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Abstract Tomographic images of the lithosphere are the first step to constrain the evolution of mountain
belts and their interaction. By inverting new high-quality P- and S-wave arrivals that sample the entire
lithosphere, we determined Vp and Vp/Vs models with reliable resolution in the critical depth range (40-80 km)
where plates of the central Mediterranean area interact. This data set yields homogeneous representation of

the 3D structure over a critical area at a regional scale. Here, we show that the Alps derive from a laterally
continuous underthrusting of the European plate and that the Adria lithosphere was delaminated after the
collision. Tomograms resolve the lateral changes of the continental versus oceanic subduction along the Alpine
belt and identify original evidence of fluids beneath the orogens able to facilitate the current deformation.

Plain Language Summary A high resolution imaging of the lithosphere/asthenosphere system

is crucial to understand tectonic processes of orogens and subductions. The Alpine chain is an exemplary

case of complexity, with its lateral heterogeneity and changes. The largest seismic array ever developed in

the Alpine chain (Alparray Seismic Network) has enabled the creation of a high-quality seismic data set
contributing to new images of the entire central Mediterranean area. The novelty of this work lies in the
enhanced resolution of velocity anomalies in a critical depth range (35-80 km) and with optimal homogeneity
at the regional scale. The new 3D Vp and Vp/Vs models allow us to get insights into many open questions about
the structure and evolution of the circum-Mediterranean orogens.

1. Introduction

The central Mediterranean is one of the most intriguing geodynamic areas in the world, ideal to test and improve
the basis of plate tectonics. The interlaced circum-Mediterranean mountain belts result from the convergence
between Africa and Eurasia coupled with the subduction of Tethyan oceanic realms (Faccenna & Becker, 2010).
How the single systems evolved through time is known at the first order (Piromallo & Morelli, 2003; Wortel &
Spakman, 2000), but plates interaction, subduction, and mountain belt formations are widely debated (Giacomuzzi
etal., 2012; Lippitsch, 2003; Malusa et al., 2021; Paffrath et al., 2021; Zhao et al., 2016). The extreme complexity
observed at the surface and testified by kinematics flourished the consolidation of different processes includ-
ing continental delamination, slab break-off, and asthenospheric upwelling (Giacomuzzi et al., 2012; Wortel
& Spakman, 2000). Here, we investigate the relationship between the Alpine and the Apennines belts, their
architecture, and physical properties at lithospheric depth. An unsolved and intriguing topic concerns the
nature of the slab beneath the Alps, Adriatic versus European in the Eastern Alps (i.e., Lippitsch, 2003; Schmid
et al., 2004; Paffrath et al., 2021) and attached versus detached in the Western Alps (i.e., Handy et al., 2021;
Lippitsch, 2003; Zhao et al., 2016). These issues have been discussed based on the different shape and geome-
try of the slabs revealed by tomographic models (Handy et al., 2021; Lippitsch, 2003; Mitterbauer et al., 2011;
Paffrath et al., 2021; Piromallo & Morelli, 2003; Ustaszewski et al., 2008; Zhao et al., 2016). Debated interpre-
tations also concern how the Alps evolution of the Alpine belt interacted with the slab retreat of the Apennines
(Salimbeni et al., 2008; Thomson et al., 2010), and whether this last process is still ongoing or stalled (Carminati
et al., 2012; Faccenna & Becker, 2010).

To address such big issues, we compute new Vp and Vp/Vs models for the central Mediterranean area by using
manually picked P- and S-wave arrival times from 107 M > 3.5 earthquakes recorded by both permanent and
temporary stations over a period of 5 years (Menichelli et al., 2022). We include data from the AlpArray temporary
seismic project, the densest seismic array ever operating on a mountain belt (AlpArray Seismic Network, 2014;
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AlpArraySeismicNetwork, 2015; Hetényi et al., 2018). New data yield a decisive improvement in the definition
of velocity structures emphasizing the homogeneity and consistency at a regional scale, on a depth range poorly
defined so far (i.e., typically between 40 and 100 km depth, Handy et al., 2021), critical to make inference on
the plate’s interaction. We inverted high-quality Pg, Sg and long distance Pn, Sn observations by using the
SIMULPS14 technique, progressively focusing on the lithosphere structure. We verified the model reliability
through full resolution matrix analysis, checkerboard and restore tests. The velocity anomalies yield valuable
information on the structure, composition, and thermal state of the lower crust-lithospheric mantle structure
underneath the Alps and Apennines and allow us to propose new interpretations on the lithospheric processes,
orogens interaction, and deep fluid circulation (Figure 1).

2. Data and Method

To produce a high resolution image of the lithosphere system, we have created a new high precision data set of P-
and S- wave arrivals from moderate and large earthquakes (M > 3.5) recorded at local and regional scale. Arrivals
have been read at a giant set of permanent and temporary stations including observations from the AlpArray
project (AlpArray Seismic Network, 2014; AlpArraySeismicNetwork, 2015). A total of 42,584 arrival times
(24,499 P- and 18,085 S-waves arrivals) from 107 earthquakes recorded by 1,679 seismic stations has been used
and inverted (Figure 2). The number of stations and their spatial density is higher with respect to previous seismic
investigation, allowing a finer sampling of the crust and the upper mantle. The applied selection of seismic events
ensured a uniform distribution of the rays in the studied volume. The arrival times of both direct and refracted
P- and S-waves at Moho (3,165 Pg, 21,334 Pn, 2,295 Sg, 15,790 Sn) were picked manually to reduce erroneous
detection at large distances and to ensure high quality data. The Pn and Sn phases were read up to a maximum
epicentral distance of about 1,000 km. Different weights based on accuracy and error estimation (0, 1, 2, 3) were
assigned to each arrival time by the analysts. In addition, the polarity of the arrival time, upwards or downwards,
was also defined. Absolute travel time residuals were computed using the 1D model (Menichelli et al., 2022;
Figure 2c) as reference. The Vp and Vp/Vs and hypocentral parameters have been computed by using the line-
arized, iterative, damped least squares inversion method (SIMULPS14, Eberhart-Phillips & Reyners, 1997).
Then, we compute the 3D velocity structure by using the damped least-square SIMULPS14 inversion code. Iter-
ations are stopped when the variance improvement ceases to be significant. The damping value has been selected
on the basis of the trade-off curve: the residual variance was plotted against the model norm. The chosen damping
parameters of 1,000 for Vp and 1,400 for Vp/Vs are updated at each iteration. We followed a multistep procedure
for the 3D model inversion.

e Step 1: Afirstcoarse 3D Vp and Vp/Vs model has been computed on a 3D grid of nodes spaced 50 X 50 X 10 km.
In this step, all seismic phases with a residual time <4 s and a maximum epicentral distance from the stations
of 900 km were inverted. Seismic events were treated as blasts, so they were inverted only for their time of
origin; meanwhile, the position was kept fixed. The use of earthquakes as blasts is reasonable because of the
good starting locations and the small shift in hypocentral parameters a posteriori observed (in step 2) after
relocation (see Supporting Information), leading to small changes in arrival times with respect to velocity
perturbations over long ray paths. After three iterations, we achieve a variance improvement of 46.24% and a
final RMS of 0.726.

» Step 2: the seismic events have been relocated in the above-mentioned best-fitting 3D velocity model by using
a maximum of 600 observations for each event, a residual time value <3 s, and a maximum epicentral distance
of 400 km (see Supporting Information).

e Step 3: We compute a fine model with a 25 X 25 X 10 km grid of nodes, by using the coarse model as the
starting model for depths greater than 30 km. The Vp and Vp/Vs model is computed at the fine scale only for
depths less than 35 km, by using only phase data with a maximum epicentral distance of 400 km and four
iterations with a simultaneous inversion for velocity and hypocentral parameters. After four iterations, the
variance improvement achieved has been 41.68% with a weighted RMS residual of 0.626 (variance ratio and
critical ratio = 1.0119 and 1.003).

The hypocentral adjustments and errors have been analyzed for all coordinate components: x, y, and z (see
Supporting Information). The values of the estimated hypocentral errors are less than 1 and 2 km for the horizon-
tal and vertical components, respectively. A few earthquakes have larger errors but we keep these events since
they enhance the ray sampling within the target volume.
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Figure 1. Map of the central Mediterranean area with the main lineaments modified from Faccenna et al. (2014) and the
present surface motions extracted by Nocquet (2012).

2.1. Resolution Analysis

The reliability of our tomographic model has been accomplished by the analysis of the complete resolution matrix
and by performing a checkerboard, a restore and a specific synthetic test (Figures 3-5). The resolution matrix
has been analyzed through a quantitative inspection of each averaging vector that is performed by computing
the Spread Function (SF hereinafter; Michelini & McEvilly, 1991). For each inverted node, SF is computed
accounting for the diagonal element of the averaging vector while weighting the off diagonal elements (i.e., the
contribution of the remaining nodes) with the euclidean distance from the considered node. Therefore, for a well
resolved node, SF tends to be small since the averaging vector is numerically dominated by the diagonal element
of the resolution matrix. Conversely, the quality of resolution decreases (large SF) when the averaging vectors
are characterized by large off-diagonal values. To establish the threshold of SF above which resolution degrades,
we analyzed for all the model parameters the correlation between SF and node ray sampling quantified by the
Derivative Weight Sum (DWS). In a two dimensional plot, DWS and SF describe a L-shape trend with DWS that
decrease for increasing SF values. Following Toomey and Foulger (1989), the upper threshold of SF that ensures
the best resolution should be chosen at the kink of observed L-shaped trend. For this tomographic study we select
a SF limit of 2.0 for Vp and Vp/Vs models. Furthermore, the analysis of smearing distribution (see Figure S9
in Supporting Information S1) indicates that for 2 >> SF < 2 the smearing effects are concentrated around the
nodes, demonstrating that the selected SF limit ensures the compactness of averaging vectors.

To further assess the resolution of the tomographic features in the lower crust and mantle, and define the sensi-
tivity of the model on the spatial length of the real structure (Lévéque et al., 1993), we computed three different
synthetic tests (Figures 3-5). In the first test, the synthetic model that we try to reproduce is the real model
of the inversion. For the checkerboard test, the synthetic model consists of alternated +5% of anomalies with
spatial length of 75 km in the x and y direction and 10 km along depth (Figure 5). In a third test, we simulate
two continuous high Vp (+5%) and low Vp/Vs (—5%) slabs underneath the Alps and Apennines in the uppermost
mantle (Figure 4). Then, travel times were calculated in the synthetic velocity model using the same sources and
seismic stations configuration as in the original inversion. Finally, the synthetic arrival times were inverted, after
adding Gaussian random noise, starting from the 1D model and adapting damping parameters, to test the ability
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Figure 2. (a) Red dots indicate the 107 seismic events inverted to calculate the 3D tomographic model. The green and gray triangles indicate the AlpArray and RNS
(i.e., National Seismic Network) seismic stations, respectively. (b) The grid of nodes (25 x 25 x 10 km) used to calculate the model. (c) The starting (gray line) and
final (red line) 1D Vp and Vp/Vs models by Menichelli et al. (2022) used in the inversion procedure. (d) The trade-off curve calculated to set the damping parameters on

Vp values with SIMULPS14.

to recover the synthetic model. The results of the three tests give us inferences on the spatial length of anomalies
that could be resolved and thus the model sensitivity, showing the eventual smearing of anomalies in the volume
and addressing, along with the SF, the model reliability. The recovery of synthetic features is reasonably good
in the crust and good in the mantle, indicating that the anomalies modeled from 35 to 60 km depth are highly
reliable (Figures 3-5).

3. Results: Lithosphere Structure of the Alps and Apennines

Figure 6 shows the Vp and Vp/Vs models, where well-resolved areas are delimited by a purple contour line (i.e.,
resolution is 70% of the diagonal element) according to the resolution analysis. Intense lateral heterogeneities are
evident from the upper to the lower crust, in part consistent with previous studies (Di Stefano & Ciaccio, 2014;
Di Stefano et al., 2009; Scafidi et al., 2009; Scafidi & Solarino, 2012). To interpret the Vp and Vp/Vs models in
terms of lithology and rock physical properties (e.g., fracturing, hydration, fluid content), we used literature infor-
mation. For crystalline rocks, we considered compilations of laboratory measurements of P-wave and S-wave
velocities for lithologies of the continental and oceanic lithosphere (Christensen, 1996, 2004), focusing on
subduction-related settings (Bezacier et al., 2010; Grevemeyer et al., 2018; Reynard, 2013). Regarding the upper
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Figure 3. On top, Spatial distribution of 70% smearing contour for nodes of Vp (a) and Vp/Vs (b) model (35-80 km) layers (similar maps for all the other layers are
reported in the supporting information). The nodes with SF (i.e., Spread Function) <2.0 are in red and with 2.0 < SF < 3.0 are in black. On the bottom, % velocity
recovered from the recovery test for the Vp (c) and Vp/Vs (d) layers (35-80 km) of the computed 3D tomographic model. The red contour lines indicate where the

resolution is 70% of the diagonal element.

crust, we considered laboratory and well logs measurements of P-wave and S-wave velocities for sedimentary
rocks and low-grade metasediments of the Apennines belt and Padano-Adriatic-Apulian domains (Bally, 1987;
Improta et al., 2003; Trippetta et al., 2010), as well as results of studies combining local earthquake tomography
with hydrocarbon exploration data (Buttinelli et al., 2018; Chiarabba et al., 2014; Improta et al., 2017). The
Alpine crust is characterized by Vp and Vp/Vs anomaly patterns variable with depth. High Vp and very-low Vp/
Vs dominate in the uppermost 10 km (A Vp ~ 5%, A Vp/Vs down to —5%), whereas low-Vp, low-Vp/Vs weak
anomalies prevail in the mid-crust. These anomalies, corresponding to Vp of 6.0-6.3 km/s and Vp/Vs around
1.75, suggest the prevalence of felsic rocks in the crystalline mid-upper crust (Christensen & Mooney, 1995). The
high Vp Ivrea-Verbano body clearly emerges and its rooting within the Adria (AM) mantle is evident (Figures 6
and 8a). Along the outer Apennines and to the north of the Alps, low-Vp upper-crustal anomalies relate to the
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Figure 4. Synthetic test results where two continuous high Vp (+5%) low Vp/Vs (—5%) slabs underneath the Alps and Apennines in the uppermost mantle (50-80 km)

have been simulated.

Padano-Adriatic-Apulia and Molasse foreland basins, respectively (Figures 8 and 9), while high Vp, high Vp/
Vs anomalies correspond to carbonate units of the Apennines range and Adriatic-Apulia foreland (Chiarabba
et al., 2014; among others). This trend is still present at mid-crustal depth, and the less intense and negative
anomalies might indicate the presence of an acid-granitic crust, consistent with the continental nature of the
Adria margin. At 30 km depth, the boundary between the Adriatic, European and Ionian Moho is easily identified
by the sharp contrasts between high and low Vp anomalies, consistent with regional studies. In particular, the
transition between low-velocity anomalies under the axial-outer zones of Apennines and high-velocity anomalies
under its Tyrrhenian side follows the boundary between the Adriatic and Tyrrhenian plates (Spada et al., 2013).
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Figure 5. Checkerboard test results for the Vp and Vp/Vis 40, 50, 60 km layers. The synthetic model consists of alternated +5% of anomalies with spatial length of
75 km in the x and y direction and 10 km along depth.

Another interesting feature is the low Vp/Vs below the southern part of the Dora Maira massif that becomes below
25-30 km a high Vp/Vs anomaly. The location of this body leads us to link to the Ivrea body (see Figure 6), well
visible also in the cross-section (Figures 7 and 8a). The switch from low to high Vp/Vs defines the transition
between the European lower crust and the Adria mantle wedge, where the Ivrea body is rooted, in agreement with
past studies (Diehl et al., 2009).

Below the Moho depth (>40 km), high Vp and low Vp/Vs anomalies describe the European (EM), Adriatic (AM)
and Tonian (IM) lithospheric mantle. The high (4 Vp < 5%), low Vp/Vs anomaly of the EM plunges southward
along the entire Alpine belt. Sandwiched between the EM and AM, the central deep portion of the Alpine belt
is marked by an extended low Vp (A Vp < —5%) and high Vp/Vs (A Vp/Vs > 2%) arc-shaped anomaly with an
ENE-WSW trend that spreads to the Vienna Basin, and the Dinarides. This anomaly narrows down to 60 km
depth, where the EM and AM high Vp anomalies are welded (sections (b) and (c) of Figure 8). At 60-80 km
depth, the AM is clearly defined plunging beneath the Apennines (Figure 6). Although the general feature of the
AM is a high velocity, spots of low Vp and low Vp/Vs, that is, high Versus, suggest the presence of compositional
anomalies in the AM mantle. This pattern, with a change from positive to negative anomalies north and south of
42°N, is evident at 60 km depth, identifying a main heterogeneity in the Adria plate. At a broad scale, the high
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Figure 6. Vp pert and Vp/Vs pert (%) (left and right panel) models in layers between 5 and 80 km. The purple lines indicate where the resolution is 70% of the diagonal
element. The black lines shown in the velocity layers highlight the depth of the Adriatic, European, and Ionian lithospheric mantle and are plotted following using as a
proxy the abrupt change from the low perturbation Vp zones (+%) to higher perturbation Vp zones (—%). At 30 km depth, the blue line is the moho depth in agreement
with Spada et al. (2013) moho map.
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Figure 7. Vp absolute tomographic section crossed the western Alps (F-F’). The top left map (modified by Solarino et al. (2018)) shows the location of the profile.
On top right the profile in the map is reported. A direct comparison with the one of section A—A’ of Solarino et al. (2018) is reported in figure. EM = European
lithospheric mantle, AM = Adriatic lithospheric mantle, BR= Brianconnais zone, SL= Sesia-Lanzo DM = Dora Maira Massif.

Vp Adria plate is defined, colliding in the Alps and subducting in the Apennines and Dinarides. The Apennines
are marked by a strong NNW-SSE low Vp anomaly (A Vp < —5%) at 40-60 km depth, which follows the char-
acteristic trend of the chain. To the east, the boundary with the high Vp anomaly marks the position of the Adria
plate. Its westward dip sectors is highlighted by the shift of this positive anomaly (4 Vp > 2%). Below the north-
ern Apennines, this anomaly turns out to be connected with the high-velocity anomaly residing below the inner
Alps. The Ligurian and northern Tyrrhenian basins are represented by a high Vp and low Vp/Vs anomaly (A Vp/
Vs < —1/-2%) at 40-50 km depth. While the Ionian area is characterized by a well-defined high Vp and low Vp/
Vs anomaly at 50 km depth that marks the Ionian oceanic lithospheric mantle. At depth, it becomes broader and
stronger, dipping northwestward beneath the Calabrian Arc highlighting the subducted Ionian plate (Figure 6).
A distinctive high Vp/Vs anomaly is present in the mantle wedge sandwiched between the high Vp Ionian lith-
osphere and a high-Vp anomaly at 20-30 km that is related to the Tyrrhenian lithospheric mantle (Figures 6
and 9). Below the northwestern side of Sicily and the Aeolian Island, a low Vp and a high Vp/Vs anomaly (A Vp/
Vs > 2%) is present at 40-50 km depth. The resolution is limited at greater depth and the anomalies are weak.

4. Comparison With Previous Tomographic Studies

We compared the main resolved features in the layers between 35 and 60 km (where the highest resolution
was reached, see Figures 3-5), with the velocity models presented in literature (Di Stefano & Ciaccio, 2014;
Di Stefano et al., 2009). At a large scale, the gross Vp pattern coincides with previous models (Di Stefano
etal., 2009). The inner part of the Alpine chain and the Adriatic side of the Apennines are characterized by a large
low Vp anomaly interrupted by some high Vp pulses, whilst the Ligurian Sea is characterized by a high Vp anom-
aly. However, if we compare the location, the details, and amplitudes of velocity anomalies, we note some main
differences. For example, the positive anomaly marking the Ligurian Sea up to 50 km in our Vp model appears
smaller in the 52-km layer of Di Stefano et al. (2009) where it is more shifted southward, and much different from
the strong low Vp anomaly in Di Stefano and Ciaccio (2014). We observe a similar low Vp anomaly at greater
depths (60-80 km). At 40-50 km depth, our model recovers a high velocity anomaly under the Western Alps in
the same area where Di Stefano et al. (2009) defined a low velocity body. The Tyrrhenian Sea is characterized by
a low-velocity anomaly interrupted by a higher one at 39°N, 15°E that in Di Stefano's 38-km depth layer appears
to be larger, expanding southwestward along the Sicilian coast. At 50-52 km depth, the two models again coin-
cide, showing a large low-velocity anomaly related to the presence of asthenospheric material. In our model, the
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Figure 8. On the left, Vp and Vp/Vs layers at a depth of 40 km with the traces of the sections (black lines) shown on the right, with the relative seismicity (2005-2012,
Chiarabba et al., 2015). The structure of the Western (A—A"), Central (B-B’), and Eastern Alps (C—C’) has been well reconstructed showing the southward underplating
of the European plate with no evidence of a change in plate polarity. Black lines indicate the Adriatic (AM) and European lithospheric Mantle (EM) and dotted lines
indicate a position that is not highly constrained. BR= Brianconnais zone, SL= Sesia-Lanzo DM = Dora Maira Massif.

Sicilian area is well resolved down to 60 km depth, whilst in the Vp model of Di Stefano et al. (2009) the resolu-
tion is lost below 52 km depth. Significant differences in the Vp model can be observed along the Adriatic coast,
between the Apennines and the Dinarides. The high Vp anomaly extending between 42 and 45°N and 15-20°E
along the Adriatic is narrower in our model, not also involving the eastern side of the Apennine chain as in Di
Stefano’s models. A huge low Vp anomaly covers the Calabrian arc and the southern Adriatic at 40—-60 km only
partly recovered by past velocity models as in that of Di Stefano and Ciaccio (2014) (see layers at 52 km depth in
Figure 7). As a whole, the resolution at depth larger than 40 km is higher in our model thanks to the addiction of
long traveling Pn and Sn arrivals. Our model also emphasizes small details of the lithosphere.

In Figure 7, we compared the velocity structure of the Western Alps with that recovered from the model of Solarino
et al. (2018). The main features appear similar in geometry and absolute velocity values. The descent of the Euro-
pean lithosphere beneath Adria is clearly visible. In both models, the European lower crust is characterized by
velocities ranging from 6.5 to 7.8 km/s, while the upper layers show lower velocity values of 5.0-6.2 km/s. Simi-
lar values also characterize the Adria crust, whose boundary with the mantle lithosphere appears rather horizontal
toward the northeast, whilst below the Western Alps it becomes shallower pushed upward by the mantle wedge.
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Figure 9. On the left, the Vp and Vp/Vs layers at a depth of 40 km with the traces of the sections (black lines) shown on the right. On the top, the tomographic section
along (D-D’) the Northern Apennines and its corresponding geological sketch. On the bottom are the tomographic and interpretation sections along the Calabrian arc
(E-E’). Black lines indicate the location of the Adriatic (AM), European (EM), Ligurian (LM), Tyrrhenian (TM), and Ionian lithospheric mantle (IM), whereas dotted
lines indicate a position that is not highly constrained.

Below Dora Maira the mantle wedge reaches lower P velocities (<7 km/s) in both models that may suggest a
serpentinized mantle (Malusa et al., 2021). In addition, the European and Adriatic Moho depths match well with
Solarino et al. (2018) and with receiver function analysis (Monna et al., 2022). In particular, the Adriatic Moho
appears to be consistent in depth and geometry, while the European Moho is consistent only to a depth of 40 km
below the western Alps. Monna et al. (2022) interpreted the Moho geometry as a slab detachment, while we do
not observe features in contrast with the continuous subduction of the European lithosphere (Figures 7 and 8a).

5. Geodynamic Inferences

Tomographic images yield drawing the lateral extent of the European, Adria and Ionian lithospheres through the
entire region, allowing the deciphering of processes and plate interaction.
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5.1. From Western to Eastern Alps: The European Lithospheric Underthrusting

A widely debated question concerns the polarity of subduction beneath the Alpine chain (Handy et al., 2015;
Schmid et al., 2013; Ustaszewski et al., 2008). Teleseismic tomography concurred to animate this topic (Handy
et al., 2021; Lippitsch, 2003; Piromallo & Morelli, 2003; Zhao et al., 2016) following the original suggestion
of a change in slab polarity, where the southward European subduction switched to a northward Adria subduc-
tion, from west to east. To define the 3D geometry of the lithosphere structure below the different sectors of
the Alpine chain (western, central, eastern) we draw three orogen-perpendicular cross sections (Figure 8). Our
model reveals a lateral continuity of the underthrusting European mantle lithosphere (EM in Figure 8) along the
entire belt, while teleseismic models have revealed a lateral interruption of the high velocity anomalies at depths
greater than 120 km, with a switch between the central and eastern sectors of the chain (Kistle et al., 2020;
Koulakov et al., 2009; Lippitsch, 2003; Mitterbauer et al., 2011; Zhao et al., 2016). In the western Alps (section
A-A’ in Figure 8) the slab is well represented by a pair of low and high Vp anomalies, from 30 to 80 km,
dipping southward under the Adriatic plate, associated with the subducting European lower crust and upper
lithospheric mantle. The high Vp anomaly is in continuity with deep positive anomalies defined by teleseismic
models (Giacomuzzi et al., 2011; Koulakov et al., 2009; Lyu et al., 2017; Paftrath et al., 2021; Zhao et al., 2016).
Below a depth of about 60 km, the switch from low to high Vp suggests the eclogitization of the subducting
lower crust (Christensen, 1996; among others). Evidence of this process is the high Vp/Vs anomaly in the mantle
wedge representing the volume of hydrated mantle during eclogitization (Reynard, 2013). Similar high Vp/Vs in
the wedge has been reported by local models (Malusa et al., 2021; Solarino et al., 2018). The Adriatic mantle
lithosphere (~35 km) is clearly evidenced by high Vp anomalies, appearing locally flexed under the Apennines
(Figure 8). The European underthrusting lithosphere is unequivocal (Figures 7 and 8) and the slab continuous
and attached (Zhao et al., 2016) on the contrary of past tomographic studies (Kistle et al., 2018; Lippitsch, 2003)
and receiver functions analysis (Monna et al., 2022), supportive of a shallow detachment of the European litho-
sphere. In the central Alps (section B-B’ in Figure 8), the plate geometry is similar to the western sector, with the
EM dipping toward the south, below AM, and a central low Vp and high Vp/Vs volume that spread to the entire
mountain roots. In the eastern Alps (section C—C’ in Figure 8), we draw a section perpendicular to the EM anom-
aly, with a direction that is optimal to highlight the structure and geometry of the Alpine lithosphere (following
Kistle et al., 2020). We observe the S-dipping pair of high and low Vp anomalies, attributable to the European
lithosphere. The lithosphere structure does not evidence or clarify the eventual change in slab polarity, supporting
the continuity of the European underthrusting (Koulakov et al., 2009; Mitterbauer et al., 2011; Zhao et al., 2016).
Our results are consistent with either the scenarios I in Kistle et al. (2020), where Europe is underthrusting, or
with a delamination of Adria that followed the break-off of the European slab (see also Giacomuzzi et al., 2012).
A different Vp/Vs pattern observed on top of the high Vp mantle permits distinguishing between the European
(low Vp/Vs) and Adria (high Vp/Vs) lithosphere (see section C—C’ in Figure 8). This pattern can be related to a
strong hydration of the mantle top (Christensen, 1996) generated by the delamination of the Adria lithosphere.
We observe that the low Vp anomaly at 40 and 50 km that follows the entire Alps belt spread to the east, suggest-
ing a lateral extrusion of the accreted lithosphere after the stop of the subduction, consistent with the rotation
identified by GNSS velocities (Serpelloni et al., 2022).

5.2. Delamination Versus Subduction Retreat: The Northern Apennines and Ionian Cases

The descent of the Adria plate below the Northern Apennines and the Dinarides is coherently defined by the
distribution of intermediate depth earthquakes and velocity anomalies (section D-D’ in Figure 9). Anyway, since
the signature of a continuous Adria slab beneath the Apennines is missing and should be recovered by our data
(Figure 4), we argue that the underthrusting of the Adria mantle lithosphere is restricted to some specific portions
of the orogen. The dominant feature is a low Vp mantle at depth below 40 km, suggestive of a spread lithospheric
delamination. In the Apennines, seismicity occurs in the uppermost 15-20 km of the crust characterized by high
Vp/Vs and weak positive/negative Vp anomalies. This region is confined downward by a strong low-Vp, high Vp/
Vs anomaly, evidencing a vigorous dehydration process of the under-thrusting hydrated lower crust. On top of it,
along the Tyrrhenian side of the belt, the shallower Tyrrhenian Moho is defined by an abrupt transition from high
(above the Moho) to low Vp/Vs values, corresponding to a positive Vp jump below 20-30 km, consistent with the
average depth observed by regional models (Spada et al., 2013). Seismicity and velocity patterns depict delamina-
tion of the Adria lithosphere, during which slices of continental crust, felsic and granulitic peeled off and replaced
by sub-lithospheric mantle, composing part of the deep low Vp anomaly. The low Vp mantle wedge is coupled
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with a high Vp/Vs anomaly coherent with fluid release from the under-thrusted materials (Piccinini et al., 2010).
Fluid up-welling toward crustal depths could be responsible for the reactivation of normal faults, coherently with
the extensional and uplift rate of ~2-3 mm/yr reported by GPS data (Serpelloni et al., 2022). The very low Vp/Vs
beneath the Tyrrhenian Moho (i.e., high Vs) suggests that the delamination was not accompanied by a significant
asthenospheric upwelling in this region (Chiarabba et al., 2014). The high Vp/Vs beneath the belt supports the
existence of a circuit of fluids that follows the retreat of the continental lithosphere and supports the dynamic
topography of the belt. A slightly different pattern is observed in the southern Tyrrhenian area, where the high Vp,
low Vp/Vs (IM) subducts beneath the Calabrian arc and the Tyrrhenian Moho (section E-E’ Figure 8). This anom-
aly is fully consistent with deeper slab-related positive anomalies identified by tomographic studies (Di Stefano
et al., 2009; Piromallo & Morelli, 2003). Distinctive of our model is the reconnaissance of low Vp, high Vp/Vs
anomalies on top of the Ionian lithosphere and under the mountain belt. We associate this feature with imbricated
underplated and fluid-rich metasediments (Christensen, 1996) that are sandwiched between the Calabrian nappes
and the subducting Ionian oceanic crust. This interpretation is coherent with a remarkable low-Vs zone inferred
between 20 and 30 km depth from Receiver Function analysis (Agostinetti & Amato, 2009). A second significant
feature revealed here is the broad and strong low Vp present in the Tyrrhenian area (Manu-Marfo et al., 2019)
following the opening of the Marsili back-arc basin, which was accompanied by mantle exhumation and volcan-
ism (Magni et al., 2019; Prada et al., 2020). Intense asthenospheric upwelling and melting followed the retreat
of the Ionian plate generating this widespread deep negative anomaly, as recently confirmed by surface wave
tomography studies (Magrini et al., 2022). The low Vp anomaly is coupled with a high Vp/Vs anomaly, probably
due to the presence of fluids associated with the mantle inflow from the Ionian slab edges. The lack of resolu-
tion in the offshore Ionian supports the urgency of seismic experiments to define the deep geometry of the plate
interface in the trench, the rock physical properties and the potential for large earthquakes and tsunamis (Maesano
et al., 2017). From the velocity model reconstructed here, we can infer that the essentially sub-horizontal lonian
lithosphere may have variable thickness or heterogeneity, as indicated by the low Vp anomaly at depth. The two
sections highlight the difference between a delamination-supported continental subduction and a retreat of an
oceanic slab. In the first, the active process is restricted in a narrow area where the delamination is ongoing with a
limited asthenospheric upwelling; in the latter, deformation and magmatism spread to a hundreds-kilometer scale.

5.3. Vp/Vs Anomalies in the Uppermost Mantle: Fluids or Thermal Origin?

Temperature and composition are the main parameters influencing seismic velocities in the Earth’s mantle. The
sensitivity of seismic velocities varies at different depths, while temperatures are thought to play a key role
at upper mantle depths (Piccinini et al., 2010; Trampert et al., 2001). The reduction in Vs and increase in Vp/
Vs could be attributed either to the presence of water related to hydration processes (Christensen, 1996; Shito
et al., 2006) or to partial melts (Hammond & Humphreys, 2000).

Although it is often difficult to discern to which extent velocity anomalies reflect composition rather than ther-
mal anomalies (Cammarano et al., 2003), the joint interpretation of Vp and Vp/Vs models is helpful (Giacomuzzi
et al., 2012).

Beneath the Alps and northern Apennines, the low Vp, high Vp/Vs anomaly at 40-60 km depth (Figure 10)
is consistent with a strong hydration of the mantle wedge generated by the delamination of the continental
lithosphere. Along the Apennines, we observe a transition from a sector where the Moho doubling is evident
(X = 400-650 km in sections of Figure 10) to a flat Adria Moho in the south (X = 850-1,150 km), while the
uppermost mantle is remarkably slow in the central portion (Vp = 7.5 km/s). This pattern suggests that the
delamination process of the Adria lithosphere proceeded with different retreat velocity along the belt generating
an irregular geometry, in agreement with a different level of subduction maturity hypothesized also by velocity
reduction in the mantle beneath the LAB defined by S-Receiver Function (Miller & Agostinetti, 2012). Mantle
substitution generated during the delamination dynamically sustains the belt topography.

Conversely, the wide low-Vp mantle anomaly in the southern Tyrrhenian back-arc region (Manu-Marfo et al., 2019)
can be interpreted as due to a thermal anomaly of the upwelling asthenosphere generated by the slab retreat (Figure 9).

6. Conclusion

We provide new insights into the geometry of the Alpine and Apennine belt systems, the compositional and
thermal state of the lithospheric mantle, and the lateral (i.e., temporal) heterogeneity of the delamination and
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Figure 10. Cross sections along the western Alps-Apennines (perturbation model Vp at top, absolute values of Vp and Vp/Vs, in center and bottom respectively).
The black lines indicate the location of the European and the Adriatic moho, the purple line the Tyrrhenian moho. Dotted lines indicate a position that is not highly
constrained. I'V: Ivrea Body, LM: Ligurian lithospheric Mantle, EM: European lithospheric Mantle, AM: Adriatic lithospheric Mantle.

subduction process beneath the central Mediterranean area. New Vp and Vp/Vs models were computed by invert-
ing a huge amount of seismic data recorded continuously from the densest seismic array ever installed before
comprising permanent and temporary seismic stations. The inversion of travel times of refracted waves (Pn and
Sn) up to an epicentral distance of 1,000 km, yield high resolution and homogeneous information on the lower
crust and lithospheric mantle of the Adriatic and European plates with unprecedented consistency throughout
the central Mediterranean area. The layers and tomographic sections shed light on the compositional, thermal,
and velocity heterogeneities that control the subduction processes beneath the Alpine and Apennine ranges. We
observe a continuous underthrusting of the European lithosphere below the entire Alpine chain. We find no gaps
below the Western Alps and not a clear reversal of plate polarity in the eastern sector. The overlap of positive
anomalies at 60—80 km depth by one side supports the continuity of the European underthrusting, but inhibits
further distinction on the nature of the subducting slab (European vs. Adriatic). A future advancement could be
the computation of a teleseismic model after stripping the crustal contribution from this model. A final remark is
on the interpretation of Vp and Vp/Vs models, with new constraints on the fluid release processes that occurred
during the descent of the Adriatic lithosphere and the dehydration of subducted crustal sediments forming large
sack of fluids beneath the mountain belts, the release of which is coupled with extensional deformation.
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