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Abstract

The European Alps are the site where classic geotmycepts such as nappe theory, continental
subduction and slab breakoff have been first pregpodowever, the deep tectonic structure of the
Alps has long been poorly constrained by independeaphysical evidence. This review paper
summarizes the main results of the CIFALPS pass&&mic experiment, that was launched by
Chinese, French and Italian scientists in the 2@éQwsovide new insights on the deep tectonic
structure of the Alpine region. The applicationaofvide range of tomographic methods to the
analysis of a single fossil subduction zone makesQIFALPS experiment a potential reference
case for the analysis of other orogenic belts. Magsults include: (i) the first seismic evidende o
European continental crust subducted into the Aidrigoper mantle, beneath the place where
coesite was first recognized in continental (U)Hieks in the Alps; (ii) evidence of a major
involvement of the mantle wedge during (U)HP rogkumation; (iii) evidence of a serpentinized
plate interface favouring continental subductiam) évidence of a continuous slab beneath the
Western and Central Alps, ruling out the classideil@f slab breakoff magmatism; (v) evidence
of a polyphase development of anisotropic fabmcthe Alpine mantle, either representing active
mantle flows or fossil fabrics inherited from preus rifting stages. Detection of these major
tectonic features allows to propose interpretivel@gic cross sections at the scale of the
lithosphere and upper mantle, providing a baselorefuture analyses of active continental
margins.

Plain Language Summary

The European Alps are the site where classic geotmycepts such as nappe theory, continental
subduction and slab breakoff have been first pregpodowever, the deep tectonic structure of the
Alps has long been poorly constrained by independeaphysical evidence. This review paper
summarizes the main results of the CIFALPS passarsmic experiment, which allows us to
propose an updated image of the deep structuteechlps at the scale of the lithosphere and the
upper mantle. The concepts and ideas summarizédsrarticle provide a baseline for further
advances in the fields of Alpine tectonics andhi@ &nalysis of active continental margins more
generally.

1 Introduction

The European Alps are one of the best studied arodeelts in the world, and the site
where classic concepts of major relevance for theeldpment of Earth Sciences have been first
proposed. Beside the nappe thefirygeon 1901; Argand 1911hese include the concept of
continental subduction, that was considered as $sipte until the discovery of coesite in eclogite-
facies rocks of the Dora-Maira masgifhopin 1984)and the concept of slab breaktfat was
first proposed byDavies and von Blanckenburg (199t9 explain the enigmatic Cenozoic
magmatism in the Alps and that was subsequentliyeghio many other orogenic belts worldwide
(Garzanti et al. 2018Despite the relevance of these processes atddiracale, the deep tectonic
structure of the Alps has long been poorly conséadiby independent geophysical evidence. The
active seismic experiments launched in the 198@s feei et al. 1990; Nicolas et al. 1990b; Roure
et al. 1999 even failed to clearly detect the Moho beneathitiernal Alps, and the travel-time
tomography models available since the 2000s (Bigomallo and Morelli 2003; Lippitsch et al.
2003 did provide first-order constraints to the deelpide structure although they were not
invariably consistent.
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Within this framework, the aim of the CIFALPS passseismic experiment, launched
in the 2010s through a collaboration among ChinEsench and Italian scientistghao et al.
2016a)was to provide new insights on the deep tectomiccsire of the Alpine region, based on
recent developments in the fields of seismic datgueition and tomography model
computation, through a full collaboration betweesplggists and geophysicists. The main
geophysical results provided by the CIFALPS experimhave been already published in
international journal§Zhao et al. 2015, 2016a, 2020; Lyu et al. 2017iugia et al. 2017; Beller
et al. 2018; Salimbeni et al. 2018; Solarino et28l10; Sun et al. 2019kn this review paper,
mainly aimed at a geologic audience, we summahigertain results of the CIFALPS experiment
that are discussed within the framework of avadatptologic and geodynamic constraints to
provide an updated image of the deep structurbeoAtps at the scale of the lithosphere and the
upper mantle. We hope that the concepts and ideamarized in this article will help provide
a baseline for further advances in the fields gbiAé¢ tectonics and in the analysis of active
continental margins more generally.

2 Tectonic setting

The European Alps are the result of oblique subdnadf the Alpine Tethys under the
Adriatic microplate since the Late Cretaceous,oleétd by diachronous continental collision
between the Adriatic and European paleomarginsndutihe Cenozoic (e.glTrumpy 1960;
Coward and Dietrich 1989; Dal Piaz 2001; SchmidleR004; Handy et al. 2010; Pfiffner 2014
(Fig. 1a) In the western segment of the orogen, Europeserbant rocks and associated Helvetic-
Dauphinois cover sequences that have partly escalpéte metamorphism are exposed in the
External zone, to the west of the Frontal PennendtKFPF inFig. 1H (e.g.,Dumont et al. 2011,
2012; Bellahsen et al. 20)LZ o the east of the Frontal Pennine Fault, the sctibmuwedge formed
atop the European slab is still largely preseneed.{Lardeaux et al. 2006; Beltrando et al. 2p10
and chiefly includes rocks derived from the Alpihethys and the distal European paleomargin
(Tricart 1984; Lemoine et al. 198@he so-called Penninic unitdrgand 1911)shades of blue in
Fig. 1D. Rocks derived from the Adriatic paleomargin (brnoin Fig. 10, classically referred to
as the Austroalpine-Southalpine units (eBgernoulli et al. 1979; Mohn et al. 20)l@re exposed
north of the Po Plain on the upper-plate side efdtogen. There, the Ivrea gravity anom@lioss
and Labrouste 1963gveals the occurrence of mantle rocks exhumedadlosv depth that may
mark the lithospheric necking zone of the south&eathyan margin(Nicolas et al. 1990a)
Eclogitized mantle rocks are exposed in the Lanasdifi to the west of the Insubric Fault (IF in
Fig. 1D (Boudier 1978; Piccardo et al. 200%puth of the Po Plain, the complex transitionezon
between the Western Alps and the Apennines invalaged fragments of the Alpine subduction
wedge(Maffione et al. 2008; Eva et al. 2018nd is mainly covered by thick Cenozoic sedimentary
successiongRossi et al. 2009; Malusa and Balestrieri 2012)

The subduction wedge of the Western Alps includes main tectono-metamorphic
domains (e.g.Malusa et al. 2011, 20)5(i) an Eocene eclogite belt consisting of (Ylthégh
pressure - (U)HP continental crust domes of Eunomk=aivation (DM, GP and MR ifig. 1b
(e.g., Dal Piaz and Lombardo 1986; Henry et al. 1)9%&ctonically enveloped by (U)HP
metaophiolites (e.glL,ombardo et al. 1978; Schwartz et al. 2)@mnd (ii) a doubly-vergent Frontal
wedge consisting of lower-pressure metamorphicsuexposed closer to the European mainland
(e.g.,Caby 1996; Michard et al. 204The (U)HP rocks of the Eclogite belt reachedpghessure
peak in the late Eocene (e.gubatto and Hermann 2001; Gabudianu Radulescu 20@9 and
were rapidly exhumed to Earth’s surface by theye@tigocene, when they were unconformably
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covered by syntectonic sediments still preservetthénTertiary Piedmont Basiifrederico et al.
2004; Malusa et al. 2015Fig. 1b) Quartz-eclogite assemblages prevail, but roclesdi with
coesite-eclogite assemblages are found in the Diaisga domeChopin et al. 1991; Groppo et al.
2019)and on top of the Monte Rosa doffeinecke 1991; Lapen et al. 200Bhe lower-pressure
metamorphic units of the Frontal wedge include $&bheést-to-(sub)greenschist facies cover
sequences and basement slivers that underwentdidodstarting from the Paleocene, and were
later exhumed in the Eocene - early Oligocene,(@gard et al., 2002; Ganne et al. 2007; Lanari
et al. 201%. Different tectonostratigraphic domains are exgb@ different segments of the
Frontal wedge, likely reflecting the obliquity ofig Alpine trench relative to the European
paleomargin. In the northern part of the WesterpsAlthe Frontal wedge includes Valaisan
metasediments with minor metaophiolites and uppérd2oic continental metaclasti@ertrand

et al. 1998; Masson et al. 2008; Polino et al. 20jlxtaposed against Briangonnais (BrFig.

1b) basement units in the rear part of the we@ddgelusa et al. 2005; Bergomi et al. 201IA the
southern part of the Western Alps, the Frontal veedgludes turbidites and Briangonnais cover
sequence&erckhove 1969; Barfety et al. 1996xtaposed against the oceanic metasediments of
the Schistes lustrés (SL ing. 1D (Polino and Lemoine 1984; Agard et al. 2002; Sclwver al.
2009) Progressively more distal facies are thus acdrgtéhe Frontal wedge moving from the
North toward the South, but the effects of obligudduction are also observed in the Eclogite
belt, where the relative amount of oceanic crushmised within the eclogitic tectonic domes
increases towards the south and is dominant iNeitte massif(Forcella et al. 1973; Capponi and
Crispini 2002) The well preserved domal shape of the Dora-Maird Gran Paradiso massifs
(Fig. 1b) suggests only minor late-stage indentation of Alogiatic upper plate beneath the
southern segments of the Alpine subduction wedgereas farther north the Monte Rosa dome
is evidently backfolde@eller et al. 2005)and the Adriatic lower crust has been deeplynite
beneath the Lepontine dome during the latest stafgeard continent-continent collisigRfiffner

et al. 2002; Liao et al. 2018a)

3 State of knowledge before the CIFALPS experiment

Since the pioneering studies Bblomieu (1791), Kilian and Revil (1903), Lugeord(L,
1902)andArgand (1911, 1916xhe reconstruction of the deep tectonic structiirhe Alps has
long been based on field geology data, includirgvéirgence of regional folds (e.gamsay 1963;
Milnes 1974 and the polarity of metamorphic field gradieregy(,Ernst 1971, 1973 Following
this approach, the occurrence of higher-presswiesrtowards the Po Plain (e.§ocquet 1971;
Frey et al. 1974and the first radiometric constraints to the agé\lpine metamorphism (e.g.,
Ferrara et al. 1962; Bocquet et al. 19fdye generally suggested an Alpine evolution driven
European subduction beneath Adria, and a progeess@formation propagation towards the
European foreland (e.gMartini 1972; Dewey et al. 1973; Laubscher 1974wKesworth et al.
1975) However, based on the same data sets, alternaiggoretations invoking Adriatic
subduction were also proposed (eCxpurg 1972; Caby 1975

Starting from the 1980s, independent constrainthhéodeep structure of the Alps were
provided by active seismic experiments launchetha Western and the Central Alps. They
include the joint French-ltalian ECORS-CROP expernimacross the northern Western Alps
(Nicolas et al. 1990b; Roure et al. 19@#d the NFP-20 research program in the Swiss #&lps
et al. 1990)see locations ifrig. 1. The ECORS-CROP vertical seismic reflection peqfirig.
2a)has successfully imaged the SE-dipping Europeaera@nust beneath the European foreland
(ELC in Fig. 29, the SE-dipping Frontal Pennine Fault (FPFig. 29, the top of the Adriatic
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mantle beneath the Ivrea gravity anomaly (AMFig. 29 and the Po Plain basin f{lNicolas et

al. 1990b) However, it failed to image the European Mohoda¢h the Alpine subduction wedge,
as underlined by the question mark fig. 2a Additional constraints indicating European
subduction beneath Adria were anyway provided bgomplementary wide-angle reflection
profile (Thouvenot et al. 199Ghowing SE-dipping Moho-like surfaces beneathftbetal part

of the Alpine metamorphic wedge and beneath then ®aadiso domé&-ig. 2b) A migrated
ECORS-CROP vertical seismic reflection profifég. 2c)was later reinterpreted Ischmid and
Kissling (2000) who suggested that the strong reflectors at ~20dkpth beneath the Gran
Paradiso would mark the top of a slice of Europlearer crust (ELC inFig. 29, rather than the
top of a mantle slice as originally proposed\byolas et al. (1990andPolino et al. (1990(Fig.

2a). According toSchmid and Kissling (20003he reflectors located at 10-15 km depth beneath
the Gran Paradiso would mark the suture zone of \fh&@isan ocean, a controversial
paleogeographic feature (egtampfli et al. 2002; Masson et al. 2)@dtentially documented
only in the Central Alps and in the northernmostst¥en Alps(Liati and Froitzheim 2006)
Information provided by the NFP-20 West profifeei et al. 1990is even more limited. In fact,
this profile (in green irFig. 10 is limited to the frontal part of the Alpine sulidion wedge and
to the nearby External zone. The classic geolagisscsections proposed Bghmid et al. (2004)
along the ECORS-CROP and NFP-20 traverses, whelslaown inFigs. 2dand 2f, are thus
constrained only to a limited extent by geophysiatia (the masked areashigs. 2dand 2f
indicate regions not constrained by vertical rdftet seismic data). In the absence of further
independent constraints, these cross sections fegveduced the nappe structure proposed by
Argand (1911)Fig. 2e) which was conceived well before the advent ofeptactonics.

Since the late 1990s, independent geophysical i@nist on the deep Alpine structure
were also provided for the southern Western Alsdy et al. 1999hanks to the GeoFrance 3D
project(Groupe de Recherche Géofrance 3D 1987pcal earthquake tomography modehul
et al. 2001was able to resolve the deep tectonic structuredtarthe Dora-Maira down to depths
of 15-20 km(Fig. 2g) leading to the detection of mantle rocks at depth shallow as ~10 km
(AM in Fig. 29 and to a geologic interpretatignardeaux et al. 200@hat was still largely based
on field geology data (right panelfing. 29. Geologic cross sections of the southern Wegtgrs
were also presented Bchmid et al. (2017who suggested an East-vergent backfold at tHe sca
of the entire Eclogite belt and the occurrence eléimthe Dora-Maira massif, of Briangonnais
crust slivers down to depths >30 km (s&ehmid et al. 201, their Fig. 2). However, the Dora-
Maira dome shows no cartographic evidence for sugackfold(Figs. 1b, 2g)and theSchmid et
al. (2017)s interpretation was not consistent with seismic g#joconstraints provided by the
GeoFrance 3D experimefitaul et al. 2001)

Starting from the 2000s, travel-time tomographyl&s (e.g.Piromallo and Morelli 2003;
Lippitsch et al. 2003; Giacomuzzi et al. 2)1Have provided further constraints on the deep
structure of the Alpine region, revealing high-v@tg anomalies in the Alpine upper mangfeg.
3a, b)that were readily interpreted as traces of subdgctiabs (e.g.Riromallo and Faccenna
2004; Spakman and Wortel 2004; Kissling et al. 20B®wever, some of these models showed
high-velocity anomalies in areas where no slabexaected based on geologic evidence (e.g., the
Provencal margin of SE France, $eg. 39, and different models were not invariably coresist
For examplePiromallo and Morelli (2003jmaged a continuous high-velocity anomaly beneath
the Western Alps (cross section A-A’fiig. 39 at the very same location whergpitsch et al.
(2003)proposed a shallow slab breakoff (cross section @-€ig. 30. The identification of a
possibly missing section of the Alpine slab benghthCentral Alps (B-B’ and D-D’ ifrig. 3
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was held to be supportive of the slab-breakoff rhdidst proposed byDavies and von
Blanckenburg (1995 which was conceived to explain Alpine magmatand exhumation of
high-pressure rocks. Despite geophysical evideraewot unequivocal, the slab-breakoff model
has been applied to the Alps by several studieedimen(Fig. 3c) However, unlike the original
formulation ofvon Blanckenburg and Davies (19%#)0 suggested an Eocene slab brealot.
3c), most subsequent authors have either proposedigocéne slab breakoff (e.gschmid et al.
1996; Bistacchi et al. 2001; Schlunegger and KigsB015; Schlunegger and Castelltort 20416
an even younger Pliocene-Quaternary breakoff efeegt,Sue et al. 1999; Fox et al. 2015; Kastle
et al. 2020, even though no orogenic magmatism and no exhamavent occurred at that time
in the Alps.

4 The CIFALPS experiment

The CIFALPS experimentZhao et al. 2016ais the first passive seismic survey that
crosscuts the entire Western Alps across the DoasraVimassif. It involves scientists and
institutions from China, Italy and France. Geophigss and geologists have worked side by side
during the project, starting from the early stepshe experiment set up to the final steps of
geologic interpretation. The temporary seismic meknncludes 46 broadband seismic stations
operating from July 2012 to September 2013, depl@leng a linear WSW-ESE transect from
the European foreland to the western Po Plain Saadditional stations installed to the north and
to the south of the main profile (red yellow-fillddts inFig. 10. Stations located along the main
profile, which was chiefly conceived for receivanttion analysi§Zhao et al. 2015have spacing
ranging from ~5 km in the Alpine mountain range~tD km in the European foreland and the
western Po Plain. Off-profile stations were ingt@dlto improve the crossing of seismic rays for
local earthquake tomograph$golarino et al. 2018and to build mini-arrays for surface wave
tomography(Lyu et al. 2017) Some of the analyses performed during the CIFAERSeriment
(e.g.,Zhao et al. 2016b, 2020; Lyu et al. 2017; Sun ek@al9 also exploited data sets from
permanent broadband networks and benefitted frenrebent opening of the European seismic
databases. A dataset of anomalously deep earths)@alple circles irFig. 10 recorded in the
western Po Plain during the past 25 ydars et al. 201pwas extremely useful to extend local
earthquake tomography analysis towards greatehdeptd analyze the seismic anisotropy in the
crust and the lithospheric mantle.

Most of the analyses presented in this summary Wwave been published in international
journals. The reader is referred to the originablmations (seelrable ) for a more detailed
discussion of the procedures followed for the défe types of tomography models and for an
estimate of their resolution. Different tomographiethods allow to illuminate different levels of
the crust and the mantle, and at different locatisith respect to the Alpine slglbable 1) It
should be remembered that a tomographic modeltis e image of the Earth subsurface. It
shows the projection of a data set onto a modalespantrolled by simplifying assumptions. Its
accuracy is limited by the seismic data availapiihd quality, the type of wave used, and the
assumptions made. Moreover, solutions are not enigar example, in teleseismic body wave
tomography the ray geometry tends to induce vérscaearing, whereas in surface wave
tomography the accuracy of the model degradesdeitith. Imaging the Alpine subduction system
requires the integration of different tomographiethods through interpretive steps that should
avoid any over-interpretations of observed featukeslose collaboration between geophysicists
and geologists is thus particularly important. Skdes of independent tomographies presented in
this summary paper, despite their numerous linaiteti converge towards a coherent geologic
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model, which attests to the robustness of our ggolaterpretation of the deep structure of the
Alps. The application of a wide range of tomograptiethods to the analysis of a single fossil
subduction zon€Table 1)makes the CIFALPS experiment a reference casedhiéd be exported
to other orogenic belts.

5 Seismic velocities of rocks involved in the Alpmorogeny

The geologic interpretation of geophysical inforimatprovided by the CIFALPS experiment
requires independent knowledge of seismic velaitierocks possibly involved in the Alpine
subduction zone. Various proportions of serpengithinantle, basalts and sedimentary rocks were
subducted at the Alpine trench since the Cretacdousg the oceanic subduction stdgel Piaz
and Ernst 1978; Deville et al. 1992; Agard et &I02, Guillot et al. 2009a)Due to the low
spreading rates characterizing the Alpine Tethyshan Jurassic, exhumed mantle rocks were
dominant on the Tethys seafloor compared to pillmgalts(Lagabrielle and Cannat 1990;
Lagabrielle and Lemoine 199%tanatschal 2004; Piccardo 2Q00Rocks from the Tethys seafloor
were initially subducted together with slivers efuiitic and (meta)sedimentary rocks from the
hyperextended Adriatic paleomargiRubatto et al. 1998; Thoni 2006; Zanchetta eRall2)
whereas granitic and (meta)sedimentary rocks freEuropean paleomargin were later involved
in the subduction zone during the main stage oficental subduction in the Paleogeieibatto
and Hermann 2001; Malusa et al. 2011; Lanari e2@2)

P-wave and S-wave velocities for all of these lilgees are provided by several laboratory
experiments (e.gBezacier et al. 2010, 2013; Ji et al. 2013, 20¥nket al. 2002; Khazanehdari
et al. 2000; Pera et al. 2003; Reynard 2013; Rudanec Fountain 1995; Watanabe et al. 2011;
Weiss et al. 199%nd are summarized in the diagram§&igf 4. The ellipse size in these diagrams
is proportional to the maximum and minimum seisw@bcities. The ellipse location depends on
the pressure-temperature range at equilibriumdoheock type. As shown iAg. 4, for a given
bulk composition, rocks generally display a progiesincrease in P and S velocities with depth
(i.e., pressure) and metamorphic grade (i.e., teatpee). For a specific rock type, the effects of
increasing pressure with depth, which would imphyiacrease in seismic velocity, are partly
compensated by the effects of increasing temperahat would conversely imply a seismic
velocity decrease. As a result, for a given bulkiposition (indicated by ellipses of the same
color) major changes in Vp and Vs are mainly dughtanges in metamorphic mineral assemblages
with depth. For example, Vp values in metapelitesoWn in Fig. 4) progressively increase,
according to laboratory experiments from 5.6-6.4knm low-grade metapelites to 6.5-6.7 km s
Lin medium-grade metapelites, reaching values gis & 7.2 km-5in high-grade metapelites
with minor variability depending on rock compositidli et al. 2015; Khazanehdari et al. 2000;
Weiss et al. 1999)n the same rocks, Vs values progressively irsgdem 3.3-3.8 kmrsin low-
grade metapelitesli et al. 2015}0 3.8-4.1 km 3 in high-grade metapelitéghazanehdari et al.
2000; Weiss et al. 1999A similar progressive increase in seismic velogiith depth is also
observed in mafic (blue iRig. 4 and granitic (purple ifrig. 4) rocks.

In fully hydrated ultramafic rocks (greenfing. 4), measured Vp values increase from 4.5-6.0
km st in low-temperature lizardite serpentinite to 6.8-Km s! in high-temperature antigorite
serpentinite Bezacier et al. 2013; Ji et al. 201k the same rocks, Vs values increase from 2.4-
3.0 km st in lizardite serpentinite to 3.4-3.8 knt &1 antigorite serpentinite, but Vs as low as 3.2
km st can be observed in antigorite mylonitégatanabe et al. 201.1A sharp change in seismic
velocities towards values that are typical of petite (Vp=7.7-9.0 km 8, Vs = 4.4-5.1 km9)
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(Bezacier et al. 2010; Khazanehdari et al. 20065 Beal. 2003is expected across the antigorite-
out curve (ilairet et al. 200k In partly serpentinized peridotites (insetfof. 4), Vp values
linearly increase for decreasing volume fractiorisantigorite Reynard 2013 Correlation
between seismic velocities and lithology is patady challenging in subduction wedges, former
subduction channels and the nearby upper mantleause subducted rocks are generally
heterogeneous and display anisotropic fabrics ahakcity variations as a function of direction
(e.g.,Bezacier et al. 2013; Rudnick and Fountain 1995is®/et al. 1999 and Vs values are
strongly reduced in the presence of fracturesjd$lor partial meltsAs demonstrated by laboratory
studies (e.g.Yoshino et al. 2007 if melt completely wets grain boundaries, evesmall amount
of melt (e.g., 1%) can produce remarkable velogityps of 20-30%Karato 2010; Malusa et al.
2018)

6 Seismic evidence of continental subduction in th&estern Alps
6.1 Moho imaging by receiver function analysis

The first output of the CIFALPS experime@thao et al. 2015s based on the application
of the receiver function (RF) technig€ig. 5. The RF technique exploits the P-to-S (Ps)
conversion of seismic waves at velocity interfaoeseath an array of seismic statiohsngston
1979; Ligorria and Ammon 1999}t allows detection of interfaces with downwardlocity
increase, for example the Moho, and interfaces wlibwvnward velocity decrease possibly
expected within a subduction wedge, because treipobf the converted signal depends on the
sign of the velocity change. In the Western Algsplecation of the RF approach to teleseismic
earthquake&Zhao et al. 201 as provided the first seismic evidence of Europast subducted
into the Adriatic upper mantle, right beneath thhace where coesite was first recognized in
continental (U)HP rocks b§hopin (1984,)

The RF image ofig. 5ais based on teleseismic events with ENE back-anishaind
magnitude Mw> 5.5 (the location of events is showrHig. 59. In order to produce a depth image
beneath the CIFALPS transegtjao et al. (2015nigrated the time data to depth and stacked the
radial receiver functions using the common coneergoint methodZhu 2000) The resulting
image shows two main velocity interfaces markedpbyitive-polarity Ps-conversions (red-to-
yellow regions inFig. 59, corresponding to downward velocity increasehat European and
Adriatic Mohos (thick dashed lines 1 and ZHig. 59, and a main blue spot of negative-polarity
Ps-conversions located beneath the Dora-Maira 3gin59.

The eastward-dipping European Moho (Fig. 59 can be recognized in the RF image from
~40 km depth beneath the Frontal Pennine Fault (fFPFF. 59 to ~75 km depth beneath the Po
Plain. In the European foreland, the velocity ifdee marked by positive-polarity Ps-conversions
is located at ~30-40 km depth and is clearly cotatkevith the European Moho imaged by
previous work (e.g.Thouvenot et al. 2007 According toZhao et al. (2015)the eastward
weakening of this converted phase beneath the Alpubduction wedge, as highlighted by the
progressive change in color from red to yellowFig. 53 may be due to eclogitization of the
European lower crust at depth >40 km, and conséqeenction of the density (and velocity)
contrast with the underlying lithospheric mantle.

The Adriatic Moho (2 irFig. 59 can be recognized in the RF image from 10-15 lepiid
to the West, to 20-30 km depth to the East, whasedonnected with the Adriatic Moho imaged
beneath the Po Plain by independent studies (ddinari et al. 201} In the westernmost Po
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Plain, this velocity interface coincides with th@ptof the so-called “lvrea bodyC(oss and
Labrouste 1963 classically interpreted as a slice of Adriatppear mantle licolas et al. 1990a;
Kissling 1993; Paul et al. 2001; Scafidi et al. 20éxhumed at shallow crustal depth during
Tethyan rifting Mlanatschal and Bernoulli 1999; Malusa et al. 2015

The main spot of negative-polarity Ps-conversi@m Fig. 59 is located between 20 and
40 km depth beneath the Dora-Maira massif. It Yikelarks a downward velocity decrease from
mantle rocks to (U)HP rock slivers and/or assodiaterpentinites of the suture zo@éfo et al.
2015; Malusa et al. 20).7The hypothesis of dominant (U)HP continentaVess would be
consistent with the predictions of numerical modglsynconvergent exhumation (e.ggmieson
and Beaumont 20)3whereas the hypothesis of dominant serpentimtadd be in line with the
predictions of numerical models of exhumation teigggl by divergence between upper plate and
accretionary wedge (e.d.iao et al. 2018y which are more consistent with the geologic réco
available for the Western Alg#lalusa et al. 2011, 2015Constraints provided by RF allowed to
define preliminary two-dimensional models of layp@undaries and velocity contrasts along the
CIFALPS profile, which were tested b¥hao et al. (2015for compatibility with available
Bouguer anomaly data by gravity modellinfgd. 59. However,Zhao et al. (2015¢ould not
assess the relative proportion of serpentinites (&)HP rock slivers in the region marked by
negative polarity conversions. Such evaluation ireguabsolute Vp and Vs constraints that were
provided, at a later stage of the CIFALPS projbgtlocal earthquake tomograp(tyolarino et al.
2018)and TransD inversion of surface-wave dataso et al. 20204s described ifect. 7

6.2 Moho imaging by other tomographic methods

Breakthroughs provided by RF analysis using tedesiei events have been subsequently
confirmed, along the CIFALPS transect, by differsaismic data sets and tomographic methods
(Fig. 5B. These methods include: (i) tomography from amibéeismic noisé.u et al. 2018)(ii)
local earthquake tomographysolarino et al. 2018)(iii) tomography from teleseismic full-
waveform inversionBeller et al. 2018)and (iv) tomography from Bayesian transdimendiona
inversion of Rayleigh wave group velocity dispersdata(Zhao et al. 2020)

Ambient noise tomography (ANT) is particularly efént to image the velocity structure of the
crust and uppermost mantle, provided that contiaumise records are available at dense arrays of
seismic stationsShapiro et al. 2005Rayleigh waves between stations can be recastrdrom
the cross-correlation of recorded seismic noisgichHy turning each station to a source of seismic
waves (e.g.Campillo and Paul 2003; Larose et al. 2006 the Alpine regionl.u et al. (2018used
noise correlations to compute Rayleigh wave phadegeoup velocity and derive a high-resolution
3-D S-wave velocity model. Their dispersion datések advantage of the large number of seismic
stations in Europe, particularly the great Alpiegion with the high-density CIFALP&hao et al.
2016a)and AlpArray(Hetéenyi et al. 201&emporary experiments. The depth to the EuropeamMo
estimated from ANT beneath the Frontal Penninetfeand surroundings (green linekig. 509 (Lu
et al. 2018]Js in good agreement with the Moho depth estimated RF. At the western end of the
profile, the ANT Moho beneath the Southeast Basishallower than the RF Moho by 5-8 km,
which could be due to an inappropriate velocity eidor the migration of RF. Beneath the Po Plain,
and on top of the Ivrea body, the Adriatic Mohdrmeated from ANT correlates well with the RF
Moho (Fig. 5.

Moho constraints are also provided by local earfkgitomography (LET). The LET method
is based on the analysis of earthquakes withinrtbdel volumgKissling 1988) The maximum
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depth of the resolved model is thus limited by depth of occurrence of the deepest seismic
events. The investigated volume needs to be adagstmpled by a dense set of crossing rays,
depending on the distribution of both earthquakes receivers, in order to resolve the inherent
trade-off between variations in velocity structared hypocentre locations. Along the CIFALPS
transect, the P-wave velocity structure providedlBY can be locally resolved down to 50-60 km
depth Golarino et al. 201)8using the anomalously deep earthquakes recorddteiwestern Po
Plain Eva et al. 2015; Malusa et al. 201The Adriatic Moho estimated from LET beneath the
Po Plain and on top of the Ivrea body (thick greg InFig. 55 confirms the results of RF analysis,
providing an even more reliable estimate of Mohptdecompared to previous results based on
RF alone (se&ect. 7.1for more details). Only part of the European Motw., the part located
beneath the External Zone, lays within the resol&d model volume. There, the LET Moho
confirms the location of the RF Moho as revealediglysis of teleseismic everi&olarino et al.
2018)

A further independent image of the European Molbogkhe CIFALPS transect is based on
full-waveform inversion (FWI) of selected teleseisnevents recorded during the CIFALPS
experiment(Beller et al. 2018)By FWI is meant the inversion of the full seismang including
phase and amplitude effects, within a time windollofving the first arrival up to a frequency of
0.2 Hz. Based on FWIBeller et al. (2018puilt 3-D models of density and P- and S-wave
velocities, and detected the European Moho (bheilFig. 59 at depths ranging from ~30 km
beneath the Southeast Basin to ~65 km beneathdreeMdaira massif, which confirms previous
results based on RF.

A more recent Moho image along the CIFALPS transisctbased on a Bayesian
transdimensional (TransD) inversion of the Rayleigtve group velocity dispersion datalof et
al. (2018) as performed b¥hao et al. (2020according to the procedure describe@auin et al.
(2014) and Yuan and Bodin (2018)TransD inversion provides absolute S-wave vejocit
information and treats the model parameterizatmg.( the number of velocity layers) as an
unknown in the inversion to be determined by th&adéus yielding more robust velocity
amplitude estimate@odin et al. 2012a, b)The resulting image presenteddlyao et al. (2020)
provides compelling evidence of European contifesriast subduction into the Adriatic upper
mantle (seesect. 7.2for more details), thus confirming the main findsngf RF analysis. The
eastward-dipping TransD European Moho (red linign 59 is located at ~30 km depth beneath
the Southeast Basin, getting progressively deepar +45 km depth beneath the Frontal Pennine
Fault to ~75 km depth beneath the Dora-Maira masxif the eastern side of the CIFALPS
transect, the TransD Moho overlaps with the Adcisdbho as imaged by RF, ANT and LEHiq.
5h).

7 Absolute velocity structure of the crust and thenantle wedge

A more detailed geologic interpretation of the talistructure along the CIFALPS transect
requires absolute P-wave and S-wave velocity caimés. These constraints are provided by LET
(Solarino et al. 2018and TransD inversion of Rayleigh wave dispersiata@Zhao et al. 2020)
and are illustrated below.

7.1 Absolute P-wave velocity structure from LET

The absolute P-wave velocity structure revealed By in the southern Western Alps
(Solarino et al. 2018js shown inFig. 6 In order to improve ray crossingi@. 69 and better
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constrain the bottom part of the study volu@elarino et al. (201&)ave integrated recordings of
the CIFALPS stations with recordings of permandatiens operating during the CIFALPS
experiment, and have also considered the interneedepth earthquakes that occurred before the
experiment(Eva et al. 2015)The well-resolved regions of the resulting LET miodelude the
European crust to the west, the Adriatic crust amglermost Adriatic mantle to the east, and the
Alpine subduction wedgg&solarino et al. 2018Fig. 6 b, c)

The European upper crust (EUCHIy. 69 shows Vp values <6.4 kmt@nd rather constant
Vp/Vs ratios ~1.70+0.02, consistent with a mainigrgtic continental crust (cFig. 4). Vp values
increase in the European lower crust (ELEiim. 69 from Vp ~6.7 km 3, at depth of ~25 km, to
Vp ~7.6 km & at depth > 40 km (i.e., beneath the Alpine sulidoavedge), under rather constant
Vp/Vs ratios of 1.70-1.72. The observed velocityusture suggests a relatively homogeneous
lower crust at the scale of seismic observatioosgthe CIFALPS profile. Vp values ~6.7 km s
L'in the lower crust are consistent with granuliticks of felsic to intermediate compositions
(Rudnick and Fountain 1995; Weiss et al. 1999; Geffd@. 2003; Wang et al. 2005; Mechie et al.
2012. Major occurrence of granulitic metapelites canetxcluded in the light of their higher P-
wave velocities (up to 7.2 km'sseeFig. 4), which is not observed in the western part of the
CIFALPS profile. The progressive increase in P-waslecities at depth > 40 km may mirror the
progressive eclogitization of the European lowestiSolarino et al. 2018 as eclogitization of a
felsic granulite strongly increases the garneteoinand consequently the rock density (from 2.90
to 3.30 18 kg m®) and P-wave velocity (up to 7.6 km)ge.g.,Christensen 1989; De Paoli et al.
2012; Hacker et al. 2003, 2015; Hacker and Abe268letényi et al. 2007 Alternatively, the
increase in P-wave velocity in the European lowersic may indicate an increase in mafic
component beneath the Alpine subduction wedge. Mewé&/p values provided by LET are far
too low for a pure mafic eclogite (7.9 to 8.7 ki) Bezacier et al. 2010; Reynard 201Big. 4).
Zhao et al. (2015andSolarino et al. (2018have thus favoured the hypothesis of a progressive
change in metamorphic assemblages during continembaluction rather than a change in bulk
composition from west to east. The progressive RPeweelocity increase in the European lower
crust at depth >40 km, as documented by LET, pesvath explanation for the eastward weakening
of RF converted phases along the European MohaibdeddyyZhao et al. (2015seeFig. 69.

On the eastern side of the CIFALPS transect, th€ ix6del shows a sharp downward P-
wave velocity increase across the Adriatic Mohaclktldashed line 2 irFig. 69. Above the
Adriatic Moho,the Adriatic upper crust (AUC iRig. 69 shows Vp values <6.4 km'and Vp/Vs
ratios ~1.70-1.74. The Adriatic lower crust (ALC king. 69 shows a more complex velocity
structure than the European lower crust, likelleting a more heterogeneous composition at the
scale of seismic observations. Local spots with-V{2 km s' and low Vp/Vs ratios may suggest,
according tdSolarino et al. (2018Jocal occurrences of granulite-facies metapel(i¥§s=6.3-7.2
km st, Vs=3.8-4.1 km3; Weiss et al. 1999; Khazenehdari et al. 20\brth of the Po Plain,
similar granulite facies metapelites are also egd@g Earth’s surface (e.gwing et al. 201 In
the region labelled as ALCFig. 6¢) the locally high Vp/Vs ratios >1.8 associate¥/{p~7.0-7.3
km s! may be interpreted as gabhnoderplated at the base of the Adriatic lower crBstmian
gabbros are indeed exposed at Earth’s surface ofittie Po Plain, and intrude lower crustal rocks
belonging to the Adriatic (Southalpine) baseniéntick et al. 1994; Schaltegger and Brack 2007)
Below the Adriatic Moho, seismic velocities provitlby LET are consistent with dry to partly
serpentinized peridotites of the Adriatic lithospbenantle (AM inFig. 69, as indicated by Vp
values ~7.5-8.0 knt'sand Vp/Vs ratios ~1.70-1.72. Peridotites are foaindepth > 30 km beneath
the Monferrato, and at much shallower depth (18+thpin correspondence with the Ivrea positive
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gravity anomaly, in line with results of previousrtography model&olarino et al. 1997; Paul et
al. 2001; Scafidi et al. 2006, 2009; Diehl et &I092; Wagner et al. 2012)

In the central part of the CIFALPS transect, thparmost part of the Alpine subduction
wedge shows Vp values invariably <6.5 kin(Big. 69. The structural variability in this region is
mirrored by the variability in Vp/Vs ratios. Vp/\,s1.75 in the Briangconnais and Schistes Lustrés
units likely reflect low S-wave velocities resutjifrom a widespread network of mesoscale faults
developed in these units during the Neogghes et al. 2007; Malusa et al. 200/) the western
flank of the Dora-Maira massif, Vp/Vs < 1.66 likalgflect high S-wave velocities, possibly due
to the presence of poorly fractured granitic gressthat are also exposed at Earth’s surface
(Brossasco granitePaquette et al. 1999; Lenze and Stockhert ROA7prominent feature
highlighted by the LET model in this part of thartsect is the high velocity body (Vp ~7.5 km s
1 Vp/Vs = 1.70-1.72) imaged at depths from ~10 krr30 km (MW inFig. 6b, 9. This body is
exclusively found beneath the Dora-Maira massihighlighted by the N-S cross-sectionFod.
6b. It was already imaged with similar velocitiesgrgvious work (Vp ~7.4-7.7 km'sPaul et al.
2001; Béthoux et al. 200 but was only resolved down to depths of 15-20(kinFig. 29. Its P-
wave velocity is not consistent with dry mantleigetite or imbricated continental crust rocks as
suggested for example [Bchmid et al. (2017)Instead, it suggests mantle rocks with variable
degrees of serpentinizatigReynard 2013yanging from <30%, at depth greater than 30 km, to
>90% in the uppermost part of the body (&g 4). According toSolarino et al. (2018this high
velocity body may include mantle-wedge rocks exhdinmethe late Eocene together with the
(U)HP rocks of the Dora-Maira massif, as a restilieergent motion between the Alpine slab
and the Adriatic upper plat®lalusa et al. 2011; Liao et al. 2018b) the southern Western Alps,
these mantle-wedge rocks may contribute, togetitartine Adriatic mantle rocks exhumed during
Tethyan rifting, to the positive gravity anomalgssically referred to as the Ivrea gravity anomaly
due to the high-density “Ivrea bodyCloss and Labrouste 1963; Nicolas et al. 199SeéFig.
5d).

The bottom part of the LET model 8blarino et al. (201§ rovides absolute P-wave velocity
constraints to the uppermost part of the Alpinedsigion channel (SC iRig. 69. At depth ~50 km,
in the region located beneath the thick blue sp&Ffonegative polarity conversions (3fig. 69,
P-wave velocity is lower than in the nearby Addatpper mantle (~7.0-7.5 kit §5~8.0 km ).
This region may include serpentinites or otheplitigies possibly found in a high-pressure mélange
zone (Marschall and Schumacher 2(),l8uch as eclogitic metasediments and mafic delegi
However, the observed velocities (Vp ~7.0-7.5 Kin\gp/Vs < 1.70) are consistent with ultramafic
rocks with a degree of serpentinization rangingveet 50% and 75% (accordingReynard 2015
but they are neither consistent with eclogitic reethments (Vp ~7.0 km'sVp/Vs ~1.75) nor with
mafic eclogite (Vp > 7.9; Vp/Vs ~1.73)Veiss et al. 1999; Reynard 201¥p/Vs ratios ~1.74
indicate that slivers of eclogitic metasedimentddde present instead at ~40 km depth beneath the
western flank of the Dora-Maira massif.

In general terms, velocity changes evidenced by (FTarino et al. 2018natch with those
highlighted by RF analysi&Zhao et al. 2015)despite the different techniques and dataset$ use
(i.e., local vs teleseismic events). Not only de Buropean and Adriatic Mohos detected by these
different techniques show a remarkable fit (Seet. 6.%, but also the downward velocity decrease
revealed by LET from the exhumed mantle wedge ® uhderlying subduction channel is
consistent with the spot of negative-polarity Pexasions provided by RF (3 ifc). A good
match is also observed for local anomalies, ehg. high Vp/Vs ratios in region ALQFig. 69
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corresponding to a major break in the alignmenpasitive-polarity Ps-conversions in the RF
image(Fig. 6d)

The shape of the high-velocity region correspondinghe exhumed mantle wedge is
mirrored by the distribution of seismic eveffsg. 6d)(Eva et al. 2015; Malusa et al. 201The
exhumed mantle wedge is virtually aseismic, coasiswith the fact that serpentinization
promotes aseismic deformati@ieacock and Hyndman 1999; Hilairet et al. 20&E&rthquakes
are mainly located in the surrounding regions. fi® ¢ast, the anomalously deep earthquakes
(30<Z<75 km) recorded beneath the western Po Plzitaneo et al. 1999; Eva et al. 20ake
aligned along an active lithospheric strike-sliplfaeferred to as the Rivoli-Marene deep fault
(RMF in Fig. 69. Results provided by LET confirm that this ledtdral fault (see focal
mechanisms irrig. 69 is located in the mantle beneath the Adriatic Mohdfjras proposed by
Malusa et al. (2017based on RF results. Vp/Vs values >1.74, beside-8p km s at depth
around 25-35 kmHig. 69 may reflect low S-wave velocities due to the ictpaf the Rivoli-
Marene deep fault on the fabric of Adriatic-mangkridotite(Solarino et al. 2018)n the same
region, the azimuthal harmonic decomposition ofrBFeals the occurrence of anisotropic rocks
(Piana Agostinetti et al. 201{Fig. 6d) High-amplitude anisotropic components of RF are
observed in places also within the Adriatic crusd along the Adriatic Moho.

7.2 Absolute S-wave velocity structure from TransD inversion

The shear wave velocity model of the Western Algseldl on TransD inversion of Rayleigh
wave group velocity dispersion ddi&hao et al. 2020is shown inFig. 7. It provides absolute Vs
constraints to the European and Adriatic crust,ahigih-resolution image of the velocity structure
of the Alpine subduction zon&igure 7c-eshows three cross-sections of the inverted velocity
model down to 90 km depth, in different sites af IWestern Alps corresponding to the NFP-20
West, ECORS-CROP and CIFALPS profiles. Along thesess-sections, the European
lithospheric mantle (in blue on the left) is clgannderthrust beneath the Adriatic mantle on the
eastern part of each profile (in blue on the rightmajor Moho step of ~8 km, first highlighted
by Lu et al. (2018)is detected along the ECORS-CROP profile bentegtBelledonne massif
(Fig. 79. A similar Moho step is observed along the NFP¥28st profile Fig. 79 north of the
Frontal Pennine Fault. No Moho step is observedgthe CIFALPS profiléFig. 7e)

In the shear wave velocity model#fiao et al. (2020Qthe Alpine subduction wedge exhibits
a “normal” velocity structure in all three profildsom Earth’s surface to regions 4 and~5( 7c-
€). Vs values progressively increase with depth freBi3 km ¢ (red to orange colors) in the
uppermost levels of the subduction wedge, to >&6sk (yellow to green colors) at depth > 40
km. This normal velocity structure is consistenthamexpected Vs values in metapelites and
gneisses exposed in the Alpine belt, and with gm@ssive Vs increase with depth. Very low Vs
regions (dark red) correspond to the main sedimgriiasins formed atop the European and
Adriatic crusts (Southeast basin and Po Plain,ecsgely). The lateral extent of the low Vs
material ascribed to the subduction wedge can lzduated in the horizontal slices of the
tomography model at 50 and 60 km defithy. 7a, b) The region with Vs <3.8 km's(green to
yellow colors), detected all along the arc of thesférn Alps at 60 km depthFi¢. 70, is
apparently thicker in the northern Western Alps pared to the southern Western Alps.

On the eastern side of each cross-section, theimation of the region with Vs >4.0 kmts
(marked by blue colors) invariably matches with litgation of the Ivrea gravity anomaly shown
in Fig. 1h A region with Vs >3.8 kmsis imaged beneath the Dora-Maira starting from kih0
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depth. This region has a similar shape, with a-wedical western boundary, as the high Vp
anomaly imaged beneath the Dora-Maira by LET atbegsame profileKig. 69. A similar high-
velocity region is not observed beneath the edlodibmes farther north=(g. 7c, d, in line with
results provided by LETSolarino et al. 2018)At 50-70 km depth along the CIFALPS profile, the
inverted model also shows a region with Vs <3.7s#nigreen to yellow colors) that is interposed
between the European lithospheric mantle and tleelysrg Adriatic mantle (6 irFig. 79. This
low-velocity region, which reverts a trend of pregsively increasing Vs with depth, is not
observed along the ECORS-CROP and NFP-20 Westlggofcf. Fig. 7c, ¢. It has been
interpreted byZhao et al. (2020as the evidence of serpentinites preserved aloadgAthine
subduction channel. In fact, the decreasing Vsasftom region 5 to region 6 cannot be explained
by metamorphic phase changes in metapelites arnidsgise The only rock characterized by Vs
values of ~3.6 kmsin the 55-70 km depth range is serpentifiite). 4). Alternatively, the low
Vs values in region 6 may be due to high pore-flpidssures, which would in turn promote
serpentinization. A sharp Vs increase, observedepth >70 km along the Alpine subduction
channel, may reflect destabilization of antigor#ed transformation of subduction-channel
serpentinite into peridotite (e.dReynard 2018

8 Velocity structure in the upper mantle along theCIFALPS profile

For a reliable geologic interpretation of the uppaantle structure along the CIFALPS
profile, seismic velocity constraints of the slatusture and the mantle flow in the surrounding
asthenosphere are required. Crucial for the iné¢sion of seismic velocities in the Alpine upper
mantle is also the location of the lithosphere-astisphere boundary beneath the European
foreland and the Alpine subduction wedge. Withiae tramework of the CIFALPS experiment,
this information is provided by array analysis @fissnic surface wavef yu et al. 2017)
Information concerning the deeper slab structuggravided by teleseismic P-wave tomography
(Zhao et al. 2016hwhereas clues on asthenospheric mantle flowrangded by the analysis of
seismic anisotropySalimbeni et al. 2018)

8.1 The lithosphere-asthenosphere boundary beneath the Alpine foreland areas

The depth of the lithosphere-asthenosphere bouralmgath the Alpine region has been
investigated by yu et al. (2017using a combination of CIFALPS and permanent seistation
data.Lyu et al. (2017)inverted the fundamental mode Rayleigh wave dispersurves for Vs
using the crustal interfaces imposed from(RFRao et al. 2015)The resulting Vs values, derived
from independent measurements in each mini-arraysl@wn ir-ig. 8a Vs values vary smoothly
across the profile length. The decrease in S-walecity below ~110 km depth in the western
part of the profile(Fig. 8a) has been interpreted hyyu et al. (2017)as the lithosphere-
asthenosphere boundary beneath the European fordlaa top of this low-velocity layer, marked
by a thick dashed line iAg. 83 is approximately parallel to the eastward dipftugopean Moho
as detected by RF and other methods, which suggestislO km thick and eastward-dipping
European lithosphere. These findings are consistéht the lithospheric thickness generally
observed in Phanerozoic Europe using surface w@vgsDost 1990; Cotte et al. 20pand S-
receiver functionsGeissler et al. 20)0S-wave velocities retrieved hyu et al. (2017)n the
European upper mantle are overall low, at leastrmd@mmpared with velocities of the AK135
model(Kennett et al. 19955-wave velocities are much higher in the Adriittesphere (~5 km
s1, dark blue colors iifrig. 89, and consistent with a lithosphere-asthenospbheunedary located
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at ~100 km depth beneath the Po Plain, as progmsBdandmayr et al. (201@ndMalusa et al.
(2018)

8.2 Velocity structure beneath the Alpine subduction wedge

According toLyu et al. (2017,)very low Vs values < 4 kni'sare found at the base of the
European lithosphere in the central part of theALFS profile, at depth ~120 km beneath the
Alpine subduction wedge (7 iRig. 83. In that region, the high-velocity anomaly imadey
teleseismic P-wave tomography is strongly atterbit@pitsch et al. 2003; Zhao et al. 201 See
Sect. 8.3 and a low-Vs anomaly has been also detectedMly(Beller et al. 2018{7 in Fig. 8D.
This is illustrated in the composite cross-sectibRig. 8k which combines in the upper panel the
results of TransD inversion of surface-wave disperslata(Zhao et al. 202Q)and in the lower
panel the Vp perturbations based on teleseismi@aWewomographyZhao et al. 2016bJThe Vs
anomaly derived from FWI and describedBxiler et al. (2018js shown as purple isolinésig.
8b). Note that these different models are based dardiit data, obtained by means of different
technigues and their resolving power is also diffierBeller et al. (2018have suggested that the
low-Vs anomaly detected in their S-wave velocitydglomay be supportive of a slab detachment
beneath the Western Alps, an interpretation regenthtroduced byDal Zilio et al. (2020)and
Kastle et al. (2020However, when the low-Vs anomaly detected®bifer et al. (2018js analysed
in more detail and compared with information pr@ddy independent tomographic methods along
the CIFALPS profile [fig. 80, a different scenario emerges. The anomaly shofect two peaks,

a weaker one at the base of the European lithosgrenFig. 80 and a stronger one at ~75-95 km
depth along the subduction channel above the Earopkab (8 irFig. 8. The anomaly 8 is not
present in the TransD inversion modelZofao et al. (2020because it lays in a region where the
model is not well resolved (cZhao et al. 2020their Fig. S9). Along the subduction channel, low
Vs values in the 55-70 km depth range (€im 8D likely mark the occurrence of serpentinite (see
Sect. 7.3. Given the sharp Vs increase at depth >70 kmgatba subduction channgétig. 8b)
interpreted byZhao et al. (2020as due to transformation of serpentinite into pite after
destabilization of antigorite (cFig. 4), the low Vs anomaly detected Byller et al. (2018at 75-

95 km depth (8 ifirig. 80 may also indicate a metasomatized mantle pereddtie to infiltration of
slab fluids. We conclude that comparison amongedfit techniques underlines that the results
provided byBeller et al. (2018are not supportive of European slab detachmerteddsthey are
consistent with the results provided by other toraphy approaches that have been applied during
the CIFALPS experiment (e.dg.yu et al. 2017; Zhao et al. 20R0

8.3 Slab structure from teleseismic P-wave tomography

Previous seismic tomography models of the Alpinganpnantle have revealed more or less
discontinuous P-wave velocity anomalies interpreséesdthe seismic signature of subducted
lithospheric slabs (e.g//ortel and Spakman 2000; Lippitsch et al. 2003piA&llo and Faccenna
2009). However, interpretations in terms of slab lengtid lateral or vertical slab continuities
strongly depend on the resolution of seismic torapgy models. The&hao et al. (20165
tomography study performed within the frameworkited CIFALPS experiment first benefited
from the recent opening of the European seismiabdestes and improvement of the permanent
broadband network. It is based on a much denséprstaoverage than any previous work,
especially in the Western Alps. Data were recottae827 broadband seismic stations: 449 from
permanent networks, 23 from the PYROPE temporapgement(Chevrot et al. 2014and 55
from the CIFALPS experiment. In order to avoid rfideence of upper mantle tomography by
crustal anomalieszhao et al. (2016bjsed the EPcrust reference model to correct &wettime
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residuals within the crugiMolinari and Morelli 2011) Although the EPcrust model does not
include all the details of the most recent Moho sn@pg.,Spada et al. 2013; Lu et al. 202and
the approach chosen hao et al. (2016bgdoes not include the effects of 3-D propagation of
nonvertical rays from different azimuths in thedreggeneous crust (e.@\aldhauser et al. 20),2
synthetic tests performed Bhao et al. (2016bindicate that their tomography model of Vp
perturbations is not significantly affected by smieg of crustal anomalies to mantle depth.

Teleseismic tomography models of Vp perturbatiaspldy lateral P-wave velocity changes
with respect to the horizontally averaged Vp in tbgion crossed by incident P waves. They are
not associated to a reference model. The lowerl diieég. 8bshows a cross-section of thkao
et al. (20168% model along the CIFALPS profile down to 400 krapth. The cross-section
includes strong low-velocity anomalies (9Fig. 80 at 100-250 km depth beneath the Frontal
wedge and the European foreland, and an E-dippigig-\elocity anomaly (blue irFig. 809
beneath the Eclogite belt and the western Po PIais.high-velocity anomaly, likely marking the
European slab beneath the Western Alps, is conisifrom the uppermost mantle where it links
with the lithosphere-asthenosphere boundary detdsterray analysis of seismic surface waves
(Lyu et al. 2017)and with the European Moho recognized by RF andsDanversionZhao et
al. 2015, 2020)Specific resolution tests suggest that any gy gap should be revealed by the
model, if present. According to the tomography mipotlee inferred length of the Western Alps
slab may reach ~300 km (dflalusa et al. 2013heir Fig. 6), but such estimate should be taken
with caution due to the potential vertical smeartyygcal of teleseismic body-wave tomography
images. Th&hao et al. (2016Fs model also shows a weakening of the high-veloaitynaaly at
the base of the European lithosphere (Fimn 80, supported by the results of subsequent work
by Lyu et al. (2017)andBeller et al. (2018yiscussed irbect. 8.1-8.2Such weakening affects
part, but not the entire thickness of the Westdps Alab.

8.4 Comparison with other tomography models

The continuity of the high-velocity anomaly in th&ao et al. (2016t model along the
CIFALPS profile contrasts with those interpretatofe.g., Fox et al. 2015; Kissling and
Schlunegger 2018; Kastle et al. 2DXased on théippitsch et al. (200233 model that have
suggested slab breakoff beneath the Western Ages dlsoFig. 39. Kissling and Schlunegger
(2018)rejected thezhao et al. (20160y interpretation of a continuous slab in the Wesi#&lps
using the arguments that th#hao et al. (2016t model would be mainly based on 2-D
information and poor quality data, which is incatras it is based on data from >500 stations
distributed in the entire Alpine region (grey triges inFig. 19, including 29 months of data at
449 high-quality broadband permanent stations. €Ssestions of these different tomographic
models are compared ifg. 9 theLippitsch et al. (20033 ray-based model (on the lefthing. 9
has a horizontal grid size of 50 km, it is based-4/200 traveltime measurements and it was the
first to suggest a slab breakoff beneath the Wesidrs; theZhao et al. (2016F8 kernel-based
model (on the right irFig. 9 has a denser horizontal grid size of 25 km, lhased on ~42,000
traveltime measurements and was the first to elglipropose a continuous slab under the
Western Alps, although similar evidence is alsovjaied by teleseismic tomography models from
other working groups (e.g2iromallo and Morelli 2003; Koulakov et al. 2009aGomuzzi et al.
2011; Hua et al. 2017; Paffrath et al. 2D2A8s shown inFig. 9 the first-order features of the
Lippitsch et al. (20038 and Zhao et al. (2016l models are remarkably similar, despite
interpretations that are quite different (for tlaes of clarity, the contours of equal Vp anomaly in
the Lippitsch et al. (20038 model are also plotted onto théao et al. (2016fs model to the
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right). Both models show low-Vp anomalies locateddath the European foreland and a high-Vp
anomaly under the western Po Plain that becomekervaa~120 km depth (7 ig. 9. The 0%
anomaly isoline in theippitsch et al. (20023 model largely matches the boundary between high-
Vp and low-Vp perturbations in th#hao et al. (20165 model. The observed differences in the
amplitudes of Vp perturbations between models ateinformative, because the kernel-based
models (e.g., the finite frequency method usedtino et al. 2016bgenerally yield higher root-
mean square amplitudes for Vp perturbations theanrdly-based method (e.dippitsch et al.
2003.

Evidence of potential slab breakoff and associgtssive asthenospheric upwelling along
the breakoff gap should include, in a teleseismiwale tomography model, a low-velocity
anomaly cutting across the high-velocity anomalyreésenting the broken slab. However, the
shape of the anomaly is generally retrieved mudtebthan its amplitude. Within the framework
of the CIFALPS experimenihao et al. (2016lperformed a series of tests, e.g., by replacing par
of the high-velocity slab with a low-velocity bo@xtending from 80 to 140 km depth, in order to
mimic a possible slab breakoff beneath the CIFApRSile. They found that the shape of a low-
velocity body, if present, would be well recovei@sia low-velocity anomaly by the inversion,
albeit with attenuated amplitude (s&eao et al. 2016ktheir Fig. 5). They also demonstrated that
a strong high-velocity anomaly in the crust like tiirea body does not smear to mantle depth and
could by no way erase or attenuate a possible klaeity anomaly in the mantle related to slab
breakoff (seeZhao et al. 2016their Fig. 6). Within this framework, it is wortioting that the
small low-velocity anomaly at ~120 km depth detddig Lippitsch et al. (2003under the Dora-
Maira is not connected, in their model, with themaw-velocity anomaly beneath the European
foreland (see the left panel ing. 9). In fact, the two regions are separated by soregiith Vp
(%) > 0. Based on these considerations Lthpitsch et al. (20023 model may provide no clear
support to the hypothesis of a slab detachmengalenCIFALPS profile, which would also imply
a much stronger and continuous negative anomalgdtkrihe Dora-Maira.

The right panel oFig. 9also includes the fast Vs anomaly imagedgtle et al. (2018)y
analysis of surface wave dispersion data from amimeise and earthquakes (black hatched area
in Fig. 9. TheKastle et al. (2018 model is sometimes invoked, together with ithepitsch et
al. (2003)s and theBeller et al. (2018% models, to support the hypothesis of a detacheiol
beneath the Western Alps (see discussidféistle et al. 2020 However, the recent review paper
by Kastle et al. (2020may suggest that theastle et al. (2018 model does not provide an
accurate image of the subducted lithosphere berikathVestern Alps. Indeed, the body-wave
tomography models compared Byastle et al. (2020)n their Fig. 2 [Lippitsch et al. 2003;
Koulakov et al. 2009; Zhao et al. 20)6Gnvariably include an ENE-WSW trending high-Vp
anomaly located to the south and well outside thigz8rland borders in the 120 and 200 km depth
slices, whereas théastle et al. (2018 model, by contrast, shows an E-W trending high-V
anomaly that is located more to the north and withe Switzerland borders.

8.5 Selsmic anisotropy

The birefringence of core-refracted shear wavesS($Kasernd associated transverse
anisotropy of seismic velociti€Savage 1999; Mainprice et al. 20@a@n provide information on
the lattice-preferred-orientation of olivine crystan the mantleSalimbeni et al. (201&nalysed
the seismic anisotropy properties beneath seistaioss of the CIFALPS profile using the
waveforms of 40 teleseismic events with Mw > 5@)sidering the azimuth of the fast axgg (
and the delay time (dt) as proxies for the preteoeentation of olivinex axes and the thickness
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of the anisotropic laygiSilver et al. 1999)The resulting distributions of delay times anst faxis
orientations are plotted iRig. 8c using different colours according to the back-agzhmof the
seismic events.

Three different segments of the CIFALPS profile gteen, central and eastern segments)
are distinguished bysalimbeni et al. (2018based on seismic anisotropy data. The western
segment shows quite homogeneous fast-axis directiothe range of60° + 20°, with minor
differences depending on the back-azimuth. Alorgwestern segment, ray paths coming from
the West (dark blue marks ig. 89 show increasing delay times from ~1 s (at abaeisl0 km)
to ~2.4 s (at abscissae ~140 km). In the centgahsat, ray paths coming from the West (dark
blue marks) define a trend of linearly decreasiapygtimes from ~2.4 s (at abscissae ~140 km)
to ~1.0 s (at abscissae ~220 km). No such trentissrved in the eastern segment of the profile,
where the fast-axis directions are much more dsgueand the delay time is strongly scattered in
a range from <1 s to 2.8 s. The abrupt changeigmse anisotropy pattern between the central
and the eastern segments of the CIFALPS profileirscm correspondence with the transition
(green dashed line ifig. 8b,9 between the high-velocity anomaly marking the WesAlps slab
and the low velocity anomaly detected to the weégtst of the green dashed line, delay time
variations for ray paths coming from the west slsowe correlation with the low P-wave velocity
perturbations shown iRig. 8b(red to yellow colors): higher delay times are fdowvhere the low-
velocity anomaly in the mantle is weaker (i.e.abscissae ~140 km), whereas lower delay times
are found where the low-velocity anomaly in the tfears stronger. A geologic interpretation of
this seismic anisotropy pattern requires a 3-Dyamabf delay times and fast-axis directions with
respect to the slab structure of the entire Alpetgon, which is presented &ect. 9

9 Slab structure of the broader Alpine region

The complex slab structure of the broader Alpingiae is still actively debated (e.qg.,
Schmid et al. 2013; Handy et al. 2015; Rosenberd. 2018; Ji et al. 2019; Kastle et al. 2R20
Within the framework of the CIFALPS experiment, lusg@inpoints are provided by teleseismic
P-wave tomographyfao et al. 2016and 3-D Pn tomography(in et al. 2010

9.1 Continental subduction from 3-D Pn tomography

Sun et al. (2019mapped the seismic velocity signature of continesu@duction in the
broader Alpine region by inversion of Pn phasedltanes, using data recorded by permanent and
temporary stations since the 198g).1a) Pn phases, i.e., the first arrivals at regionstiadice,
propagate through the crust, penetrate the upp¢éme#ie and are finally refracted at the Moho
and return to the free surfafidearn 1999)The tomography model &un et al. (20195 based
on a three-step 3-D approathun and Kennett 2016a, applied to a dataset of >395,000 Pn
arrivals for >9500 events and 1080 stations, amViges absolute P-wave velocities in the
uppermost 80 km of the Alpine lithosphere. In tieeadel, the expected seismic velocity signature
of continental subduction is given by P-wave vdlesilower than those expected for upper-mantle
peridotites (i.e., Vp < 7.7 km'sseeFig. 4). Oceanic subduction should remain undetectedyusin
the Sun et al. (201% approach, because the high Vp values of the mceerust after
eclogitization (Vp >7.9 km-5for mafic eclogites) are undistinguishable frora tigh Vp values
of upper-mantle peridotite§iQ. 4).

The P-wave velocity structure retrieved®yn et al. (20195 illustrated in the 50-km depth
slice ofFig. 10a It shows elongated regions characterized by Vg kih s* (yellow-to-red colors)
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all along the northeastern, northwestern and sagtesn boundaries of the Adriatic microplate,
providing evidence for continental subduction altimg Dinaric, Alpine and Apenninic subduction
zones, respectively. The low-velocity belt corregting to Dinaric subduction displays a
remarkable continuity from Austria to Albania. TB&aric low-velocity belt terminates at high-
angle (1 inFig. 1039 against the low-velocity belt of the Eastern Akich shows an ENE-WSW
trend consistent with major thrust faults formedimy Alpine subduction. In the western Alpine
region, the low-velocity belts provided by 3-D Bmiography show an abrupt change in orientation
(2 in Fig. 109 likely marking the boundary between the Alpinel a&penninic subduction zones.
Underthrusting of continental material by Apennisibduction can be detected as far north as near
Genoa. Prominent breaks (3 and 4Fig. 109 are also observed in the Northern and Central
Apennines. Higher Vp values in the Southern Apessisuggest that subduction in southern Italy
was dominantly oceanic, as also indicated by tleelygemistry of subduction-related magmatism
(Peccerillo and Frezzotti 201L5

9.2 Slab structure from Vp anomalies in teleseismic tomography models

The previously mentioned P-wave tomography modeflodo et al. (2016bprovides
constraints for the upper-mantle velocity structof¢he broader Alpine region down to 600 km
depth. The main features of the model are illusttam Fig. 10by three horizontal slices at 100,
200 and 300 km depthrig. 10b-d and by four cross-sectiofiBig. 10e) Salient features of the
model include the lateral continuity, from the GahtAlps to the Western Alps, of the high-
velocity anomaly ascribed to the Alpine slab, ahd tateral continuity of the high-velocity
anomaly ascribed to the Apenninic slab that isigalerly evident in the Northern Apennines. In
the 100-km depth slicéFig. 10b) at the transition between the Northern and thett&wn
Apennines, the model shows a major gap in the Aipenhigh-velocity anomaly that was already
detected by previous work and interpreted as anpiateslab window/Amato et al. 1998; Faccenna
et al. 2014)Another important feature of the model is thg@dietween the ENE-WSW trending
high-velocity anomaly ascribed to the Alpine sladné&ath the Central Alps, and the NW-SE
trending high-velocity anomaly detected beneathBastern AlpgZhao et al. 2016b; Hua et al.
2017) The latter is shifted northward and forms an argjl30° to 60° (depending on the depth
range) relative to the strike of the Alpine frontiatusts. The model also shows two main low-
velocity anomalies (yellow-to-red colorshing. 10 b-¢, labelled as “low Vp anomaly Adnd ‘low
Vp anomaly B” inFig. 10 b-e The former is located in the upper mantle of\ttestern Alps at
100-300 km depth, and does not extend east of Bi&.latter is located in the Adriatic upper
mantle beneath the Po Plain, and lays above theé\ilab (se€ig. 10¢ cross-section D-D’).

In cross-section, th&hao et al. (2016Fy tomography model shows a steep SW-dipping
high-velocity anomaly beneath the northern Tyrraemegion corresponding to the Apenninic slab,
and an even steeper NE-dipping high-velocity angnisneath the Eastern Alps and the
northernmost Dinarides (A-A’ iRig. 10¢. The origin of this latter anomaly, also detedigdeveral
other tomography models (e.gippitsch et al. 2003; Dando et al. 2011; Mitterdaet al. 2011;
Hua et al. 201){ is still debated. It is either interpreted a® da continental Dinaric subduction
during the Neogené&chmid et al. 2013; Handy et al. 2018% stemming from an oceanic and
detached Alpine slatRosenberg et al. 201,89r as resulting from a more complex interaction
between the Alpine and Dinaric slgBiset al. 2019; Sun et al. 2019; Kastle et al. @2 discussed
in more detail irSect. 9.3 The relationships between the Alpine and Apewrstabs are clearer. In
cross-section B-B'(Fig. 10e) the Alpine slab dips towards the SW and the $yedipping
Apenninic slab is almost overturned to a northeastvdip. The down-dip continuity of the Alpine
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slab in the Central Alps is as debated as in thet®¥e Alps (e.g.Kissling and Schlunegger 2018;
Ji et al. 2019; Kastle et al. 2020 heZhao et al. (20165 model shows a remarkable down-dip
continuity of the high-velocity anomaly in the CexhtAlps (see cross-sections B-B’, C-C’ and D-
D’ in Fig. 109 that conflicts with the hypothesis of slab breéke.g.,von Blanckenburg and Davies
1995; Kissling and Schlunegger 201Bhe amount of subducted lithosphere shown iaszection
D-D’ is consistent with the amount of subductioregicted by paleomagnetic and geologic
constraints landy et al. 2010; Malusa et al. 201Apout 450 km subduction took place in the
Central Alps based on geologic evidefigelusa et al. 2016awhich is also the amount that can be
inferred from the length of the high-velocity andyna cross-section D-D’.

9.3 Interpretive dab structure beneath the Alpine region

Constraints on the slab structure provided by &esic P-wave and 3-D Pn tomography
(Zhao et al. 2016b; Sun et al. 20 e summarized iRig. 11 Outside of the well-resolved areas
of theZhao et al. (2016tg model, slab traces (thick blue linesHig. 119 are based on a previous,
lower-resolution tomography model Byromallo and Morelli (2003)in general terms, there is a
good match between the sites of continental submtudbcumented by 3-D Pn tomography (thick
brown lines inFig. 113 and the slab structure inferred from teleseisfiwave tomography, in
spite of the different techniques and data setd (s&e event locations ig. 10). As shown in
the cartoon ofFig. 11k two opposite-dipping slabs are attached to thathseestern and
northeastern boundaries of the Adriatic microplédening a reversed U-profile in cross section
(Vignaroli et al. 2008; Salimbeni et al. 2013; Zle@l. 2016b; Sun et al. 2019 the southwest,
the segmented low-Vp belt attesting to subductibnAdriatic crust beneath the Northern
Apennines matches with the Apenninic slab traceidmmted by teleseismic P-wave tomography
(Fig. 11a) whereas subduction beneath the Southern Apenmaesdy involved lonian oceanic
crust (Fig. 11b) On the northeastern boundary of the Adriatic optate, the Adriatic crust
underthrust beneath the Dinarides is connected waitNE-dipping high-velocity anomaly
interpreted as the Dinaric slébig. 11a) The ophiolitic rocks of the Sava and Vardar uexgosed
farther east (dashed green line$ig. 119 are likely relics of older, Mesozoic subductiames
(Sun et al. 2019)

During the progressive northward motion of the Atid microplate in the Cenozoic
(Dewey et al. 1989; Jolivet et al. 200#)e Apenninic and Dinaric slabs have likely iated
with the SE-dipping Alpine slab to the Nortialusa et al. 2016b, 2018; Ji et al. 2Q1®has
been suggested that the interaction between thleweand shifting Apenninic slab and the Central
Alps slab may have controlled the location of tloetimern tip of the Ligurian-Provencal basin
during Apenninic slab retreat and associated Nemgatension in the Apenninic backarc region
(Malusa et al., 2016b)At the transition between the Eastern Alps ared Dinarides, the NE-
dipping high-velocity anomaly detected in the 1@®Xkm depth range beneath the remnants of
the former Alpine subduction zone (question markim 119 may also provide evidence of the
interaction between different slabs. This enigmigature may either represent the northern edge
of the Dinaric slab, or the overturned remnantshef Alpine slab, or a combination of the two
slabs(Salimbeni et al. 2013; Schmid et al. 2013; Zhaal e2016b; Rosenberg et al. 2018; Sun et
al. 2019; Kastle et al. 202 urther constraints to the complicated slab sinean that region are
expected in the next future from the AlpArray expent (e.g.Paffrath et al. 2020; Plomerova et
al. 2020.

To the West of the Giudicarie Fault, subducted ioental material imaged by Pn
tomographyis clearly connected with the SE-dipping high-vépanomaly of the Alpine slab,
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which is continuously imaged from the Western ® @entral AlpgFig. 11a) To the east of the
Giudicarie Fault, this high-velocity anomaly shosvsystematic northward step, interpreted by
et al. (2019)s the evidence of a vertical tear in the Alpirs$Fig. 11) possibly formed after
the onset of Dinaric subduction in the Eocene (E€grminati et al. 201)2 According toJi et al.
(2019) the interaction between the Alpine and Dinar@bs| and the consequent progressive
steepening of the Alpine slab would explain theirgm distribution and geochemistry of
Periadriatic magmatism in the absence of slab lofégloviding a viable alternative to the classic
slab-breakoff model of Periadriatic magmatism psgebbyon Blanckenburg and Davies (1995)

Farther South, at the transition between the Alpamel Apenninic slabs, previous
tomography models (e.g?jromallo and Morelli 200Bhave suggested the occurrence of a major
slab gap. This gap would have allowed the developnoé an asthenospheric toroidal flow
compensating the long-recognized retreat of thenApec slab(Vignaroli et al. 2008; Faccenna
and Becker 2010; Salimbeni et al. 201®&hich is attested to by a progressive migratibn o
Cenozoic orogenic magmatism across the Mediterraiég. 119 (e.g, Lustrino et al. 2011,
Carminati and Doglioni 20)2However, the slab structure revealed by the CH3 experiment
shows no evidence of a major gap between the Aldstlze Apennines at upper mantle depths
(Fig. 110. This finding has major implications for the irgestation of the seismic anisotropy
pattern at the scale of the broader Alpine regasndescribed below.

9.4 Polyphase devel opment of anisotropic mantle fabrics

In Fig. 123 shear wave splitting measurements on CIFALPS (@&&tambeni et al. 2018)
and from previous worlBarruol et al. 2004, 2011; Salimbeni et al. 208181 3)are plotted on the
150-km depth slicef theZhao et al. (2016F5 tomography model as segments parallel to the fas
axis and scaled with the delay time. Because tpaAland Adriatic slabs are both very steep, any
depth slice of th&hao et al. (2016fg model would provide similar relationships betweelocity
anomalies and anisotropy. These relationships fevgmlyphase development of anisotropic
mantle fabrics in the Alpine region, which may eithreflect fossil or active mantle flows
(Salimbeni et al. 2018Note that the shear wave splitting measuremeuwdisated by the purple
segments irfFig. 12aintegrate the seismic anisotropy over the upper®08tkm and are mainly
due to the lattice-preferred-orientation of olivorgstals in the mantlisavage and Sheehan 2000;
Piromallo et al. 2006)In order to discriminate upper mantle and crustaitributions to the
observed seismic anisotropy, S wave anisotropy umeasents from local earthquakes
(Baccheschi et al. 201@ye also shown iRig. 12aand are indicated by different shades of green
for different depth ranges. However, the contribtof crustal anisotropy to the total seismic
anisotropy is minor, as highlighted by the diffdreicales adopted for the different splitting
measurement§-ig. 12a) This negligible contribution of crustal anisotyo total shear-wave
splitting measured on SKS phases is confirmed etsttale of the greater Alps by preliminary
results from the AlpArray seismic experimehink et al. 2020)

According toSalimbeni et al. (2018shear wave splitting measurements plotting on the
high-velocity anomalies of th&hao et al. (20168 model may reflect fossil fabrics in the
lithospheric mantle of the Alpine and Apenninicbdd1 inFig. 129. Fossil fabrics within slabs
are generally considered a negligible source aaropy(Long and Silver 2008, 2009; Audet
2013) However, a fossil fabric defined by olivine caigraphic preferred orientation (CPO)
can be preserved in the oceanic lithosphere shecére of plate formatiofiMercier et al. 2008)
and is generally aligned with the direction of plapreadingShinohara et al. 2008 the Alpine
region, fossil fabrics acquired during Tethyanimit are described in several mantle slivers

This article is protected by copyright. All rights reserved.



accreted in the Alpine and Apenninic orogenic b@tg.,Nicolas et al. 1972; Vissers et al. 1995
They include coarse-grained spinel lherzolite teités with olivine CPO consistent with
deformation by dislocation creépommasi et al. 1999; Vauchez et al. 201Ais tectonite fabric,
developed at 900°-1000 °C and ~1.4 GPa during loglessimple shearing and asymmetric rifting
in the Jurassi@Hoogerduijn Strating et al. 1993pay characterize a thick slab sectibiy. 12b)

It is generally overprinted by spinel-, plagioclasegornblende- and chlorite-bearing mylonites,
and by serpentine mylonites developed as a reksttain localization during progressive mantle
exhumation towards the Tethys seafl@@iccardo and Vissers 200 Because these fabrics can
survive subsequent deformation at eclogitic depi#hithin the Alpine subduction channel
(Scambelluri et al. 1995; Hermann et al. 20@ey are also likely preserved in low-strain dams
within the slab. Their present-day attitude depeordqi) the direction of plate spreading, (ii) the
trench orientation relative to the paleomargin, éngthe present-day slab dig-ig. 12b) The
spreading direction in the Jurassic was likely padicular to the trend of the European and
Adriatic paleomargins, which is constrained bytsgraphic, tectonic and thermochronologic data
(e.g.,Winterer and Bosellini 1981; Lemoine et al. 1986iltGt et al. 2009b; Fantoni and Franciosi
2010; Malusa et al. 201Bwhereas the orientations of the Alpine and Ap@iorirenches and the
dip angle of the Alpine and Apenninic slabs arel wehstrained by paleotectonic reconstructions
(Jolivet et al. 2003; Vignaroli et al. 2008; Malusidal. 2015and available tomography models.
Based on the above constraints, the fossil fakagrpuired during Tethyan rifting should be
marked, in the Alpine region, by slab-parallel tdigue fast axis directiong-ig. 12b) which are
indeed observed in the mapfaf). 12a(Salimbeni et al. 2018)n the Northern Apennines, slab-
parallel fast-axis directions are detected at depthshallow as 20 km (green segmenisgn12g
(Baccheschi et al. 2019)

The low Vp anomaly region to the North of the Apemnslab shows instead NNW-SSE
to NE-SW fast-axis directions (2 Hig. 129 that are consistent with the direction of relativ
Adria-Europe plate motion inferred from magnetiom@alies since the Late Cretacedtbs). 12c)
(Dewey et al. 1989; Jolivet and Faccenna 20T8)s suggests that the anisotropic fabric in that
region may have formed during post-Jurassic Aduespe convergence, and possibly before the
onset of Apenninic slab rollbagkalimbeni et al. 2018]f this interpretation is correct, fast-axis
directions consistent with Adria-Europe plate motshould be also recorded by seismic stations
in the Adriatic SeaMolinari et al. 2018) WNW-ESE fast-axis directions parallel to the 3si@
spreading directions are poorly represented bengethAdriatic microplate, which provides
support for the hypothesis of asymmetric Tethy&timg as already proposed on a geologic basis
(e.g., Lemoine et al. 1986; Manatschal and Muntener 20@8jusa et al. 2015)In fact,
asymmetric rifting implies that, during lithospherxtension, tectonite fabrics should be best
developed within the Tethys oceanic lithosphere @red European subcontinental mantle but
should not be expected in the Adriatic subcontialemantle(Fig. 12b) in line with the results
reported inFig. 12a

Finally, the low Vp anomaly region to the westo tAlpine and Apenninic slabs shows a
continuous trend of fast-axis directions (3Figy. 123 that follows the arc of the Western Alps
down to the Ligurian coast, where this trend mewgésa WNW-ESE trend of fast-axis directions
already described in SE FranceByyrruol et al. (2004)This seismic anisotropy pattern has a clear
asthenospheric origin. It shows different direcsimompared to Pn anisotropy that samples the
shallow lithospheric mantléDiaz et al. 2013and azimuthal anisotropy from noise and surface
waves that samples a maximum depth of 120-125Fmet al. 2010; Zhu and Tromp 2013)
Since its first detection, the anisotropy “trendv@ds interpreted as an effect of asthenospheric
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flow due to the eastward retreat of the Apennihab §Barruol et al. 2004; Lucente et al. 2006;
Jolivet et al. 2009)an interpretation confirmed by the CIFALPS expenmt (Salimbeni et al.
2018) This continuous trend of fast-axis directionsviles additional evidence against the
hypothesis of Alpine slab breakoff. In fact, slakdkoff would imply a mantle flow through the
slab that should be revealed by slab-perpendidaktraxis directiongFig. 12d) These slab-
perpendicular fast axes are not observeedn 12a

9.5 Contrasting origin of the low-velocity anomaliesin the Alpine upper mantle

The observed correspondence between the contintendof fast-axis directions and the
low Vp anomaly in the European upper mantle pravigi@points for further interpretation of the
upper mantle structure beneath the Alpine regidms Tow Vp anomaly may either attest to the
presence of fluids or have a thermal origin. Thenkr hypothesis can be excluded in light of the
location and the depth of the low Vp anomaly wibpect to the nearby slaysgs. 10e, 11)On
the other hand, a potential thermal origin maydsated to asthenospheric upwelling, possibly due
to the counterflow induced by Apenninic slab retréa the absence of an adequate mass
compensation by a toroidal mantle flow around tbehern tip of the retreating sldBalimbeni
et al. 2018) An efficient toroidal mantle flow would compensdhe effects of slab retreat on the
adjoining mantle by transferring asthenosphericenmt from the rear of the Apenninic slab
towards a supraslab positigviignaroli et al. 2008; Faccenna and Becker 20Einheni et al.
2013) However, seismic anisotropy data are not supgodf an efficient toroidal flow beneath
the Po Plain(Fig. 12a) Recent tomography models show no major gap instale structure
between the Alps and the Apenniriegy. 11) and the absence of enough space between the two
slabs may preclude flow around the northern tiphef Apenninic slab during its rollback, with
major implications for the asthenospheric manttevfifarther west. In fact, the absence of an
efficient toroidal flow implies that Apenninic slabllback may have induced not only a suction
effect and an asthenospheric counterflow at theatthe unbroken Western Alps slébarruol
et al. 2004; Jolivet et al. 20Q9ut also a component of asthenospheric upwelbr@pmpensate
the lack of mantle material transferred from ther te the front of the Apenninic sléaBalimbeni
et al. 2018) Although the magnitude of mantle upwelling is lpaibly much smaller than the
magnitude of the horizontal component of the mafides (Fig. 12d) the vertical component
associated with mantle flow may have led to a teatpee increase in the upper mantle, which
may explain the low Vp anomaly imaged by P-wavedgraphy(Zhao et al. 2016b)

The low Vp anomaly B located atop the Alpine slabdrath the Po Plain may instead attest
to the impact of slab released fluids, as firstgasied bysiacomuzzi et al. (2011This topic has
been recently addressed ldylusa et al. (2018who combined geodynamic reconstructions with
geophysical imaging and petrological modeling weed large-scale carbon processes associated
with the complex slab configuration of the Alpiregion. According tdvialusa et al. (2018the
low-velocity anomaly in the upper mantle beneathRlo Plain would be generated by extraction
of carbon-rich melts from the asthenosphere, faa@iny the breakdown of slab carbonates and
hydrous minerals after cold Alpine subduction. @aidites and hydrous minerals (e.g., phengite)
can escape breakdown if the geothermal gradiemglsubduction is sufficiently loWFig. 13c)
and can be dragged into the upper mantle by thendoivg slab (1 irfrig. 139. After subduction,
the slab is progressively thermally reequilibratediards ambient mantle conditions, with a
temperature increase (2 Kg. 139 that may promote dehydration reactions and catson
breakdown. Consequent generation of carbon-rickrsufical fluids at the slab interface triggers
melting in the overlying mantle wedge, with low déy and low viscosity carbon-rich melts rising
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in the Adriatic asthenosphergig. 130 to be finally frozen at ~180 km depth (3 Fig. 13,

where the mantle geotherm crosses the carbonati¥dusyperidotite solidus (3 fg. 139. This
implies sequestration of carbon in the upper manitaout immediate releas@/alusa et al.
2018)

The low-velocity anomalies A and B located on eitside of the Alpine slab may thus have
different origins, that is asthenospheric upwelliodhe west{Zhao et al. 2016b; Salimbeni et al.
2018) and fluids released from the Alpine slab to thet é@slusa et al. 2018)This makes
numerical modeling exercises applied to the analgssub-lithospheric mantle convection (e.qg.,
Sternai et al. 20)9more challenging than expected, because the cotgrassumed relationships
between seismic velocity, temperature and rock iterts.g., Simmons et al. 20)0are not
necessarily met. This may explain why both theadgraphy models dfippitsch et al. (2003and
Zhao et al. (2016hbwhen analyzed in terms of mantle convection mogdéEternai et al. 2019)
point to positive dynamic uplift in the Po Plairaths at odds with observations. If not properly
accounted for, the different origins of the differédow-velocity anomalies in the Alpine region
may preclude a reliable quantification of the cimittion from mantle convection to the measured
uplift rates (e.g.Serpelloni et al. 2013; Walpersdorf et al. 2015¢ctjeet et al. 2016

10 Interpretive cross sections at lithospheric andpper-mantle scales

Based on the geophysical constraints provided eyOhH-ALPS experimentinterpretive
cross sections at the scale of the lithospheretlamdipper mantle are shown fig. 13 In the
southern Western Alps, the uppermost 20-25 kmeBhropean lower plate consists of a mainly
granitic upper crust and associated sedimentargr¢big. 13a) These upper crustal rocks rest on
top of a relatively homogeneous lower crust, likebnsisting of granulitic rocks of felsic to
intermediate compositioftolarino et al. 2018At depths >40 km beneath the Alpine subduction
wedge, the European lower crust is progressivabgized, but seismically distinguishable from
the underlying mantle lithosphere down to depths @ km(Zhao et al. 2015; Solarino et al.
2018) The eastward-dipping European Moho is locate2Da40 km depth beneath the Southeast
basin and the External zone, reaching ~75 km degtieath the Dora-Maira and the western Po
Plain(Zhao et al. 2015, 2020The main NE-SW trending Moho step detected ta\ilié of the
Belledonne and Mont Blanc massiisu et al. 2018; Zhao et al. 202{% not observed in the
southern Western Alps, where the European Moho skewore continuous profilgig. 13a)

No deep seismicity is observed along the Europeahadvbr along its continuation at depth, as
expected since subduction is no longer adtitelusa et al. 2017)Fig. 13b)

On the upper-plate side of the orogen, the mainbigsic and anisotropic Adriatic upper
crust is 10-15 km thick beneath the Po Plain aedMlonferrato thrust sheetsig. 13a) At the
western tip of the Adriatic upper plate, the westivpinching Adriatic lower crust has a more
heterogeneous composition compared to the lowst ofdhe European plate, and locally includes
granulitic metapelites and underplated gabtfolarino et al. 2018)The eastward-dipping
Adriatic Moho is located at ~30 km depth under Manferrato and at much shallower depth of
10-15 km in correspondence with the former neckimige of the southern Tethyan mar@iao
et al. 2015) In the Adriatic lithospheric mantle, the dry tarly serpentinized peridotites of the
former necking zone are underthrust by the petietf the European lithospheric marii@ao
et al. 2020)Fig. 13a)

The Alpine subduction wedge is apparently thickehe northern Western Alps compared to
the southern Western Algghao et al. 2020)n the southern Western Alps, the subduction wedg
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includes pervasively fractured Schistes lustrésBarahconnais rocks of the doubly-vergent Frontal
wedge, exposed beside (U)HP metaophiolites andypbactured granitic gneisses of the Dora-
Maira dome. A body of mantle-wedge rocks with aleadegrees of serpentinization, ranging from
>90% in the uppermost part of the body to <30%egthl >30 km, is inferred under the Dora-Maira
at depths as shallow as ~10 km. Similar bodiesiaré@naged beneath the eclogitic domes exposed
farther north (i.e., the Gran Paradiso and MontgaRimmes)Solarino et al. 2018; Zhao et al. 2020)
The body of mantle-wedge rocks under the Dora-Mairgirtually aseismigEva et al. 2020)
consistent with the fact that serpentinization prtea aseismic deformation. To the east, these
mantle-wedge rocks are delimited by an activel&téral fault in the lithospheric mantle (Rivoli-
Marene deep fault, RMF ifrig. 139 that is marked by the alignment of anomalouslgpde
earthquake hypocentrégalusa et al. 2017 Therefore, based on the cross sectidi@f13ag three
different types of mantle rocks may contributehte lvrea gravity anomaly in the southern Western
Alps: (i) to the west, mantle-wedge rocks emplaateshallow crustal depth syn or post exhumation
of the Dora-Maira (U)HP rocks; (ii) to the easty th partly serpentinized peridotites exhumed along
the former necking zone of the southern Tethyargmgafiii) in between, mantle rocks of the Lanzo
massif that underwent Alpine subduction and werr exhumed and accreted against the Adriatic
upper plate when the Dora-Maira (U)HP rocks wetle [miried at mantle depths (e.grubatto
and Hermann 2001; Rubatto et al. 20@8giboust and Glodny 2020

In the underlying subduction channel, slivers dbgitic metasediments and other (U)HP
rocks are documented starting from depths ~4@%mharino et al. 2018 Serpentinites likely mark
the subduction channel in the depth range betwd&nhand ~70 kn{Zhao et al. 2020and are
replaced at greater depth by metasomatized magtigoites likely affected by infiltration of slab
fluids. At either side of the Alpine subduction weddifferent tectonic styles characterize the lowe
and upper plate lithosphere. The former is cut inyeland-dipping thrusts rooted in the Alpine
subduction wedge, whereas the latter is cut by-wesdical faults(Fig. 13a)

At the upper-mantle scaléig. 13b) the CIFALPS results indicate that the lithosphere
asthenosphere boundary is located at ~110 km degtleath the European foreland and is
approximately parallel to the eastward dipping Bean Moho, which suggests a ~110 km thick
and eastward-dipping European lithosphénrel et al. 2017)Beneath the Po Plain, the Adriatic
lithosphere-asthenosphere boundary is located @0 kin depth(Malusa et al. 2018)The
Western Alps slab is apparently continuous bengathvestern Po Plain, possibly reaching ~300
km in length(Zhao et al. 2016b)It includes not only European lithosphere, boal ethys
lithosphere and the lithosphere of the adjoiningasccontinent transition zone (OCT Hing.
13b) (Malusa et al. 2018)ll showing a tectonite fabric that is not docuteel in the Adriatic
subcontinental mantlg&alimbeni et al. 2018The asthenosphere at the rear of the Western Alps
slab is affected by slab-parallel mantle flow likéliggered by Apenninic slab rollba¢karruol
et al. 2004; Salimbeni et al. 2018Jhis flow may have induced weakening of the oyiag
Alpine slab(Fig. 13b) In a supraslab position, independent circulatioray have controlled
slab-to-mantle exchanges at different depth rangé$, cold subduction possibly favouring
long-term sequestration of carbon in the astherarspmantleMalusa et al. 2018)

11 Geodynamic evolution and progressive developmeat the deep Alpine structure

The deep Alpine structure revealed by the CIFALRBeements was acquired during
different steps of the complex evolution of the ideEurope plate boundary zone. It results from
a combination of pre-Alpine tectonic inheritanampact of Tethyan rifting, accommodation of
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Adria-Europe convergence by Alpine subduction, aativity of nearby subduction zones after
Alpine subduction cessation and continent-contiefiision.

11.1 Pre-Alpineinheritance and Tethyan rifting

Tethyan rifting marking the onset of the Alpinettetc cycle likely reactivated former
Paleozoic suture zoné&uillot et al. 2009b; Bergomi et al. 201'A\e infer that the different
composition of the upper and lower crust in the ittt and European plates may be partly
inherited from different pre-Alpine evolutioriSolarino et al. 2018Many Variscan lineaments
were re-activated during the opening of the Alplreehys(Malusa et al. 2016aand a Variscan
inheritance may be also suggested for the Mohodgégrted by u et al. (2018andZhao et al.
(2020)to the NW of the Belledonne and Mont Blanc mas$fsting the opening of the Alpine
Tethys, the Ivrea mantle rocks were exhumed td@harustal depths in the necking zone of the
southern Tethyan margiivi@natschal and Muntener 200Jhis process may have also led to the
westward thinning of the Adriatic lower crust aloige CIFALPS transec{Fig. 13a)
Subcontinental mantle rocks were exhumed to theyBeseafloor at this stage and underwent
serpentinization by seafloor hydrothermal actieityl seawater alteratigpeschamps et al. 2013)
Due to the low spreading rates characterizing th@n& Tethys, serpentinization may have
occurred over a thickness of 2-4 km reaching egtent70-80% (e.g.Roumeéjon and Cannat
2014). During lithospheric extension, mantle peridatiteow belonging to the Alpine slab likely
acquired a tectonite fabric controlled by the diat of Jurassic spreading. All of these features
were already present during the early stages ajwblAlpine subductiofFig. 14a)and may have
controlled the propagation of deformation duringduction and subsequent continent-continent
collision.

11.2 Alpine subduction and exhumation

During Alpine subduction, abyssal serpentinitesried at the Tethys seafloor were either
stacked in the subduction wedge or dragged intoAlpene subduction channel. Subducted
European lower crust underwent progressive eckagitin, whereas upper-crust slivers were
stacked in the subduction wed@éao et al. 2015; Solarino et al. 201A8gueous fluids released
from the slab at sub-arc depths promoted serpeation in the subduction wedge and along the
plate interface above the subduction channel. €kelting serpentinized plate interface may have
favoured the subduction of European continentb$iphere and the formation of continental
(UHP rocks(zZhao et al. 2020)Northward Adria motion in the late Eocene andoesded
localized divergence in the western segment ofAlpcne subduction zone may have triggered,
according tdVialusa et al. (2011, 2013he fast exhumation of buoyant (U)HP rocks now egob
in the Dora-Maira massifFig. 14b) Along the CIFALPS transect, serpentinized mantielge
rocks may have followed the exhumation path of lndyU)HP rocks towards the Earth's surface
to be finally emplaced beneath the Dora-Maira déino et al. 2018b; Solarino et al. 201 8lso
favouring the final exhumation of continental (U)Hfeks across the upper crust where eclogitized
continental-crust rocks may become neutrally bubg@achwartz et al. 2001DPuring transtension,
subducted abyssal and deeper mantle-wedge seipestlikely moved upwards along the
subduction channel, which became much thicker coedp&o the previous stages of plate
convergencéLiao et al. 2018b; Zhao et al. 2028@ubducted abyssal serpentinites may also form
the uppermost part of the serpentinized mantle wdxmeath the Dora-Maira, where the degree
of serpentinization of the precursor peridotite magch as high as 90%. The exhumed mantle-
wedge rocks and the Ivrea mantle rocks were thuaposed at shallow crustal levels in the late
EocengSolarino et al. 2018)n the northern Western Alps, mantle-wedge exhianavas likely
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precluded by the lower amount of divergence duag¢ocoeval indentation of Adria beneath the
Central Alps(Liao et al. 2018h)also associated with back-folding of (U)HP dorftesller et al.
2005) and backthrusting of Southalpine unj&anchetta et al. 2015At a broader scale, the
interaction between the Dinaric slab and the Alglad may have led to the formation, beneath
the Giudicarie Fault, of a vertical tear in the il slab(Zhao et al. 2016bwith major
implications for the development of Periadriaticgmeatism(Ji et al. 2019)

11.3 Post-subduction evolution

After cessation of Alpine subduction, Neogene adtod the Apenninic slab likely induced
a counterflow in the asthenospheric mantle at gz of the Alpine slaljBarruol et al. 2004;
Salimbeni et al. 2018)nteraction between the northward shifting Apannislab and the SW-
dipping Alpine slab may have controlled the locatiof the northern tip of the scissor-type
Ligurian-Provencal basin opening in the Apennirackarc(Malusa et al. 2016bn the southern
Western Alps, the northward motion of the Adriaticroplate was accommodated by strike-slip
activity along the Rivoli-Marene deep fadliva et al. 2015)located at the eastern boundary of
the exhumed mantle wedge. In the Adriatic mantteofiphere, earthquakes occurrence down to
depths of ~75 km indicates that geothermal gradienthe upper plate have remained low (<8
°C/km) and substantially similar to the gradiemtperienced by the Dora-Maira (U)HP rocks
during their prograde patlrig. 139 (Malusa et al. 2017)Thermal reequilibration of the Alpine
slab towards ambient mantle conditions promotedémeration of carbon-rich supercritical fluids
and carbon storage in the Alpine upper mantle. Miobo step in the European foreland was
possibly reactivated as a result of flexural logdoy the leading edge of the Adriatic microplate
(Fig. 14c) During the final collision stage$-ig. 14d) the Ivrea mantle acted as a rigid buttress
constraining crustal shortening to the lower plateich may have favoured the formation of the
Jura fold-and-thrust belt to the NW of the Alfisao et al. 20183)whereas the eastward
propagation of the asthenospheric counterflow tdwadhe Ligurian Alps led to the northward
tilting of the Tertiary Piedmont basin succession.

12. Conclusions and open questions

The CIFALPS experiment has allowed a major stepvdiod in our understanding of the
deep structure of the southern Western Alps antheforoader Alpine region more generally.
Major tectonic features at the scale of the lithh@sp and the upper mantle are now constrained in
a compelling way by the integration of independ®ntographic methods that exploit different
information from high-resolution seismic data s&tse application of a wide range of tomographic
methods to the analysis of a single fossil subdactitone and the joint interpretation with
geological and petrophysical data make the CIFAERSeriment a reference case that could be
exported to other study areas. Major results irelud

0] the first seismic evidence of European crust sutedumto the Adriatic upper
mantle, right beneath the place where coesite wsisrécognized in continental
(U)HP rocks in the Alps;

(i) evidence of the major involvement of the mantle geeduring crucial steps of
(U)HP rock exhumation;

(i) the first high-resolution image of a fossil subdmetchannel providing evidence of
a serpentinized plate interface that favours cential subduction;

(iv)  evidence of a continuous slab beneath the WestelCantral Alps, ruling out the
classic hypothesis of slab breakoff magmatism righthe place where the slab-
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breakoff model was first proposed; however, thigglmot exclude that slab
breakoff magmatism may have affected other regiongarth;

(v) evidence of a polyphase development of anisotrapantle fabrics, either
representing active mantle flows inducing localizeelakening of the overlying
lithosphere, or fossil fabrics inherited from pr@ys rifting stages.

Open guestions remain to be addressed, conceireg&mple the upper mantle structure
at the transition between the different slabs inddgeneath the broader Alpine region, the impact
of slab-parallel mantle flow on the overlying ligghere, or the lateral continuity of the finest
geologic structures recognized in the fossil subdoachannel along the CIFALPS transect. New
constraints to the complicated slab structure atttansition between the Eastern Alps and the
Dinarides are expected from the Swath-D AlpArragnpementary experimefitieit et al. 2018)
Additional insights on the deep tectonic structirthe western Alpine region will be provided by
the CIFALPS-2 experiment, @assive seismic survey that crosscuts the nortastern Alps
across the Gran Paradiso massifs and the Ivreg bealshing as far south as the Ligurian Sea.
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Figure 1. Tectonic setting of the study area.Tectonic sketch map of the Adria-Europe plate
boundary zone, and distribution of seismic statiohsthe CIFALPS experiment and other
networks used for the teleseismic P-wave and 3bfographies ofhao et al. (2016andSun

et al. (2019)b: Geologic map of the Western Alps (modified afteyi et al. 1990 Malusa et al.
2019, with location of previous geophysical transenticated (ECORS CROP, NFP-20 West,
GeoFrance 3D) and CIFALPS temporary stations. Vhealgravity anomaly (0 mGal isoline, in
purple, afteBigi et al. 1990 and the locations of anomalously deep earthqub&reath the Po
Plain Eva et al. 2015; Malusa et al. 2Q%&fe also indicated. Acronyms: Aa, Aar; Ar, Argenat;
Be, Belledonne; Br, Brianconnais; DB, Dent BlancB®/, Dora-Maira; FPF, Frontal Pennine
Fault; Go, Gotthard; GP, Gran Paradiso; IF, InsuBault; 1V, Ivrea-Verbano; La, Lanzo; LP,
Ligurian-Provencal; MB, Mont Blanc; MR, Monte RosBe, Pelvoux; Se, Sesia-Lanzo; SL,
Schistes lustrés; TY, Tyrrhenian; Vi, Viso; Vo, Wal VVF, Villalvernia-Varzi Fault.
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FIGURE 2
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Figure 2. Crustal structure of the northern Western Alpsvagyed prior to the CIFALPS passive
seismic experimena: Line drawing of the ECORS-CROP vertical seismftertion profile (after
Nicolas et al. 1990see location irrig. 1 (TWT = two-way travel time). The European lower
crust (ELC) beneath the European foreland, andapef the Adriatic mantle (AM) beneath the
Ivrea zone are clearly imaged, as well as the $Hig Frontal Pennine Fault (FPF) and the Po
Plain basin fill. To the east of the FPF, no Euaspkloho is imaged beneath the Alpine subduction
wedge.b: ECORS-CROP wide-angle reflection seismic profdangte location as profile in “a”)
and inferred Moho-like reflectors (thick blue linesterThouvenot et al. 1990Note the reflector
with Moho characteristics imaged beneath the Graradtso at ~25-35 km depth, and the
European Moho imaged farther west beneath thedrqatrt of the Alpine metamorphic wedge.
c: Migrated ECORS-CROP seismic reflection profile dth®n the common tangent method
(CTM, afterThouvenot et al. 199@s reinterpreted bychmid and Kissling (2000¢he reflectors

at ~25-35 km depth beneath the Gran Paradiso dau&lwot mark the top of a mantle slice, as
proposed byicolas et al. (199Q)but the interface between upper and lower Eunopeast; the
reflectors located at 10-15 km depth beneath tlaa Garadiso would mark the Valais suture zone
(Vsz). ALC = top of the Adriatic lower crust benlkedhe Po Plaind: Geologic cross-section along
the ECORS-CROP traverse as proposedSbiimid et al. (2004)compared with the main
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interfaces detected by the wide-angle seismic éxjgert (dashed blue lines). Below the dashed
red line, where the cross-section proposedsblymid et al. (2004is masked, no constraint is
provided by vertical reflection seismies.Nappe structure in the northern Western Alps atingr

to the pre-plate-tectonics reconstruction Aofjand (1911) showing six major and laterally
continuous recumbent folds-nappes (Roman numbeit) evystalline rocks enveloped by
Mesozoic metasediment$. Geologic cross-section including the area investig by the
composite NFP-20 West traversedi et al. 1990see location ifrig. 10 as proposed bgchmid

et al. (2004) Roman numbers (in white) indicate the fold-nappegérgand (1911) Note the
similarities between pre-plate-tectonics (e) arane (f) tectonic interpretations proposed before
the CIFALPS experimeng: P-wave velocity structuréaul et al. 2001and geologic cross-
section(Lardeaux et al. 200@long the GeoFrance 3D profile. No constraint wawvided by
local earthquake tomography below the dashed biee $ee locations iRig. 1
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FIGURE 3
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Figure 3. Slab breakoffs beneath the Alps as proposed byopie work.a: Teleseismic P-wave
tomography model bigiromallo and Morelli (2003)suggesting a continuous slab beneath the Western
Alps (A-A’) and potential slab breakoff beneath @entral Alps (B-B’) (modified aftePiromallo and
Faccenna 2004; Malusa et al. 215 Teleseismic P-wave tomography model Lypitsch et al.
(2003) suggesting shallow slab breakoff beneath the éffegtips (C-C’) and a more continuous slab
beneath the Central Alps possibly affected by peteglab breakoff (D-D’) (modified afté&chmid et

al. 2009, IF, Insubric Faultc: Different ages and sites of slab breakoff/detacttireeents envisaged in
publications on the Alpine region since the lat8Q9(modified afteGarzanti et al. 2018Based on:
Lyon-Caen and Molnar (1989); Wortel and Spakma@Z};®avies and von Blanckenburg (1995); von
Blanckenburg and Davies (1995); Schmid et al. (xSSifclair (1997); Carminati et al. (1998); Stainpf
et al. (1998); Sue et al. (1999); Bistacchi ef2801); O'Brien (2001); Brouwer et al. (2002); Bahaz

et al. (2003); Brouwer et al. (2004); Piromallo &atcenna (2004); Macera et al. (2008); Mitterbauer
et al. (2011); Schmid et al. (2013); Bergomi et(2015); Fox et al. (2015); Qorbani et al. (2015);
Schlunegger and Kissling (2015); Schlunegger arste@tart (2016); Kastle et al. (2020).
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FIGURE 4
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Figure 4: Measured Vp and Vs (kmsfor different rock types possibly involved in tAdpine
subduction zone (green = ultramafic; blue = mgfiaple = granitic; brown = pelitic) at ambient
conditions. The size of the ellipses is proportlottathe maximum and minimum seismic
velocities; ellipse location depends on the pressamperature range at equilibrium for each rock
type. The dashed grey lines indicate the metamoffalies boundaries (Am = Amphibolite; Bs =
Blueschist; Ec = Eclogite; Gr = Granulite; Gs = &rschist). Antigorite (Atg) stability fields after
Hilairet et al. (2006) lizardite (Lz) stability fields afteEvans et al. (2004(] - Onset of Lz
destabilization into Atg) an8chwartz et al. (2013)I - Maximal stability limit of Lz observed in
natural serpentinites); wet crustal-rock solidugrabchmidt et al. (2004)Note the progressive
increase in Vp and Vs with depth and metamorphaclgin pelitic, granitic and mafic rocks, and
the sharp change in Vp and Vs across the Atg-omtecin ultramafic rocks. Vp variations for
partially serpentinized peridotite at depths gretitan 15-20 km, where Atg is stable, are shown
on the right (afteReynard, 20133 Data sources: LT and HT serpentinite afiert al. (2013[the

Vs lower bound for antigorite serpentinite is c#éed from single-crystal elastic data, and is
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referred to Reuss approximation and 2 GRzacier et al., 20)3HT serpentine mylonite after
Watanabe et al. (20L1peridotite afterKhazanehdari et al. (200@nd Pera et al. (2003)as
compiled byBezacier et al. (2030 gabbro, blueschist and eclogite afferzacier et al. (2010)
amphibolite afterBrownlee et al. (2011)granite afterRudnick and Fountain (1995and
Khazanehdari et al. (200@uartzo-feldspathic gneiss aftéern et al. (2002andBrownlee et al.
(2011)(the Vp and Vs ranges of 6.5-6.9 and 4.0-4.3 knase based on calculations for modeled
rocks at 700°C and 2 GPa); low-grade metapelitr aftet al. (2015)medium-grade metapelite
(kinzigite) afterKhazanehdari et al. (20Q0nigh-grade metapelite aftéveiss et al. (1999and
(stronalite)khazanehdari et al. (20Q0)
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Figure 5. Moho imaging by receiver function (RF) analysass.Raw migrated CCP (common
conversion point) depth section without horizonshoothing, using receiver functions
corresponding to ENE back-azimuths (28°-118°, bkckw on the bottom-left) (aftéihao et al.
2019, and inferred Moho depth (dashed black lineske Buropean Moho (1) is continuously
marked by Ps-conversions with positive polarityd(te yellow colors), dipping towards the east
from ~40 km depth beneath the Frontal Pennine F&Rt) to ~75 km depth beneath the
westernmost Po Plain (note the progressive weagefmom red to yellow colors, of this converted
phase beneath the Alpine subduction wedge). Thea#aiMoho (2) is marked by shallower
positive-polarity Ps-conversions from 10-15 km dhefat the west to 20-30 km depth to the east.
The negative polarity conversions beneath the Ddmaa (3, in blue) mark a downward velocity
decrease at 20-40 km depth. Acronyms abiin 1 b: Comparison with Moho depths as later
constrained by other geophysical methods: ambiergentomography tu et al. 2018 local
earthquake tomographysolarino et al. 201¢seeFig. 6); teleseismic full-waveform inversion -
Beller et al. 2018transdimensional inversion of Rayleigh wave disjperslata -Zhao et al. 2020
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(seeFig. 7). Note the good consistency of the results despédalifferent techniques and datasets
used.c: Locations of teleseismic events used in RF amafyse blue stars mark events with ENE
back-azimuths considered for image (al).Velocity and gravity model of the CIFALPS cross
section (density values in white) utilized bBlyao et al. (2015p test the interpretation of the CCP
section that fits the Bouguer anomaly data.
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Figure 6. Crustal and mantle-wedge P velocity structuredmall earthquake tomography (LET)
(after Solarino et al. 200)8a: P ray coverage and location of stations used EF.Ib: Absolute
Vp along a N-S tomographic cross section acros®tra-Maira UHP locality (black star). Note
the high-velocity body interpreted as serpentinineghtle wedge (MW); the black circles are
projected hypocentres located within £3 km distasf€¢he profile (masked areas have resolution
diagonal elements <0.19: WSW-ENE tomographic cross section along the CIF3ltRansect
(white lines are isolines of equal Vp/Vs). The Bldines indicate tectonic features previously
inferred from receiver function (RF) analysis aitréady indicated in Fig. 5a. Acronyms in italics
indicate regions of the model discussed in the naitt ALC and ALG, Adriatic lower crust;
AM, Adriatic mantle; AUC, Adriatic upper crust; EL&uropean lower crust; EUC, European
upper crust; MW, serpentinized mantle wedfjeSmoothed RF cross section for the same transect
shown in (c), also including the amplitude of Rksatropic component from azimuthal harmonic
decomposition (blue contourBjana Agostinetti et al. 20),7earthquakes (in purple) plotted from
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+20 km distance off the profile, and focal solusdor events deeper than 30 km (beach balls in
grey, aftetMalusa et al. 201)7 Note the consistency between structures imageteanalysis of

local (c) and teleseismic (d) events. RMF, Rivokidne Deep Fault. Other acronyms akim
1.
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FIGURE 7
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Figure 7: S velocity structure of the crust and the mantiedge as revealed by Bayesian
transdimensional (TransD) inversion of Rayleigh edispersion data (aft€éhao et al. 2020a-

b: Depth slices of the Vs tomography model at 50 @hkiré depthc-e: Inversion results showing
absolute Vs in the 0-90 km depth range along th€-R¢ West (c), ECORS-CROP (d) and
CIFALPS (e) cross-sections. The white dashed iswitgilines indicate Vs= 3.8 kmisNumbers
4-t0-6 indicate regions of the model discussedthéntéxt (acronyms as in Fig. 1). The white arrow
in (d) indicates a major (~8 km) Moho step bendghéhwestern front of the Belledonne massif
(Be), first highlighted by u et al. (2018)A similar Moho step is observed in (c) in corr@sgence
with the Frontal Pennine Fault (FPF). Note the ghés decrease at ~60 km depth along cross-
section (e), which is not observed along crossi@es{c) and (d).
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Figure 8. Upper mantle velocity structure along the CIFALiPSsecta: Absolute Vs based on
array analysis of seismic surface waves (dfter et al. 201); numbers in bold indicate regions
of the model discussed in the main text. AcronymsnaFig. 1. b: Composite cross section
showing, in the upper panel (20-90 km depth), tieohite Vs values (in kmbased on Bayesian
TransD inversion of surface-wave dispersion data( et al. 2020and, in the lower panel (90-
400 km depth), the Vp perturbations (in %) basedeteseismic P-wave tomograpiBh@o et al.
2016D); lithosphere-asthenosphere boundary as in (ajpl®dines are isolines of equal Vs
anomaly (relative to the preliminary reference Ramodel ofDziewonski and Anderson, 1981
as derived from teleseismic full-waveform inversi®WI, Beller et al. 2018 Numbers 4-to-9
indicate regions of the model discussed in the mexh All of the anomalies discussed in the
original publications are indicated. The Europe#hosphere in the upper panel is directly
connected with the steeply dipping Western Alpsé ¢ia blue) in the lower panel. A prominent
low-velocity anomaly (yellow to red colors in trenler panel) is located to the west of the Western
Alps slab, beneath the core of the Western Alpslaaduropean foreland: Distribution of delay
times and fast axis orientations of SKS splittinegasured in a 60-km wide swath profile along the
CIFALPS transect. In blue are splitting measuresémm Salimbeni et al. (2018)color coded
according to the back-azimuth), in yellow are $iplf measurements pre-dating the CIFALPS
experiment (fromBarruol et al. 2004, 2011; Salimbeni et al. 200813}. Null measurements
(empty circles) are plotted as fast axes paratiehé back-azimuth and dt > 3 s. Note the sharp
change in fast axis orientation and delay time sxtbe dashed green line, which reflects a major
change in upper mantle structure as shown in (b}hé western and central segments of the
CIFALPS profile, delay times are lower in correspence of stronger low-Vp perturbations.
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FIGURE 9
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Figure 9: Comparison of upper mantle Vp perturbations béntrest CIFALPS transect according
to the teleseismic P-wave tomography model$ippitsch et al. (2003]left) andZhao et al.
(2016Db)(right). Absolute Vp values in the 0-60 km depthge are fronSolarino et al. (2018)
(seeFig. 6). Note the good correspondence between the higltit)eeanomaly detected ¥hao

et al. (2016b)in blue on the panel to the right) and the firsley features of theippitsch et al.
(2003)model as highlighted by isolines of equal Vp anonfad purple, also reported in the panel
to the right for the sake of clarity). Despite theadly similar velocity structures, either a
continuous or broken-off slab was proposed (seeftexdiscussion). The region of positive Vs
perturbation (> +2% relative to the preliminary emfince Earth model dbziewonski and
Anderson, 198)lproposed b¥astle et al. (2018} also reported (black hatched area to the right).
Acronyms: DM, Dora-Maira; FPF, Frontal Pennine EaWwAB, lithosphere-asthenosphere

boundary; RMF, Rivoli-Marene Deep Fault.
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FIGURE 10
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Figure 10.Upper mantle velocity structure in the broaderiddpregiona: Absolute P velocities

at 50 km depth according to the 3-D Pn tomograpbgehofSun et al. (2019)Belts of yellow-
to-orange colors indicate the lateral extent oftic@mtal subduction (hnumbers 1 to 4 indicate
features discussed in the main tektd: Vp anomalies in the teleseismic tomography model o
Zhao et al. (2016kat 100, 200 and 300-km depth. Low-velocity anonsal# and B, yellow-to-

red colors) are detected on both sides of the Almlab, which is underlined by a laterally
continuous high-velocity anomaly (blue colors)Representative cross sections (see locations in
(b) - green solid lines) of the teleseismic tompgramodel ofZhao et al. (2016hshowing the
attitude of the Alpine, Apenninic and Dinaric slabsSeismic events used for the tomography
models ofSun et al. (2019(green box) andhao et al. (2016K(purple dots).
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FIGURE 11
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Figure 11. Interpretive slab structure beneath the Alpineioregas constrained by recent
tomography studies: Tectonic sketch map showing the relations amoaly structure gun et

al. 2019, distribution of orogenic magmatisntCgrminati and Doglioni 2012; Ji et al. 2019;
Kovacs et al. 2007and accreted (meta)ophiolitésiqi et al. 1990; Ustaszewski et al. 2008he
present-day slab traces at 100, 200 and 300-knm deptbased on the P-wave tomography models
of Zhao et al. (2016bandPiromallo and Morelli (2003jwhich was only considered outside of
the well-resolved areas of ti@ao et al. (20168 model). Numbers 1 to 4 (same as-ig. 109
indicate features discussed in the main text. Tuestion mark indicates the controversial high-
velocity anomaly beneath the remnants of the fordpine subduction zone. IF, Insubric Fault;
GF, Giudicarie Fault; other acronyms asHig. 10a b: Cartoon summarizing the relationships
between the Alpine slab and the Apenninic and Darglabs (modified aftesun et al. 2010
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FIGURE 12

a SHEAR WAVE SPLITTING MEASUREMENTS C FABRIC DEVELOPMENT
4°E J 6E DURING NORTHWARD
N [ i — ADRIA MOTION
-3% 0 +3% fyd /
Vp perturbation ';
Depth: 150 km
IV I S
+ nulls
Relative
Adria-Europe
P plate motion
45°N _|
£
{K\ A =Ty Fast-axis
44°N | Dot k\d';' S ~ ; directions
ept ! P in low Vp
’ 0158 L~y = %— Active ()
ek — & ‘; “asthenospheric iy x.'-“ BAGHElE
60-80 km — counterflow,
80-110 km —
AN e
Polvoh devel t Fossn Actlve )
s ;;if.’s;';%mcs maril @ ® @"}Tg‘vﬂe time
d ACTIVE MANTLE FLOW (3)
b FABRIC INHERITED FROM TETHYAN RIFTING @ Sih emiE
] : . e == No tormdalﬂow-\\ 0 km
Fabric development during Fossil fabrics in the slabs w  n

mantle exhumation

EUROPE ADR IA
Paleomargin trend == ws

Spreading direction <{=> <{:}>

Active |}t
asthenospheric Continuous slab
counterflow

A-type clivine fast a axis:

«s Alpine slab L
«— Apenninic slab EsriuGkas @ >

Shape
A, Spinel Iherzalite tectonite preferrgd Mantle flow
B, Pyroxenite band orientation throughf/”
C, Plagioclase-, hornblende- and the slab

chlorite-bearing peridotite mylonites \ Broken-off slab
D, Serpentine mylonite

(horizontal tear)

Figure 12. Polyphase development of anisotropic mantle fabnicke Alpine regiona: Map of
single SKS splitting measurements (in purp@&rfuol et al. 2004, 2011; Salimbeni et al. 2008,
2013, 2013 and S-wave anisotropy measurements from locth@aakes (in greenp@ccheschi

et al. 201%. Measurements are plotted on the 150-km depth sfithe tomography model 8hao

et al. (2016b)GF, Giudicarie Fault; IF, Insubric Fault). Segnseare parallel to the fast-velocity
axis and scaled with delay time (note the diffeales for SKS and S waves). Numbers 1 to 3
indicate different anisotropic fabrics as descrilve¢b) to (d): fabric 1 is found in correspondence
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with the high Vp anomalies marking the Alpine angeAninic slabs; fabrics 2 and 3 are from low
Vp anomalies B and A, respectively. No toroidal tlaflow is observed around the northern tip
of the Apenninic slabb: Anisotropic mantle fabric 1 inherited from Tethyafting. To the left,

as observed in outcrops of exhumed mantle rocKksirwihe Alpine orogenic wedge (e.g., Erro-
Tobbio unit). To the right, expected attitude dfria 1 in the Alpine and Apenninic slabs, based
on the direction of plate spreading, trench origata(Malusa et al. 2015, 201pland slab dip.
CPO = crystallographic preferred orientation; SP@hape preferred orientatioo. Fast-axis
directions of anisotropic mantle fabric 2 as coregato the direction of relative Adria-Europe
plate motion Dewey et al. 198%rrows are scaled with distance; numbers inditeg@ge in Ma).

d: Alternative slab structures beneath the Alpineardi.e., continuous vs. broken-off Alpine
slab) and expected patterns of active asthenosphmamtle flows resulting from Apenninic slab
rollback (fabric 3). Slab breakoff beneath the WastAlps (e.gKastle et al., 2020would imply
mantle flow through the slab and anomalously desthgquakes beneath the northern Po Plain,
unlike observed. Note the different origin of tleevlVp anomaly A (explained by a vertical
component of active asthenospheric counterflo@blymbeni et al. 20)&nd the low Vp anomaly

B (explained by the presence of carbon-rich melisased from the Alpine slab bjalusa et al.
2018)
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FIGURE 13
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Figure 13. Geologic cross sections based on geophysicalreamist along the CIFALPS transect
(Beller et al. 2018; Lyu et al., 2017; Malusa e8l17; Salimbeni et al. 2018; Solarino et al. 2018;
Zhao et al. 2015, 2016b, 202@: Lithospheric-scale cross section showing the serpeed
mantle wedge beneath the Dora-Maira (U)HP dome (E)arino et al. 200)3and the slivers of
serpentinite and (U)HP rocks exhumed along the wsetimh channel Zhao et al. 2020(the
amount of serpentinization is inferred from seiswétocities, sed-ig. 4). The Ivrea mantle,
representing the former necking zone of the sootiexthyan margin, is juxtaposed against
serpentinized mantle-wedge rocks along the Rivar&te deep Fault (RMF). Other acronyms:
Br, Brianconnais; FPF, Frontal Pennine Fault; LAnko; SL, Schistes lustrés; Vi, Viso; VVF,
Villalvernia-Varzi Fault.b: Cross section at upper-mantle scale. Active mdluve beneath the
European foreland, likely triggered by Apenninialskollback Galimbeni et al. 20)8 promote
thermal weakening of the overlying Alpine slab, @rhis unbroken4hao et al. 2016b Carbon-
rich melt released from the Alpine slab may detesrsupersolidus conditions in the overlying
mantle-wedge peridotite, and the resulting netvadréarbonate-silicate melt is solidified at ~180
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km depth {alusa et al. 2008 White arrows indicate potential fluid flow indhsubduction
channel. Anomalously deep earthquakes with hypogkenepth > 30 km (in purple) mainly
originate in the Adriatic lithospheric mantle. Aogans: OCT, ocean-continent transition; LAB,
lithosphere-asthenosphere boundary (dfter et al. 2017; Malusa et al. 201&: Subduction
paths in the southern Western Alps and associateerah reactions (modified aftédalusa et al.
2019; depth (y-axis) as in (b); DM, Dora-Maira; Vi, 84. Cold subduction (yellow path 1, after
Syracuse et al. 20)0favours the preservation of carbonates and hydrminerals to
asthenospheric depths. The temperature increaesattiduction cessation (2) is consistent with
the occurrence of anomalously deep earthquakesridqtites of the Adriatic upper plate (purple
star). Increasing temperatures induce: (i) dehyaratactions with fluids possibly rising along
the subduction channel; and (ii) melting of metasedts and carbonated metabasics, with
carbon-rich melts that determine supersolidus ¢t in the mantle-wedge peridotite, at depth
greater than 180 km (freezing point 3). Keys tadsm curves (continuous lines): in brown, wet
solidus and second critical end-point of peliteAS-hmidt et al. 2004 in grey, carbonated pelite
solidi with bulk RO and CQ contents in wt% (GSGrassi and Schmidt 20);1lin green, part of
the solidus of carbonated basaltic eclogite (MD¥5gupta et al. 2004nd hydrated and carbonated
gabbro (P15Poli, 2015; in red, solidi of dry peridotite (HO®{irschmann 200)) water saturated
peridotite (G14,Green et al. 2004 dry carbonated peridotite (DH)asgupta and Hirschmann
2006 and potassium-rich hydrated carbonated perid@fBs as compiled bgrassi and Schmidt
20117). Keys to mineral breakdown curves (dashed lingm)ts of amphibole-, zoisite-, lawsonite-
and phengite-out curves in basalts (SEhmidt and Poli 1998nd pelites/greywakes (PSoli
and Schmidt, 2002 part of the lawsonite-out curve in a CASH sys{@&84,Pawley 199%; part

of antigorite- and talc-out curves in ultramaficsm (UT, Ulmer and Trommsdorff 1999BG,
Bose and Ganguly 1995
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FIGURE 14
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Figure 14. Cenozoic evolution of the Adria-Europe plate bougdeaone in four steps (modified
afterMalusa et al. 200)showing the progressive development of crustélgper mantle structures
revealed by geophysical experimets50 Ma — Oblique subduction of the European palegma
beneath Adria. The European plate includes a Mmreear the future External massifs (likely an
inheritance of pre-Alpine tectonics); the Adriggilate includes the Ivrea mantle (former necking
zone of the southern margin of the Tethys). Sulilmadf Tethys ocean lithosphere is almost
completed; the SE-dipping Alpine slab starts irdeng with the NE-dipping Dinaric slab: 35 Ma

— Northward Adria motion induces tearing of the iAgpslab beneath the Eastern Alps, indentation
of Adriatic lithosphere beneath the Alpine subduttivedge in the Central Alps, and transtension
in the Western Alps, leading to mantle-wedge anfHRJrock exhumation (the exhumed mantle
wedge of the southern Western Alps is juxtaposethagthe previously exhnumed Ivrea mantte).
23 Ma — Onset of Alpine-Apenninic slab interactaord Apenninic slab rollback inducing extension
in the Apenninic backarc. The lack of a toroidahth@flow around the northern tip of the Apenninic
slab starts to be compensated by SE-ward direotaater flow in the asthenospheric mantle beneath
the European foreland. The Moho step near theduixternal massifs is possibly reactivated by
flexural loading. Carbon-rich melts are realeasedhfthe Alpine slab due to progressive thermal re-
equilibration of the slab after subduction cessaticarbon starts to be stored in the overlying
asthenospheric mantlé. 5 Ma — Further Apenninic slab retreat determihes®-ward propagation
of the asthenospheric counterflow towards the ligguAlps, with consequent tilting of the Tertiary
Piedmont basin (TPB) succession. Other keys amgith.F
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Table 1. Summary table of the CIFALPS geophysical approgeme main information

retrieved

Method

Main information retrieved

Reference

Receiver function analysis

Moho imaging beneathstiteduction wedge

Zhao et al. 2015

Teleseismic P-wave
tomography

Upper mantle velocity structure and slab
configuration

Zhao et al. 2016b

Array analysis of surface wave

S

Lithosphere-asthghere boundary beneath
the European plate

Lyu et al. 2017

HypoDD earthquake relocation

Detection of lithosjh&aults

Malusa et al. 2017

Receiver function azimuthal
harmonic decomposition

Detection of anisotropic rocks in the lithosphe

re ian Agostinetti et al. 201]

Teleseismic full-waveform
inversion

Moho imaging and detection of velocity
anomalies in the Alpine subduction channel

Beller et al. 2018

Local earthquake tomography

Moho imaging and albsdtuwave velocity
structure of the European and Adriatic crust, t
uppermost Adriatic mantle and the subduction
wedge

Solarino et al. 2018
he

SKS splitting measurement

Seismic anisotropy duattize preferred
orientation of olivine crystals in the upper
mantle

Salimbeni et al. 2018

S wave splitting of

intermediate-depth earthquakesamantle

Seismic anisotropy in the crust and lithospher

Baccheschi et al. 2019

3-D Pn tomography

Seismic signature of contineswdlduction

Sun et al. 2019

TransD inversion of Rayleigh
wave dispersion data

Moho imaging and absolute S wave velocity
structure of the European and Adriatic
lithosphere, the subduction wedge and the

Zhao et al. 2020

subduction channel
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