from the two-stage traditional method) by min-
imising frequency-dependent phase traveltime dif-
ferences between the Rayleigh waveforms observed
in noise correlations and the synthetic waveforms
computed by 3-D numerical modeling of wave prop-
agation. Synthetic waveforms are computed with the
3-D elastic wave equation solver of the SEM46 pack-
age [Trinh et al., 2019] based on the spectral element
method [Komatitsch and Vilotte, 1998, Komatitsch
and Tromp, 1999]. Of the 304 stations located in
the study region, a subset of 64 suitably located sta-
tions were selected as virtual sources by Lu et al.
[2020], and the signal bandwidth was limited to [10—
50 s] to ensure acceptable computing time. The ob-
served signal for a station pair is the Rayleigh wave
part of the Green's function, estimated from the time
derivative of the cross-correlation of seismic noise.



Anne Paul et al. 17

The synthetic signal is the convolution product of
a bandpass Itered Dirac delta source function with
the synthetic Green's function computed with SEM46
for a source—receiver pair, and a vertical force applied
on the free surface at the source location. The mis-
t function is then computed from the frequency-
dependent phase traveltime di Verences between ob-
served and synthetic waveforms. The adjoint-state
approach is used to compute the mist gradients
[e.g., Tromp et al., 2005], and the inversion is con-
ducted as an iterative local optimization problem.

The nal S-wave velocity model obtained by Lu
et al. [2020] after 15 iterations of wave equation to-
mography has a 65% lower total mis t than the ini-
tial ANT model by Lu et al. [2018]. This strong mis t
reduction is mostly due to periods larger than 25 s,
where the WET has corrected for a strong and un-
explained positive shift of the traveltime mis t his-
tograms in the initial model. A direct consequence is
that the nal Vs model has signi cantly higher aver-
age velocities at lower crustal depth (30 km). Beyond
this tuning of average velocities, the WET approach
was able to retrieve ner scale heterogeneities than
the ANT model, for example a high-velocity anomaly
at 10 km depth, which is closer in shape to the well-
known Ivrea positive Bouguer anomaly [see Figure 8
in Lu etal., 2020].

2.3.2. Wave-equation onshore/oVshore tomography
(with acoustic—elastic coupling)

As compared to Lu et al. [2018], a more accurate
ANT model of the Alpine region and its surround-
ings was computed by Nouibat et al. [2022a] using
a larger noise correlation dataset including record-
ings of sea-bottom seismometers in the Ligurian
basin, and an improved inversion scheme (see Sec-
tion 2.2). Like Lu et al. [2020], Nouibat et al.
[2023] have performed a WET to improve the model
of Nouibat et al. [2022a] by accounting for three-
dimensional and nite-frequency e Vects of wave
propagation. A major improvement achieved by
Nouibat et al. [2023] is the inclusion of the water layer
eVect on wave propagation in the Ligurian basin. The
vertical-component record of short-period ( G20 s)
surface waves at ocean-bottom stations is dominated
by a uid-solid interface wave named Rayleigh—
Scholte wave that propagates at lower speed than
the Rayleigh wave in the elastic medium. At periods

E20 s, the eVect of the water layer becomes negligi-
ble for the Ligurian basin (max. water depth 3 km)
because the Rayleigh wavelength is large compared
to water depth [Nouibat et al., 2023]. Accounting for
the eVect of the water layer in the forward simula-
tion of surface-wave propagation and in the inver-
sion of traveltime observations for shear-wave veloc-
ity is therefore required to enhance resolution in the
shallow layers of the Ligurian basin.

For their wave-equation tomography with elastic—
acoustic coupling, Nouibat et al. [2023] selected,
from the dataset of Nouibat et al. [2022a], 600 sta-
tions as receivers, out of which 185 were selected as
sources based on noise correlation signal quality. The
initial model was the ANT Vs model computed by
Nouibat et al. [2022a]. As in Lu et al. [2020], the in-
verse problem minimised the frequency-dependent
phase traveltime di Verences between observed and
synthetic vertical-component waveforms for con-
sidered source-receiver pairs. The inversion was
conducted in the 5-85 s period range, considering
elastic—acoustic coupling in the forward simulation
in the 5-20 s band. Unlike Lu et al. [2020], the veloc-
ity model was updated progressively from long peri-
ods (40-85 s) to shorter ones, 20-40 s, 10-20 s then
5-10 s to avoid cycle skipping.

The nal WET Vs model di Vers signi cantly from
the initial ANT Vs model, particularly in shallow lay-
ers of the Ligurian Basin, and in the most hetero-
geneous parts of the Alpine crust. These discrep-
ancies highlight the importance of accounting for
the physics of wave propagation, i.e. elastic—acoustic
coupling at the sea-bottom, nite-frequency e Vects
and 3-D propagation. In the alpine crust (i.e. on-
land), velocity contrasts tend to be slightly enhanced,
in particular at lower crustal depth [26 km, see
Figure 6 in Nouibat et al. [2023]], while the location
and shape of velocity changes are preserved with re-
spect to the initial ANT model (Figures 3e—f). At
depths shallower than » 10 km, S-wave velocities in
the Ligurian basin are » 8% lower in the WET model
than in the ANT model, in agreement with the lower
velocities of the Rayleigh—Scholte wave. Accounting
for the water layer in the Ligurian basin also leads
to higher velocities in the crust of western (Variscan)
Corsica.

Nouibat et al. [2023] conducted extensive evalua-
tion of the robustness of their WET model. The qual-
ity of the S-wave velocity model was documented
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by traveltime mis t maps at representative periods
between 8 and 55 s. As expected, mist is lower
for the WET model than for the initial ANT model,
except in the peripheral poorly illuminated regions
[see Figure 12 in Nouibat et al., 2023]. The footprint
of the broad geological structure has disappeared,
whereas it was clearly visible for the ANT model at
periods , 20 s. Using the weak sensitivity of Rayleigh
wave phase velocity to Vp, Nouibat et al. [2023] also
inverted Rayleigh wave dispersion observations for
P-wave velocity, starting from an initial Vv, model
computed from the initial (ANT) Vs model using an
empirical formula. To document the robustness of
their P and S-wave models, they computed synthetic
waveforms for a regional earthquake in Switzerland
and compared to observed waveforms in three fre-
guency bands between 2 and 10 s. The t between
simulated and observed seismograms is striking for
the travel times of the P and Rayleigh waves, but
also for relative amplitudes between the wave trains.
Such a high coherence in the short-period bands is
a reliable indication that wave equation tomography
is capable of imaging small-scale crustal structures.
This synthetic test also demonstrates that the WET
Vs and Vp models derived from ambient noise cor-
relations would be a good initial model for a wave-
equation tomography using earthquake records. As
regional earthquake records include both body and
surface waves, the resulting P-wave velocity model
would be much more accurate than that obtained
from Rayleigh wave travel time inversion alone, due
to its weak sensitivity to V.

2.4. Model validation: Moho depth

Surface waves are weakly sensitive to velocity con-
trasts, but Bayesian inversions for Vs were shown to
be very eVective forimaging the crust-mantle bound-
ary [Lu et al., 2018, Nouibat et al., 2022a]. Com-
parisons of Moho depths imaged by other geophys-
ical methods such as DSS proles (ECORS-CROP)
and receiver function analyses have shown that se-
lected iso-velocity surfaces in the ambient noise de-
rived 3-D Vs models are reliable proxies of the Moho
[Nouibat et al., 2022a, Paul et al., 2022, Nouibat
et al.,, 2023]. For example, the velocity contour
Vs A£4.3 km/s is a good proxy for the European
Moho, and the Adriatic Moho outside the Ivrea body
region, as shown by the coincidence of this surface

with Moho conversions picked from CCP receiver
function stacks along the CIFALPS and CIFALPS2 sec-
tions (see for example Figure 3e). In the Ivrea body
region, the Moho imaged by the ECORS-CROP DSS
pro le and receiver function sections is better ap-
proximated by the 3.8 km/s velocity surface, probably
because the external rim of the Ivrea body is made of
serpentinized peridotites with lower velocities than
dry peridotites [Figure 3e; see discussion in Malusa
et al., 2021]. In the Ligurian basin, a comparison of
the Vs model of Nouibat et al. [2022a] witha V, model
derived by Dannowski et al. [2020] from refraction
and wide-angle re ection OBS data shows a striking
coincidence of the V, Moho (iso-velocity 7.2 km/s)
with the 4.1 km/s Vg contour [see Figure 9 in Nouibat
et al., 2022b]. A Moho depth map of much higher
resolution than previous ones [e.g., Grad et al., 2009,
Spada et al., 2013] can therefore be built by mapping
iso-velocity contours of the Vs models by Nouibat
et al. [2022a] and Nouibat et al. [2023].

3. Anisotropic ambient noise tomography

Surface waves in seismic noise correlations can po-
tentially shed new light on anisotropy in the Earths
crust and upper mantle, overcoming the observa-
tional biases related to the uneven distribution of
earthquakes, which leads to uneven azimuthal cov-
erage [for a review, see Maupin and Park, 2015].

Our knowledge of azimuthal anisotropy beneath
the Alps and Italy mostly comes from XKS splitting
studies. Fast velocity directions are generally paral-
lel to the mountain chain in the Western and Cen-
tral Alps [Barruol et al., 2004, 2011, Lucente et al.,
2006, Salimbeni et al., 2018], the Eastern Alps [Bokel-
mann et al., 2013, Qorbani et al., 2015] and the Apen-
nines [Palano, 2015]. Teleseismic P wave travel time
delays were used by Rappisi et al. [2022] to study
anisotropy in the Central Mediterranean area, in-
cluding the Alps. Both XKS and teleseismic P waves
have too steep incidence angles to reliably constrain
anisotropy in the crust, also because the cumulated
travel time in the crust is much smaller than in the
upper mantle. Studies using regional refracted Pn
and Sn phases like Diaz et al. [2013] provide informa-
tion about the uppermost mantle, as these waves are
tied to the Moho interface and propagate with man-
tle velocities.
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Long wavelength anisotropic structure beneath
Europe is mostly known from large scale or global
surface wave studies where the crust is not resolved
[e.g., Kustowski et al., 2008, Weidle and Maupin, 2008,
Boschi et al., 2009, Zhu et al., 2015, Nita et al., 2016,
Schivardi and Morelli, 2011]. All these studies are
constructed from long period observations, where
the crust is not inverted for but set from a reference
model such as LITHO1.0 [Pasyanos et al., 2014]. Afew
studies focussing on crustal anisotropy used surface
waves from seismic noise correlations to characterise
anisotropy at regional scale, such as Switzerland [Fry
etal., 2010], the Vienna Basin [Schippkus et al., 2020],
the Bohemian Massif [Kvapil et al., 2021], or the East-
ern Alps [Kastle et al., 2024].

The dense station coverage (Figure 1) across the
greater Alpine region during the AlpArray project
provided a unique opportunity to further develop
and understand the limitations of noise-based
imaging methods aimed at characterising seismic
anisotropy across a strongly heterogeneous struc-
ture. Since the Alpine region is heterogeneous at
all scales, it is in particular crucial to reliably esti-
mate uncertainties and identify locations and peri-
ods where systematic errors may a Vect azimuthal
anisotropy measurements. These questions are the
focus of Section 3.1.

Once uncertainties associated with surface wave
velocities are estimated, they can be used in inver-
sions for depth variations of anisotropic parameters.
Reliable uncertainties are also crucial in the case of
jointinversions, where di Verent datasets are inverted
simultaneously (e.g., earthquake based and noise-
based observations). A Bayesian inversion frame-
work in theory handles this question in a both intu-
itive and simple way, producing families of accept-
able Earth models, over which it is possible to make
posterior statistics. This ensemble solution can be
exploited to give reliable and useful information on
the Earth structure. Section 3.2 is dedicated to such
strategies for both radial and azimuthal anisotropy.

3.1. Improving observations of azimuthal
anisotropy

The eVect of isotropic heterogeneities on the wave-
eld can map into anisotropic parameters. In this
section, we give some insights into such e Vects

through the now well-established Eikonal tomogra-
phy method [Lin et al., 2009]. We present outcomes
of Eikonal tomography across the Alps and show how
beamforming can improve seismic noise-based ob-
servations of anisotropy. Both Eikonal tomography
and beamforming naturally correct for deviations
from great circle [e.g., Pedersen et al.,, 2015] and
uneven distribution of noise sources [e.g., Froment
et al., 2010, Harmon et al., 2010], so the only main
bias to handle is the one from isotropic hetero-
geneities.

3.1.1. Biases in measurements of azimuthal
anisotropy: insights from Eikonal tomography

Eikonal tomography makes use of dense station
networks to reconstruct the wave eld propagating
away from a source [Lin et al., 2009]. In ambient
noise applications, any seismic station can act as a
virtual source and the signals recorded at all other
stations allow us to image the wave eld. When com-
puting ambient noise correlations, amplitudes are
lost due to Iters such as spectral whitening. Only
the travel-time eld is recovered, therefore hindering
the use of amplitudes to correct for bias from wave
interference.

In Eikonal tomography [Lin et al., 2009], travel
times recorded at receivers are interpolated onto a
regular grid. The gradient of the travel-time eld then
gives the phase velocity and the propagation direc-
tion at each grid point. This highlights important
strengths of Eikonal tomography: it is simple to cal-
culate and the direction of the incoming wave is di-
rectly determined from the data. In order to get the
full, azimuthal anisotropic phase velocity map, the
process has to be repeated for all available virtual
sources so that a set of phase velocity measurements
and their propagation azimuths is obtained for each
grid cell. The nal phase-velocity eld is obtained
by averaging the measured phase velocities for all
virtual sources. Di Verent statistics of the estimated
phase velocities (mean, median, mode and standard
deviation) can be used as uncertainty estimates. Sim-
ilarly, for the anisotropic part, the residual from the
tted function provides information on the reliabil-
ity of parameter estimates.

Isotropic bias can be approximately modelled by
a 360° variation of phase velocity with azimuth [Lin
and Ritzwoller, 2011, Mauerberger et al., 2021]. We
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refer to phase velocity variations with azimuth in the
following form (applicable to weakly anisotropic me-
dia):

C(A) £ACq ! 1A Aicos(Aj “(%) A Ascos(2(Ai 12)
AAscos(4(Ai W) , 1)

where C(A) is the anisotropic phase velocity, depen-
dent on the wave propagation azimuth A, It is given
by its isotropic component Cg plus three anisotropy
terms that describe the p; anisotropy (360° symme-
try), the o anisotropy (180° symmetry) and the py
anisotropy (90° symmetry), where p is the fast axis
direction and A the fast axis amplitude in fractions
of Co from zero to peak. The o anisotropy is the
dominant component for Rayleigh anisotropy [e.g.,
Montagner and Nataf, 1986] while the non-physical
M1 anisotropy can be used to check for potential mea-
surement bias created by isotropic heterogeneities.
The p4 component is not included in further discus-
sions since it is mostly relevant for Love waves which
are not taken into account in the methods described
below.

Figure 4 shows systematic errors resulting from
isotropic heterogeneities through synthetic data
computed in a laterally heterogeneous model, onto
which we apply Eikonal tomography. In Figure 4d
(perfect sampling), we observe an undulating pat-
tern in the isotropic velocities, which depends on
the signal wavelength. This undulating pattern is
due to the interference of waves that are refracted
by the isotropic anomaly. Most of the bias, how-
ever, cancels out when averaging over sources from
many directions (Figure 4e). This error can also be
corrected when taking the amplitude information
into account [e.g., Helmholtz tomography, Lin and
Ritzwoller, 2011]. A more severe bias stems from
under-sampling the wave eld (Figure 4b). To work
properly, the Eikonal method requires approximately
plane wavefront between adjacent receivers. If the
medium is highly heterogeneous, this assumption
is violated and only a smoothed version of the true
wave eld can be reconstructed from the measure-
ments at the receiver locations. The resulting er-
ror in the isotropic part mostly cancels out when
signals from di Verent azimuths are averaged (Fig-
ure 4c). In the anisotropic part, however, a system-
atic, azimuth-dependent error remains, resulting
in spurious anisotropy around the edges of strong
velocity heterogeneities.

The level of these spurious anisotropic measure-
ments depends not only on the absolute velocity vari-
ation but also on the wavelength of the signal, the
inter-station spacing and the velocity gradient at the
edges of the anomalies. The controlling factor for the
bias is the level of complexity of the wavefront be-
tween adjacent stations.

3.1.2. Eikonal tomography in the Alps

Késtle et al. [2022] presented an application of
Eikonal tomography to the Alpine area, including
data from the AlpArray network. They were able to
resolve both the isotropic and the anisotropic parts
at periods sensitive to di Verent depth ranges from
the shallow crust to the uppermost mantle. The
three anisotropic components were obtained by tak-
ing the azimuthally dependent phase-velocity mea-
surements and tting them to Equation (1).

Kastle et al. [2022] tested for di Verent observables
that can be related to a bias in anisotropy measure-
ments, such as the amplitude of the 3 component or
the standard deviation from ttingthe  py anisotropy.
They found that none of these observations are ade-
quate to reliably identify biased measurements. More
sophisticated approaches such as forward modelling
the travel-time eld from the isotropic velocities may
be necessary. This could also be used iteratively to
improve the accuracy of the interpolation for highly
complex travel-time elds, at the cost of giving up
the relative simplicity of the Eikonal approach. How-
ever, Kastle et al. [2022] inferred from synthetic tests
that isotropic anomalies of up to 10% produce bias,
which in most cases is smaller than what is identi ed
as “true” anisotropy.

The P2 anisotropic component obtained by Kéastle
et al. [2022] is presented in Figure 5. The fast axis di-
rections generally follow the curvature of the Alpine
arc at 15 s period, representative of the upper crust.
At 40 s period, the fast axis becomes more oblique
to orogen-perpendicular within the central Alps. The
eastern part of the Alps has more homogeneously E—
W oriented fast axes from short to long period mea-
surements. In most of the northern Alpine foreland,
the anisotropic fast axis orientations are consistently
following the Alpine curvature at periods between 10
and 50 s.

The uncertainties in the anisotropic measure-
ments are largest at model boundaries, where the az-
imuthal coverage is non-optimal, as well as within
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Figure 4. Example illustrating the bias in the anisotropic Eikonal tomography method. (a) 2-D wave eld
propagating away from the virtual source station; black dashed lines indicate the locations of isotropic

high and low velocity anomalies.

(b) Isotropic phase velocities recovered by applying the Eikonal

tomography method to the wave eld recorded at the receiver locations; anomalies outside the dashed
lines are mainly caused by incomplete reconstruction of the true traveltime eld. (d) Same as (b) for a
perfectly sampled traveltime eld; the striped velocity heterogeneities behind the anomalies are caused
by wavelength-dependent wave interference e Vects. (c) and (e) Final models resulting from averaging the
models for all virtual sources, i.e., swapping the position of the virtual source with all available receiver
positions. The apparent anisotropy (yellow bars) is caused by velocity errors illustrated in (b) and (d)

since the input model is purely isotropic.

and around the large sedimentary Po and Molasse
basins north and south of the Alps. In the former,
isotropic velocities indicate that velocities can be as
low as j 30% compared to the average velocity [K&s-
tle et al., 2022]. These regions are therefore prone
to the systematic bias mentioned above, particularly
at short periods. In most of the other regions and
at longer periods, the anomaly strength is usually
within 8§ 10% with smoothly varying isotropic veloc-
ities. Correspondingly, Kastle et al. [2022] found that
the imaged pattern of anisotropies in the Alps is com-
patible with previous, more localised studies Fry et al.
[2010], but also with the results from beamforming
[Soergel et al., 2023; Section 3.1.3].

3.1.3. Beamforming

An alternative approach to Eikonal tomography is
to use the phase information in a beamforming ap-
proach. Beamforming consists of, for a set of closely
located seismic stations and at a given frequency, in-
ferring the direction and local phase velocity of the
incoming wave [for a review, see Rost and Thomas,
2002]]. Contrary to Eikonal tomography, the full
waveform of the empirical Green function is used,
as illustrated in Figure 6. The original waveforms
(Figure 6a) are shifted in time using a grid search
across many phase velocities and incoming direc-
tions. The nal estimated phase velocity is the one
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Figure 5. Maps of py azimuthal anisotropy at 15 and 40 s period resulting from Eikonal tomography in
the Alps. The direction of each line shows the fast direction, and the length shows the amplitude (zero to
peak). The colour of the lines gives the estimated uncertainty on the amplitude A, (in percent of Cy).
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Figure 6. lllustration of data processing, and map of estimated azimuthal anisotropy at 15 s period for
one seismic array. (a) Filtered traces before aligning. (b) Same traces as (a), aligned using the combination
of azimuth and phase velocity for which the stack is optimal (maximum peak amplitude). (c) Stack at
optimal parameters, normalised by the number of stations. The maximum of this stack is called dmax-
(d) Phase velocity as a function of azimuth, using all source stations. The orange and green curves
correspond to the rst two cosine terms of Equation (1). (e) Number of source stations (binned in

5° azimuth bins) as a function of azimuth. (f) Quality of stack  dmax for all source stations. The seismic
array is centered at the blue dot. It is surrounded by a blank area, because of the need to respect a
minimum distance between source and receiver stations. The colour code shows  dmax, the maximum
amplitude of the stack divided by the number of traces. Soergel et al. [2023] particularly focused on
quality control and error estimates to be able to carry out inversions for anisotropic parameters with
depth. Such quality control and error estimates are key input for subsequent transdimensional Bayesian
inversion described in Section 3.2.

for which the traces are optimally aligned (Figure 6b), 2016]. Beamforming has also been used to quantify

and for which the stack yields the highest maximum anisotropy on earthquake data [e.g., Pedersen et al.,

amplitude (Figure 6c). 2006, Alvizuri and Tanimoto, 2011] or directly on raw
Beamforming has been extensively used on seis- noise records [e.g., Riahi and Saenger, 2014].

mic noise, in particular to characterise the noise eld To estimate surface wave azimuthal anisotropy,

and infer the locations of origin of noise sources beamforming has to be carried out, for each source,

[for Europe, see for example Friedrich et al., 1998, across the range of target periods (Figure 6d).

Landés et al., 2010 or Juretzek and Hadziioannou, This method was previously used on earthquake
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data. Applying it to noise correlation is straight-
forward as seismic stations can be used as virtual
sources. Here we present key elements of the imple-
mentation of Soergel et al. [2023] and the application
to the Alps. A somewhat similar approach was taken
at the same time by Wu et al. [2023] for the Northeast-
ern Tibetan Plateau.

The specic choices made to adapt the beam-
forming included:

2 Using seismic stations outside the study area
as virtual sources, to improve azimuthal cov-
erage at the edge of the study area.

2 Taking into account the short distances be-
tween the array and the “source” station.
This was done mainly by assuming circular
wavefronts following Maupin [2011] rather
than plane wavefronts, and imposing a min-
imum distance between array and “source”
station. The implementation still allowed
to take into account great-circle deviations,
which can be signi cant across AlpArray.

2 Propagating uncertainty of each data point
(phase velocity at a given period for a given
array and source stations, see example in Fig-
ure 6f). This is done by weighting each ob-
served phase velocity for the estimate of the
Az and [ terms for a given array at a given
period, with the normalised beam amplitude
dmax, and use of bootstrap to estimate the
uncertainty on Az and p.

2 Exclusion of data points if the isotropic bias
(estimated by A;) is signi cant.

2 Adapting array geometry to wavelength and
noise levels.

Figure 7 shows two examples of surface wave
azimuthal anisotropy measured with this method
across the Alpine area, at 15 s and 40 s period. Points
with risk of a strong isotropic bias (high value of A; as
compared to A, see Equation (1)) are excluded from
the maps. In many points, the bias was particularly
strong at periods which are sensitive to changes in
Moho depth, and was overall coherent with areas of
strong isotropic velocity gradients. For further dis-
cussion, we refer to Soergel et al. [2023].

The beamforming yields spatially coherent pat-
terns of azimuthal anisotropy across all of the study
area. Overall, the beamforming is in good agreement
with the Eikonal method (Figure 5) on key ndings,

such as (at 15 s period) lower amplitude anisotropy
within the Alps as compared to surrounding areas,
and the surrounding areas being dominated by chain
parallel fast direction. There are main di Verences
at the periphery of the study area, which can be
explained by the lack of azimuthal coverage in the
Eikonal tomography. Lateral smoothing e Vects are
also diVerent between the two methods. While the
reliability of the beamforming is high due to the point
by point (geographically, for each period) evaluation
of quality and errors, it also leads to changing geo-
graphical distributions of reliable data with period,
and the implementation would need to resolve this
issue to be able to provide 3-D models of anisotropy.

Depth inversions for azimuthal anisotropy must
be considered a priority in anisotropic studies
because of the wide range of possible values of
As. For example, if the upper crust is strongly
anisotropic and neither lower crust or upper man-
tle are anisotropic, the observed anisotropy at, for
example, 40 s period still has its origin in the upper
crust. Similarly, changes in fast direction in layers
with small anisotropy are not directly visible at any
given period. Whether small amplitude anisotropy
is resolved therefore strongly depends on the obser-
vation error. The strong control of errors provided
by beamforming is consequently key for the depth
inversions which are addressed in the following sec-
tion.

3.2. Transdimensional Bayesian inversions of
anisotropic measurements

Similar to isotropic inversions, once surface wave ve-
locities have been estimated at di Verent periods, they
can be inverted to recover anisotropic shear wave ve-
locity structure at depth. This is usually done in a sec-
ond inversion step carried out at each geographical
location. Rayleigh and Love dispersion curves can be
jointly inverted for radial anisotropy parameters with
depth. In the case of azimuthal anisotropy, Rayleigh
and Love wave dispersion curves and their azimuthal
dependency at each period can each be inverted to
obtain azimuthal anisotropy parameters with depth.
Fortunately, this inverse problem is only weakly
nonlinear, and many linearized approaches have
been used, where data derivatives (sensitivity ker-
nels) computed around a reference model are
used. However, the solution is highly non-unique,
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Figure 7. Maps of azimuthal anisotropy at 15 s and 40 s period resulting from the beamforming method.
The direction of each line shows the fast direction, and the length shows the amplitude. The colour of the
lines show the estimated uncertainty on the amplitude A (in percent of Cp).
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as surface waves are only sensitive to integrated
velocities along a depth range. In the case where seis-
mic anisotropy is inverted for, the non-uniqueness
of the solution becomes particularly problematic as
strong trade-o Vs emerge between diVerent parame-
ters. For example, the level of radial anisotropy trades
oV with Vj, and with the level of heterogeneities in
Vs [Bodin et al., 2015, Alder et al., 2017, Gao and
Lekic, 2018], because of the equivalence of a stack
of horizontal layers and a homogeneous anisotropic
medium [Backus, 1962].

To add extra constraints on the solution, some reg-
ularisation can be used at the cost of biasing esti-
mated uncertainties in the recovered model. In this
way, linearized approaches only provide a unique ve-
locity model that does not represent the range of po-
tential solutions, and that is strongly dependent on
the regularisation, the parameterization, or the refer-
ence model. For example, the V, modelis often setto
a reference or arbitrarily scaled to Vg variations. The
level of smoothness is also set in advance. Although
these choices are based on geological or mineralog-
ical arguments, they make the interpretation of re-
sults dependent on a priori choices.

Similar to isotropic inversions, these issues can
be addressed by fully exploring the range of poten-
tial solutions with Monte Carlo methods (see Sec-
tion 2.2.1). Since forward simulations are computa-
tionally cheap, a large number of 1-D models with
variable parameterizations can be tested to sample
complex posterior distributions. Adaptive parame-
terizations can be used to explore complex trade-
oVs between model parameters. For example, a
transdimensional parameterization (where the num-
ber of model parameters is variable) can be used to
explore the ambiguity between the level of spatial
heterogeneity (horizontal layering) and the level of
anisotropy created by the orientation of anisotropic
minerals [Bodin et al., 2015, 2016, Alder et al., 2017].
In this case, the total number of layers in the inverted
model as well as the presence of anisotropy in each
layer are not constant parameters. Instead, they are
adjusted by the inversion to t the data to the degree
required by their estimated noise. In this context, the
Bayesian framework enables to propagate estimated
uncertainties in the observed dispersion curves to-
wards uncertainties in shear wave velocities at depth.

3.2.1. Adaptive parameterizations: example with ra-
dial anisotropy

To illustrate the bene t of such exible parame-
terizations, we rst show in Figure 8 an example of
a synthetic test taken from Alder et al. [2021]. A tar-
get model is designed with a radially anisotropic layer
in the crust and an isotropic upper crust and man-
tle. Noisy synthetic data are created and inverted
with a transdimensional Monte Carlo algorithm, but
with two di Verent types of parameterizations (left
and right panels). On the left, the number of lay-
ers is variable and each layer can be either isotropic
and described solely by Vs and V, (in this case, radial
anisotropy inthe form Vsp/ Vsytakes a constant value
of 1), or radially anisotropic and described by three
parameters: Vsy, Vp and the level of radial anisotropy
Vsu/ Vsy. In this way, the number of inverted physi-
cal parameters in each layer is variable. On the right
panel, the number of layers is also variable but all
layers are radially anisotropic and described by three
parameters. Everything else is equal in the two inver-
sions.

Although the shear wave velocity is equally well re-
solved in both cases, the anisotropic layer in the crust
is better recovered with the exible scheme on the
left. In the mantle, where the true model is isotropic,
the ensemble solution produced on the left panel in-
cludes a large number of isotropic models, result-
ing in a narrower distribution for radial anisotropy
and a median value of the distribution equal to unity.
Conversely, in the case where anisotropy is imposed
at all depths (right panels), a wider distribution of
anisotropy is obtained, resulting in wider uncertain-
ties.

This comparison shows that in the case of a true
isotropic model, a exible parameterization allows
tting data with simpler isotropic models that are
described by fewer parameters. The result of the
inversion is a distribution of models which is closer
to the true model.

3.2.2. Exploiting the full wealth of information in
posterior distributions: example with az-
imuthal anisotropy

The previous example shows the benets of
using complex adaptive parameterizations in
Bayesian inversions. The solution is not a single
model, but an ensemble of models with variable
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Figure 8. Jointinversion of Love and Rayleigh wave synthetic dispersion curves. The same data produced
by the true model are inverted with two di  Verent procedures. Posterior distributions of Vsy (red), and
Vsu/ Vsy (blue). The true model used to create synthetic data is the thick solid line in every panel and
the mean of the prior distribution used in the inversion is the grey line in the Vsy panel. Posterior
distributions are depicted with their median (thin solid line) and likelihood intervals: for each parameter,

the dark surface includes 65% of the models in the ensemble solution while the light area includes 95% of
the models. Left panels: inversion used in Alder et al. [2021], where each layer can either be isotropic or
anisotropic. Right panels: inversion where anisotropy is imposed as an unknown parameter at all depths.

Modi ed from Alder et al. [2021].

parameterizations that approximates a probability
distribution de ned in a multiple dimensional space.
As shown in Figure 8, one simple way to exploit this
complex solution is to extract the mean or median
value for a given parameter at each depth. Standard
deviations can also be used, but more information
is available about posterior covariances and trade-
oVs, and inference about these quantities can be
hard to make. This wealth of information can be
exploited through di Verent angles of analysis and
visualisation, each one giving additional insight to
speci ¢ geophysical questions.

We illustrate this in Figure 9 where Rayleigh wave
dispersion curves and their azimuthal variations
measured from beamforming (see Section 3.1.3) are
inverted at depth following the method of Bodin
et al. [2016]. Here, the number of layers is variable
and each layer is either isotropic and described solely
by its isotropic shear-wave velocity, or azimuthally

anisotropic and described by three parameters:
(1) the isotropic shear-wave velocity; (2) the peak to
peak level of azimuthal anisotropy, and (3) the direc-
tion of the horizontal fast axis relative to the north

[Romanowicz and Yuan, 2012].

Figure 9 shows an example of inversion of a set
of beamforming measurements below the Dinarides
(location: »45.3°N-16.3°E). The ensemble solution
is shown in the left panels, where the probability
of a given amplitude range and direction range for
shear-wave anisotropy is shown at each depth. How-
ever, this way of displaying the posterior distribution
does not show correlations and trade-o Vs between
anisotropy amplitude and direction. Such plots do
not show whether the sampled pro les contain thin
isotropic layers, thin layers with strong anisotropy, or
thick layers with small anisotropy.

To extract some key features from this complex
probabilistic solution, Soergel et al. [2023] proposed
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Figure 9. Depth inversion of Rayleigh wave surface wave dispersion curves with azimuthal variations

for a subarray located in the Dinarides. The solution is a large ensemble of models with di

Verent

parameterizations (di Verent numbers of isotropic and anisotropic layers). (a) Probability distribution

of the amplitude. (b) Probability distribution of the direction of the fast axis of anisotropy. The black

line in (a) shows the average amplitude, and the horizontal black lines in (a) and (b) indicate the limits of

the three layers over which we integrate anisotropy. (c) Density plot of anisotropy parameters integrated
over the three di Verent depth ranges. The radius in the polar plots indicate amplitude and the angle gives
direction of the fast axis of anisotropy. The colour scale indicates the normalised probability of a given
combination of amplitude and fast direction. Panels (d) and (e) show the marginal distributions of +Vq
(d) and of p» (e) for each of the three layers. The vertical scale is chosen such that the surface of the blue

area is 1, that is the fraction of models with a given amplitude or (
within that range. Modi ed from Soergel et al. [2023].

to show the distribution of integrated anisotropy over
a given depth range. The integration was de ned as
in Romanowicz and Yuan [2012], and carried out over
three speci c depth ranges with a meaningful sense
(upper crust, lower crust, uppermost mantle). The
distribution for the amplitude and direction of the
anisotropy integrated over the three layers is shown
in the right panels.

This visualisation makes it possible to see the
correlations between fast direction and amplitude of
anisotropy in each depth interval. Note that isotropic
layers decrease the average level of anisotropy. Ad-
ditionally, integrating anisotropy over several lay-
ers with di Verent fast directions can also lead to
anisotropy amplitudes smaller than expected. This
explains the di Verences between the distribution
of local anisotropy (left panels), and integrated
anisotropy (right panels).

H2) range corresponds to the blue area

4. New information on the greater Alpine
region

One of the main motivations behind the AlpArray ini-
tiative was to bring the resolution of seismic tomog-
raphy closer to the spatial density of geological data
over the entire Alpine belt, with the aim of increas-
ing resolution of three-dimensional geological mod-
els at lithospheric scale. The methodological devel-
opments described in Section 2 have made a valuable
contribution to this aim, in particular by providing
new insights into the geometry of the crust-mantle
boundary. A team of geologists and geophysicists
is now working on exploiting the shear-wave veloc-
ity models derived by Nouibat et al. [2022a] and
Nouibat et al. [2023] to build a 3-D structural model
of the Western Alps [Bader et al., 2023]. All avail-
able geometrical (digital elevation model), geologi-
cal (structural and geological maps) and geophysical
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(3-D Vp and Vs models, DSS pro les, Moho models
from seismic and gravity modeling/inversion, etc.)
have been integrated and mixed in a geomodel-
ing software, which provides a common framework
and checks the geometrical coherence of geological
interpretations of geophysical data [Calcagno et al.,
2008]. The resolution of Nouibat et al. [2022a]'s
model was suY ciently ne to allow Sonnet et al.
[2023] to interpret a lateral Vs change in the sub-
ducted European lower crust as indication for the
transition from amphibolite to granulite based on
petrophysical data on Alpine rocks.

A depth map of the iso-velocity surface Vs A&
4.2 km/s extracted from the model by Nouibat et al.
[2023] is shown in Figure 10. As explained in Sec-
tion 2.4, a composite depth map of velocity surfaces
3.8, 4.1 and 4.3 km/s would be a better proxy of
the three Moho boundaries for the Ivrea body, the
Ligurian basin, and Eurasia and Adria outside the
Ivrea body region. The Vs A4.2 km/s surface is there-
fore only an easy-to-calculate compromise. Since the
velocity gradient is generally strong between 4.1 and
4.3 km/s, Figure 10 well illustrates lateral changes in
Moho depth beneath the Alps revealed by our am-
bient noise tomography studies. The purple arrows
highlight an » 8 km step in the European Moho with
SSW-NNE orientation beneath the external crys-
talline massifs of the Western Alps, from Pelvoux to
Mont Blanc. This orientation suggests that the Moho
step might be a major lithospheric structure inher-
ited from the Variscan orogeny. It had never been im-
aged before, even by the ECORS-CROP deep re ec-
tion pro le, which showed re ections from the lower
crust only west of the Belledonne external crystalline
massif [e.g., Nicolas et al., 1990; see also Supplemen-
tary Figure S3 in Paul et al. [2022]]. The Vs models of
Zhao et al. [2020], Nouibat et al. [2022a], and Nouibat
et al. [2023] have con rmed the subduction of the
European lithosphere beneath Adria, which is docu-
mented in Figure 10 by the dark blue areas (depth E
60 km). The CIFALPS cross-sections in Figures 3d—f
document this continental subduction more pre-
cisely, with a European Moho reaching 75-80 km
depth. Figure 10 also highlights the strong and rapid
Moho depth changes along the belt strike, with max-
imum depths located right beneath the Insubric line
(IL in Figure 10, also named Periadriatic fault fur-
ther east) which marks the western and northern
boundary of the undeformed Adria microplate

[Handy et al., 2010]. The 3-D detailed geometry
and internal structure of the Ivrea body are also im-
portant new ndings of our ambient noise tomog-
raphy studies. For example, the “inverted Moho”
highlighted by receiver function sections (InvM in
Figure 3b, dotted thick grey line in Figure 3e) is ex-
plained by the overthrusting of the Ivrea mantle slice
of Adriatic origin onto the lower velocity European
crust. This boundary was imaged a few tens of km
north of the CIFALPS line by wide-angle re ections
of the ECORS-CROP complementary experiment
[ECORS-CROP Deep Seismic Sounding Group, 1989].
It was interpreted as the top of a second mantle slice
beneath the Ivrea body, while the polarity of con-
verted signals in receiver function studies and ambi-
ent noise tomography studies have proven that this
re ector is the base of the Ivrea body (single) mantle
slice [Zhao et al., 2015, Paul et al., 2022].

In the Ligurian basin, the wave-equation ANT
model with elastic—acoustic coupling by Nouibat
et al. [2023] has provided new images of the basin
margins and new estimates of sediment thickness
with potential inferences on tectonic models of basin
formation. On Ligurian Moho depth, the recently
published ANT Vg model by Magrini et al. [2022] ex-
hibits signi cant di Verences from the Vg model by
Nouibat et al. [2022b], with 15-18 km crustal thick-
ness along the basin axis in Magrini et al. [2022]'s
model and 12 km in Nouibat et al. [2023]'s. As ex-
plained in Section 2.4, the thinner crust of Nouibat
etal. [2022b] is fully consistent with the P-wave veloc-
ity model derived from the refraction-re ection pro-
le LOBSTER-P02 of Dannowski et al. [2020] along
the Ligurian basin axis. The di Verence in Moho depth
estimates between Nouibat et al. [2022b, 2023] and
Magrini et al. [2022] may be due to di Verent ray cov-
erages in the Ligurian basin, as Magrini et al. [2022]
did not use AlpArray OBS data.

Very little information was available on the
anisotropy of the crust and upper mantle beneath
the Alpine region prior to the works described in
Section 3. Kastle et al. [2022] and Soergel et al. [2023]
have mapped azimuthal anisotropy of Rayleigh wave
phase velocity using ambient noise records of the
AASN and permanent seismic stations, and two dif-
ferent methods, Eikonal and beamforming. Their
azimuthal anisotropy maps are broadly similar at
all periods, except at the periphery of the study
area, probably due to di Verences in ray coverage
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Figure 10. Depth map of the iso-velocity surface Vs /£4.2 km/s, extracted from the wave-equation
ambient noise tomography model of Nouibat et al. [2023]. The continuous and dotted black lines are
the main geological boundaries and faults, similar to Figure 1. The purple arrows highlight the Moho
step located beneath the external crystalline massifs of the Western Alps. The dashed white line outlines
the top of the high-velocity, peridotitic core of the Ivrea body, which appears as a dark blue spot in
Figures 3d—f. Ad: Adria; CA: Central Alps; EA: Eastern Alps; Eu: Eurasia; IL: Insubric line; Li: Ligurian
basin; WA: Western Alps. Modi ed from Nouibat et al. [2023].

(see examples at 15 and 40 s period in Figures 5
and 7). The Bayesian inversions for azimuthal
anisotropy distribution with depth by Soergel et al.
[2023] have shown that the anisotropic structure
cannot be easily inferred from maps at individual
periods. Spatially coherent anisotropy patterns are
only visible in the upper half of the crust, with fast-
velocity directions mostly parallel to the strike of the
belt and amplitudes of 1-2% [see Figure 14 in Soergel
et al., 2023]. By contrast, fast-velocity directions are
mostly perpendicular to the belt in the lower half
of the crust and uppermost mantle, with strongly
varying amplitudes and no large-scale spatial pat-
tern. This contrast between the shallow and deep
layers suggests that Alpine deformation has only
impacted the upper crust, through oriented crack
and fractures, while the lower crust and upper man-

tle bear the imprint of more ancient processes. A sin-
gle region located northwest of the Jura mountains
displays coherent NE-SW fast velocity directions
from the upper crust to the upper mantle, and rather
strong amplitudes ( »1%) in the lower crust. This
orientation suggests that the observed anisotropy in
that area outside the Alps may be of Variscan origin,
and unaVected by the Alpine orogeny. Soergel et al.
[2023] highlight the general disagreement between
the fast-velocity directions they measured in the up-
per mantle and the fast directions measured from
the splitting of core-refacted XKS teleseismic phases
[e.g., Hein et al., 2021]. This may indicate that the
source of XKS splitting is located deeper than the
lithospheric mantle, either in the asthenosphere or
in the subduction slabs.
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