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Abstract The question of lateral and/or vertical continuity of subducted slabs in active orogens is a hot
topic partly due to poorly resolved tomographic data. The complex slab structure beneath the Alpine
region is only partly resolved by available geophysical data, leaving many geological and geodynamical
issues widely open. Based upon a finite-frequency kernel method, we present a new high-resolution
tomography model using P wave data from 527 broadband seismic stations, both from permanent networks
and temporary experiments. This model provides an improved image of the slab structure in the Alpine
region and fundamental pinpoints for the analysis of Cenozoic magmatism, (U)HP metamorphism, and
Alpine topography. Our results document the lateral continuity of the European slab from the Western Alps
to the central Alps, and the downdip slab continuity beneath the central Alps, ruling out the hypothesis of
slab break off to explain Cenozoic Alpine magmatism. A low-velocity anomaly is observed in the upper
mantle beneath the core of the Western Alps, pointing to dynamic topography effects. A NE dipping Adriatic
slab, consistent with Dinaric subduction, is possibly observed beneath the Eastern Alps, whereas the laterally
continuous Adriatic slab of the Northern Apennines shows major gaps at the boundary with the Southern
Apennines and becomes near vertical in the Alps-Apennines transition zone. Tear faults accommodating
opposite-dipping subductions during Alpine convergence may represent reactivated lithospheric faults
inherited from Tethyan extension. Our results suggest that the interpretations of previous tomography
results that include successive slab break offs along the Alpine-Zagros-Himalaya orogenic belt might be
proficiently reconsidered.

1. Introduction

Along the Alpine-Zagros-Himalayan orogenic system, seismic tomography of the mantle reveals more or less
discontinuous P wave velocity anomalies interpreted as the seismic signature of subducted lithospheric slabs
[e.g., Wortel and Spakman, 2000; Piromallo and Faccenna, 2004; Replumaz et al., 2004]. It is generally accepted
that these anomalies reflect the subduction of the large Tethyan realm and the subsequent collision of Africa,
Arabia, and India with Eurasia [e.g., Hafkenscheid et al., 2006; Capitanio et al., 2010]. However, interpretations
in terms of lateral and/or vertical slab continuities, length of the subducted slabs, and their relationship with
geodynamic processes strongly depend on the resolution of the seismic tomography. This question is parti-
cularly crucial in the western part of the Tethyan orogenic system where the complex plate boundary area
between Africa and Europe includes several microplates (e.g., Adria and Iberia) and orogenic belts that cor-
respond to different subduction zones, in particular the Alps, Apennines, Betics, Dinarides, and Pyrénées
(see Figures 1a and 1b) [Jolivet and Faccenna, 2000; Vignaroli et al., 2008; Handy et al., 2010; Carminati et al.,
2012; Malusa et al., 2015]. In the Alpine region, two major and possibly interacting slabs have been recog-
nized by geophysical investigations [Kissling, 1993; Spakman et al., 1993; Solarino et al., 1996; Piromallo and
Morelli, 2003; Lippitsch et al., 2003; Kissling et al., 2006; Giacomuzzi et al., 2011]. They are the SE dipping
European (Alpine) slab to the north and the west dipping Adriatic (Apenninic) slab to the south. Although sur-
face geology data suggest that the main Alpine and Apenninic structures may be persistent along strike
(Figure 1a), the lateral and downdip continuity of these slabs is not fully resolved, possibly due to uneven dis-
tribution of seismic stations. Available P wave tomography models show evident but discontinuous high-
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Figure 1. (a) Tectonic sketch map of the study area. C: Corsica; CA: central Alps; CL: Calabria: EA: Eastern Alps; LP: Ligurian-Provencal basin; NA: Northern Apennines;
PR: Provence; S: Sardinia; SA: Southern Apennines; TY: Tyrrhenian basin; and WA: Western Alps. The black box indicates the area of frame C. (b) Cenozoic evolution of
Alpine and Apenninic subductions and coeval magmatism, simplified after Malusa et al. [2015, 2016b]. In red are active subduction zones; purple arrows indicate
Adria trajectories relative to Europe [from Dewey et al., 1989] (numbers = age in Ma). (c) Location map of seismic stations used to construct the tomographic images
from permanent networks (open gray triangles) and CIFALPS (open red triangles) and PYROPE (blue triangles) temporary arrays. The solid line gives the location of
the cross section shown in Figure 4.

velocity anomalies associated with the Alpine and Apenninic subduction zones [Lucente et al., 1999; Lippitsch
et al., 2003; Piromallo and Morelli, 2003; Giacomuzzi et al., 2011], as well as high-velocity anomalies in areas
where no slab is expected according to geological evidence (e.g. the Provencal margin of SE France)
[Piromallo and Morelli, 2003]. Due to such uncertainties, the slab structure in the transition zone between
the Alps and the Apennines is still largely unknown, and it is not clear whether the subduction beneath
the Eastern Alps is directed southward [e.g., Piromallo and Faccenna, 2004; Spakman and Wortel, 2004] or
northward [Lippitsch et al., 2003]. The downdip slab continuity beneath the Western Alps and the central
Alps is also debated, with major gaps possibly supportive of slab break off [Lippitsch et al., 2003; Spakman
and Wortel, 2004; Kissling et al., 2006] that conflict with the more continuous and apparently steeper slab
alternatively imaged beneath the Western Alps [e.g., Piromallo and Faccenna, 2004].

The steepness and downdip continuity of the Alpine slab, and its possible interaction with the Apenninic slab
to the south [e.g., Vignaroli et al, 2008; Malusa et al, 2016al, have major implications for (U)HP
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metamorphism, magmatism, and relief development in the Alpine region during the Cenozoic [von
Blanckenburg and Davies, 1995; Guillot et al., 2009; Lustrino et al., 2011; Faccenna et al., 2014; Fox et al.,
2015]. However, uncertainty in both Alpine and Apenninic slab structures leaves many questions widely
open, both concerning the peculiar Cenozoic magmatism in the Alps, which is classically ascribed to slab
break off [e.g., von Blanckenburg and Davies, 1995; Dal Piaz et al., 2003], and the very low paleogeothermal
gradients documented during Alpine subduction, but unexpected in areas characterized by very slow con-
vergence [Malusa et al., 2015].

In this article, we present new high-resolution tomography images of the Alpine region in order to better con-
strain not only the structure of the Alpine and Apenninic slabs but also their complex transition along strike.
Implications for Alpine magmatism, (U)HP metamorphism, and relief development in the western part of the
Tethyan orogenic system are eventually discussed.

2. Tectonic Setting

The Alps-Apennines orogenic belt is the result of the progressive closure of the Tethyan Ocean in between the
Adriatic and European passive margins since the Mesozoic [e.g., Handy et al., 2010, and references therein].
Meso-Cenozoic Adria-Europe convergence was chiefly accommodated by subduction along a complex paleo-
trench, showing a major right-angle bend between the central Alps and the Western Alps and a NE-SW trend
along the future Provencal margin (Figure 1b). Such a paleotrench was strongly oblique both relative to Adria
motion [e.g., Dewey et al., 1989] and relative to the European paleomargin of the Tethys [e.g., Malusa et al.,
2016b]. Adria represented the upper plate of the subduction system in the central Alps and Western Alps
and the lower plate in the Apennines [Jolivet and Faccenna, 2000; Vignaroli et al., 2008; Malusa et al., 2015].
After the accretion of extensional allochthons originally belonging to the Adriatic margin, most of the
Tethyan Ocean was subducted beneath the Adriatic microplate in Cretaceous times, during NE-SW conver-
gence between Adria and Europe [Dewey et al., 1989; Zanchetta et al., 2015]. The slow E-W convergence docu-
mented along this plate boundary in Paleocene-early Eocene times was instead accommodated by two
opposite-dipping subduction zones, an eastward (Alpine) subduction that was active from the Western Alps
to Corsica, bringing European continental crust down to (U)HP depth [e.g., Rubatto and Hermann, 2001] and
a coeval northwestward subduction that was active in the future Apennines (Figure 1b). Paleogeothermal gra-
dients during subduction were extremely low, especially in the Alpine trench (4-6°C/km) [Malusa et al., 2015],
where subduction was choked in middle-late Eocene times by the arrival of thick European crust at the trench,
and (U)HP rocks were rapidly exhumed at the surface as soon as the Adriatic Plate started moving toward the
NNE (Figure 1b). The Adriatic slab thus obliquely subducted beneath Corsica and reached the remnants of the
Alpine orogenic wedge by the end of the Oligocene [Malusa et al., 2016b]. However, it is not clear whether the
Adriatic slab moved farther north in the Neogene, when the Adriatic trench began retreating toward the east,
leading to the opening of the Ligurian-Provencal basin [Jolivet and Faccenna, 2000; Malusa et al., 2016a] and
controlling the counterclockwise rotation of Corsica-Sardinia and the progressive migration of Apenninic
magmatism [Lustrino et al., 2011]. During Adriatic trench retreat, the uppermost levels of the Alpine orogenic
wedge also experienced major counterclockwise rotations along the transition zone with the Apennines
[Maffione et al., 2008], but the effects of such rotations on the deepest segments of the Alpine slab are
still unknown.

Because of slab rollback, the amount of subduction was certainly greater in the Apennines than in the Alps
[Piromallo and Faccenna, 2004], where any causal relationship between the observed magmatic climax at
~30Ma [Lustrino et al, 2011] and the inferred break off of the Tethyan slab [e.g., Davies and von
Blanckenburg, 1995] is still unproven. The amount of subduction in the central Alps was on the order of
450 km [Malusa et al., 2015], whereas it progressively increased along the Apenninic trench from the north
toward the south, reaching ~1300 km in Calabria [Piromallo and Morelli, 2003].

3. Data and Imaging
3.1. Data Selection and Analysis
This study used data collected from 527 broadband seismic stations, benefiting from recent opening of

European seismic databases, improvement of permanent broadband network, and consequent improve-
ment of data quality. Among these stations, 449 were from several permanent networks distributed by the
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European Integrated Data Archive (EIDA) European archive (http://webdc.eu/webdc3/; open gray triangles in
Figure 1c), 23 were from the PYROPE experiment [Chevrot et al., 2014] (blue triangles in Figure 1c), and 55 are
from the CIFALPS experiment [Zhao et al., 2015] (red triangles in Figure 1c). CIFALPS (i.e., China-Italy-France
Alps Seismic Survey) was a passive seismic transect operated from July 2012 to September 2013, which cross-
cuts the entire Western Alps (Figure 1c). For the PYROPE experiment, we used data for the time period over-
lapping with the CIFALPS experiment, whereas for the permanent stations we selected data from July 2012 to
November 2014. As a result, our study is based on a much greater number of stations and a much denser cov-
erage than any previous work, in particular in the Western Alps [e.g., Lippitsch et al., 2003; Piromallo and
Morelli, 2003; Giacomuzzi et al., 2011].

In total, 199 events with epicentral distances ranging between 30° and 110° from the study area and mini-
mum moment magnitude of 5.8 were selected for traveltime tomography (see supporting information
Figure S1). The azimuthal coverage is not uniform mainly due to a limited number of events in the southern
quadrant. In order to reduce the influence of this uneven distribution, we selected only events with the best
signal-to-noise ratio in the ranges of back azimuth with very dense coverage. The resulting coverage is suffi-
cient to provide the best ray crisscrossing given the limitations from the southern quadrant and ensures a
fairly uniform resolution in the upper mantle of the study area.

Traveltime delays are frequency dependent due to wavefront healing and diffraction of seismic waves [e.g.,
Hung et al., 2004]. To take advantage of changes in the sensitivity of P waves with frequency, we measured
relative delay times in four frequency bands, 0.02-0.1 Hz, 0.1-0.8 Hz, 0.4-0.8 Hz, and 0.8-2.0 Hz. Since we
aimed at retrieving high-resolution features, we inverted traveltime residuals measured in the shortest period
ranges (0.4-0.8 Hz and 0.8-2 Hz) that correspond to wavelengths of the order of or smaller than our grid spa-
cing of 25km (shown in Figure 2a). The two long-period bands (0.02-0.1 Hz and 0.1-0.8 Hz) were used to
guarantee the highest quality of readings, as explained below.

We measured relative time residuals using the multichannel cross-correlation technique (MCCCT) [Vandecar
and Crosson, 1990] on vertical component records. As the study region is broad and teleseismic traveltime
differences may be as large as a few seconds due to very heterogeneous crustal and mantle structures [e.
g. Lippitsch et al., 2003; Giacomuzzi et al., 2011], automatic picking using the MCCCT in time windows com-
puted from a standard Earth model is prone to errors including cycle skipping. Potential cycle skipping pro-
blems are even stronger in the targeted high-frequency bands. To avoid such problems, we first picked the P
wave onset manually on each single record by visually comparing and aligning the P waveforms filtered in
the 0.1-1 Hz frequency band. In a second step, the differential traveltimes were retrieved by the MCCCT in
time windows positioned on the manual picks and from signals filtered in the four frequency bands (0.02-
0.1 Hz, 0.1-0.8 Hz, 0.4-0.8 Hz, and 0.8-2.0 Hz). We started processing the low-frequency band and moved
on to higher frequencies because low frequencies are less prone to cycle skipping. For each single event
we selected only stations with average correlation coefficient (average of the maxima of the correlation func-
tions with all other stations) larger than 0.8 in the four frequency bands. We visually checked all the wave-
forms and the correlation functions and compared them in all frequency bands to further guarantee the
quality of our data set. Supporting information Figure S2 shows examples of vertical component records
aligned on the traveltime readings in the 0.4-0.8 Hz band for two events with different signal-to-noise ratios.

In the final step of data selection, we kept only the highest-quality residuals (average correlation
coefficient >0.85) measured in the two short-period ranges (0.4-0.8 Hzand 0.8-2 Hz). The final data set included
41,838 relative traveltime residuals (27,650 in the 0.4-0.8 Hz band and 14,188 in the 0.8-2 Hz band) with a var-
iance of 0.38 s2. The average number of readings for a single event in the 0.4-0.8 Hz band is 139, with a minimum
of 14 and a maximum of 359. Based on comparisons with relative delay times measured by a different method
on a trial subset of events [Chevrot, 2002], we estimated that the average uncertainty on our data is <0.1s.

Supporting information Figure S3 shows examples of relative traveltime residuals measured in the 0.4-0.8 Hz
band at stations in the Western Alps for four events with east, SSE, WSW, and NNW back azimuths. The resi-
duals are very coherent at neighboring stations, with positive residuals (late arrivals) in the Southeast basin
(France) and the Po Plain and negative residuals (early arrivals) at the boundary between the Western Alps
and the Po Plain. The variations in residuals are stronger for events 1 and 2 with east and SSE back azimuths,
which suggests that wavefronts incoming from the west travel across more homogeneous structures than
wavefronts incoming from the east.
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Figure 2. Upper mantle depth slices in the P wave velocity perturbation model resulting from our finite-frequency tomography (traveltimes corrected for crustal
propagation in the EPcrust model) [Molinari and Morelli, 2011]. The blue dashed lines mark the outlines of the well-resolved areas estimated from resolution tests
(supporting information Figures S9, S11, and S12). Note the lateral continuity of the Alpine and Apenninic slabs at 200 km depth. The black short dashed lines in
Figure 2a indicate the main tectonic boundaries; the gray solid lines show the locations of the cross sections displayed in Figure 3; the gray grid lines in Figure 2a
show the grid points used in the inversion. GL: Giudicarie Line; 1 to 4: high-velocity anomalies (1, central Alps slab; 2, Western Alps slab; 3, Northern Apennines slab;
and 4, Dinaric slab); 5 to 7: major gaps; 8 and 9: low-velocity anomalies (see text for details).

To avoid contamination of upper mantle tomography by crustal anomalies, we corrected residuals for travel-
times within the crust. This correction is potentially importantin the Alpine region because of changes in crustal
thickness and strong crustal heterogeneities including thick sedimentary basins and a high-velocity mantle
slice at shallow depthinthe Western Alps [Lippitsch et al.,2003; Waldhauser et al., 2002]. We calculated traveltime
corrections by using the EPcrust reference model [Molinari and Morelli, 2011] and assuming vertically incident
plane waves. Supporting information Figure S4 shows comparisons of relative time residuals before and after
crustal correction for stations along the CIFALPS profile, for the same four events as Figure S3 and in the 0.4-
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0.8 Hzband.The correctionsare >1 s because the profile crosses two basins (the Southeast basin of France in the
west and the Po Plain in the east) and the high-velocity Ivrea body (at 7.5-8°E). They, however, do not strongly
alter the shape of the residual curves, which are characterized by large and rapid changes. Including crustal cor-
rectionsimproves the variance reduction by 4% (see section 3.2), butitinduces only slight differences in the final
velocity perturbation model at depths>100km (see supporting information Figure S5). All the results pre-
sented below were computed with residuals corrected for crustal propagation.

We are aware that our crustal corrections have two drawbacks. First, the EPcrust model is an oversimplifica-
tion of the actual heterogeneity of the Alpine crust. For example, it does not include all the details of the latest
Moho map of the area published by Spada et al. [2013], including a deep Moho trough in the Northern
Apennines. EPcrust is, however, the latest crustal model publicly available to date that covers the whole study
area. The second drawback is that we neglected the effect of 3-D propagation in the heterogeneous crust of
nonvertical rays from different azimuths [Waldhauser et al., 2002]. In spite of these drawbacks, a synthetic test
demonstrates that our tomography results are not significantly affected by smearing of crustal anomalies to
mantle depth (see section 5.5, Figure 6, and supporting information Figure S15).

3.2. Imaging Methodology

The tomographic model space is a 1600 km x 1600 km area centered at 8°E/45°N that extends to 1500 km
depth. The volume is parameterized within a grid of regular nodes with 26.6 km x 24.3 km x 25 km spacing
(N-S, E-W, z Figure 2a). We used the P wave data set to construct inversion equations based on a finite-
frequency kernel formulation [Dahlen et al., 2000; Hung et al., 2000, 2004]. A damped LSQR (Sparse Equations
and Least Squares) algorithm [Paige and Saunders, 1982] was applied to invert the matrix. The damping para-
meters were empirically determined based on the trade-off between model norm and variance reduction
(see supporting information Figure S6). The models discussed in this paper are built using damping para-
meters that yield a 74% reduction of the variance on P wave time residuals that is a final variance of 0.11 s°.

4. Large-Scale Features of the P Wave Model

We first present the major features of our 3-D tomography model (Figures 2 and 3 and supporting informa-
tion Figure S7). Resolution tests specifically designed to demonstrate the quality of our images are discussed
in section 5.

Unlike previous tomography models [e.g., Lippitsch et al., 2003; Piromallo and Morelli, 2003; Giacomuzzi et al.,
2011], the most salient feature of the new model is the continuity of the subducted slabs at depths >180 km.
Figures 2 and 3 document the following: (1) the downdip continuity of the European slab beneath the central
Alps (1 in Figure 3¢), (2) the lateral continuity of the European slab from the central Alps to the Western Alps (1
and 2 in Figure 2), and (3) the lateral continuity of the Adriatic slab in the Northern Apennines (3 in Figure 2).
Supporting information Figure S7 documents the progressive merging of high-velocity anomalies with
increasing depth from 100 km to 200 km.

The European slab has a steep southeastward dip in the central Alps (1 in Figures 3b and 3c¢). In the Western Alps
(2 in Figure 3a), the amplitude of the high-velocity anomaly is stronger than in the central Alps. The complex
high-velocity anomaly observed in cross-section A-A’ at depth >150 km probably reflects a combined effect
of the Western Alps and central Alps slabs (Figure 3a). Along the CIFALPS profile where the station density is
high (5-10 km spacing), the high-velocity anomaly is continuous from the uppermost mantle where it links with
the subducted European crust recognized by receiver function imaging [Zhao et al., 2015] (Figure 4). A strong
low-velocity anomaly is observed at 100-250 km depth in the upper mantle of the Western Alps, which does not
extend to the central Alps east of 8°E (8 in Figure 2; see also Figure 4). Another low-velocity anomaly is observed
beneath the Po Plain in the Adriatic uppermost mantle (9 in Figures 2 and 3), between the central Alps and the
Northern Apennines slabs.

When observed in map view, the high-velocity anomaly associated with the Alpine subduction is continuous
along strike from the southernmost Western Alps to the easternmost central Alps at depths >180km
(Figures 2b, 2¢, and S7). The European slab is recognized immediately to the west of the Giudicarie Line
(GL in Figure 2a) on the 100 km depth slice (1 in Figure 2), but it is not observed farther east. Instead, a
NW-SE trending high-velocity anomaly is detected beneath the Eastern Alps (4 in Figure 2), with an angle
of 30° to 60° (depending on the depth range) relative to the strike of the Alpine frontal thrusts (dotted line in
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Figure 3. Cross sections in our Vp perturbation model. The locations of the cross sections are shown in Figure 2a. The labels on top of the sections are slab names. (a,
b) Note the downdip continuity of the Alpine (European) slab beneath the Western Alps and central Alps. 1 to 9: same keys as in Figure 2; 10: north dipping high-
velocity anomaly beneath the Alps-Apennines transition zone (see text for details).

Figure 2a). At 100 km depth, the boundary between the south dipping slab beneath the central Alps (1 in
Figures 2 and 3) and the north dipping slab beneath the Eastern Alps (4 in Figures 2 and 3e) is marked by
an evident step (5 in Figure 2a) located beneath the Giudicarie Line.

In the southern part of the model, the Apenninic slab (3 in Figure 3e) is steeply dipping to the SW beneath the
northern Tyrrhenian Sea. By contrast, the Apenninic slab close to the Alps-Apennines transition zone is near
vertical (3 in Figure 3d). Along the Alps-Apennines transition zone, a small north dipping high-velocity anom-
aly (10 in Figure 3c) is located at depth <200 km above the central Alps slab (1 in Figure 3c), and a gap
between this north dipping high-velocity anomaly and the Western Alps slab can be observed in map view
(6 in Figure 2a). To the south, the high-velocity anomaly of the Apenninic slab is continuous along strike
(Figure 2b and supporting information Figure S7), except at shallow depth (<160 km) where a major gap (7 in
Figure 2a) is observed north of Rome, at the transition between the Northern and the Southern Apennines.
This continuity of the northern Apenninic slab was already mentioned by Giacomuzzi et al. [2011] for
depths >140 km.

The continuity of the high-velocity slabs unraveled by our tomography below 180 km depth is a major differ-
ence compared to previous works. The two tomographies by Lippitsch et al. [2003] and Piromallo and Morelli
[2003] showed discontinuous high-velocity anomalies with gaps larger than 100 km that were interpreted as
indications for slab break off. In order to provide conclusive evidence on the slab continuity and demonstrate
that gaps of size >100 km could not be missed by our tomography, we performed a series of specifically
designed resolution tests.
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Figure 4. Cross section of V, perturbations along the CIFALPS profile (location shown in Figure 1c). The crustal model esti-
mated by Zhao et al. [2015] from receiver function imaging complemented with gravity modeling and geological data is
shown in the upper part, with green color representing the lower crust. FPT: Frontal Penninic Thrust.

5. Resolution Tests

Synthetic 3-D velocity models were designed and used to generate synthetic traveltime delays for the same
event-receiver distribution as in the original data set. A 10% Gaussian white noise was added to the synthetic
relative traveltime residuals to simulate noise, which exceeds the estimated uncertainty on the traveltime
measurements. The synthetic data sets were then inverted using the same parameters as in the inversion
of observed data.

5.1. Checkerboard Tests

We first conducted general checkerboard experiments with alternating high- and low-velocity anomalies of
+4.5% JInVp within individual blocks of size 5x 5 x 5 grid cells (i.e., ~125 km x 125 km x 125 km) (supporting
information Figure S8). The depth slices and cross sections in the recovered models are shown in the support-
ing information Figure S9. The test shows that the resolution is good to 700 km depth for anomalies with hor-
izontal size >125km, even with 10% noise in the data, provided that station coverage is dense enough.
Inspection of the recovered images shows that the location and shape of the structures are fairly well ren-
dered, although the recovered velocity anomalies are attenuated. We used this checkerboard test to define
the part of the 3-D model that is sufficiently well resolved to be further discussed and interpreted (areas bor-
dered by dashed lines in supporting information Figure S9). In order to remove any doubt on the resolution in
specific areas (for example, in the northeastern corner), we crosschecked the results of the checkerboard test
with other resolution tests.

5.2. Tests of the Continuity of High-Velocity Slabs

This series of tests were specifically designed to test how well the data set resolves the 3-D continuity of the
high-velocity slab structures.

Considering that previous tomography studies detected low-velocity gaps with thickness >100km in the
high-velocity slabs beneath the Western Alps and the Apennines [Lippitsch et al., 2003; Piromallo and
Morelli, 2003], we tested a synthetic model where low-velocity anomalies of 60 km thickness cut steeply
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dipping cylinders of high velocity (input model displayed in the supporting information Figure S10). Cylinders
have horizontal diameters from 100 to 160 km and velocity perturbations of £4% dInVp. Note that the
European and Adriatic synthetic slabs dip in directions opposite to actual ones in order to check whether
the uneven distribution of events may influence the apparent dip of the imaged slabs. The output of the
inversion displayed in the supporting information Figure S11 shows that the locations and shapes of low-
velocity gaps are fairly well rendered (supporting information Figures S11e and S11i), while high-velocity
slabs with opposite-dipping directions are also well reconstructed. Depth sections D-D’ and E-E’ (supporting
information Figures S11h and S11i) along profiles located at less than 125 km distance illustrate that horizon-
tal smearing is negligible for both high- and low-velocity anomalies. This observation confirms that horizontal
resolution is better than 125 km (in this area and in other areas with better or similar station coverage), which
implies that the horizontal continuity of the high-velocity slabs observed in Figures 2 and 3 is
well constrained.

5.3. Resolution Tests Along the CIFALPS Profile

We used many more stations than previous tomography studies, including the CIFALPS temporary linear
array with dense spacing (5-10 km) that significantly improves the resolution in the Western Alps. The follow-
ing series of resolution tests were designed to quantify the reliability of the tomography beneath the
CIFALPS array.

The first test aimed at checking the reliability of the continuous high-velocity anomaly that extends from the
deepest edge of the European crust [Zhao et al., 2015] down to the mantle transition zone. We built a new
synthetic model based on our 3-D dInV, model where we replaced part of the high-velocity slab by a cylinder
with low-velocity anomaly of —4% dInVp and horizontal diameter of 120 km extending from 80 to 140 km
depth to mimic a possible slab break off beneath the CIFALPS profile (Figure 5a). The inversion result
(Figure 5b) illustrates that such a slab break off would be recognized, even though the amplitude of the
low-velocity anomaly is attenuated. We also tested other synthetic models with synthetic slab break offs at
depths between 100 km and 250 km (upper boundary), which all show that the discontinuity is well probed
by our tomography.

Our new model also shows a low-velocity body beneath the European side of the Western Alps (8 in
Figures 2a, 2b, 3a, and 4). In order to test if the smearing effects exaggerate the size of the low-velocity
volume, we set a cylinder with anomaly of +4% dInV, and horizontal diameter of 100 km extending from
depth of 100 km to 150 km (Figure S12a). Figure S12b shows that the major features of the input high-velocity
anomaly can be retrieved by the inversion.

5.4. Test of the Influence of the Frequency Bandwidth

To document the resolution improvement provided by the selection of the two highest-frequency bands
(0.4-2 Hz), we show in the supporting information Figures S13 and S14 the result of the inversion of delay
times measured in the four frequency bands (0.02-2Hz). A comparison with Figures 2 and 3 shows that
the models are overall similar except that velocity perturbations are slightly weaker in the 0.02-2 Hz inver-
sion, in particular at depths >300 km. Indeed, Maupin and Kolstrup [2015] quantified this sensitivity reduction
of long-period (20 s) relative delay times with depth and attributed them to the increase in diameter of abso-
lute kernels with depth that lead to a smaller amplitude of the relative kernels. Conversely, they observed no
sensitivity reduction at short period (2 s). The enhanced sensitivity of short-period delay times, in particular at
large depth (>300 km), justifies our decision to invert them.

5.5. Tests of the Leakage of Crustal Heterogeneities to Mantle Depths

As discussed in section 3.1, a number of publications have argued that correction of traveltimes for propaga-
tion in a 3-D accurate model of the Alpine crust is required to avoid smearing of crustal anomalies to mantle
depth [e.g., Waldhauser et al., 2002; Lippitsch et al., 2003]. Therefore, we designed the following series of tests
to check whether the strong heterogeneities of the Alpine crust (deep foreland basins, thick crust, and high-
velocity Ivrea body) may significantly deteriorate our results.

The Ivrea body has been recognized for a long time as a high-density (3000 kg m™—3), high-velocity body
(74kms™") located at upper crustal depth (top at 10km depth) beneath the Western Alps [Closs and
Labrouste, 1963]. Following the results of the local earthquake tomography by Diehl et al. [2009], we modeled
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Figure 5. Resolution test of the continuity of the European slab along the CIFALPS profile in the Western Alps. (a) Input
model obtained by substituting a cylinder volume in the final model of Figure 4 with a —4% velocity anomaly (rectan-
gle). (b) Output model.

the body as an arc-like volume with strong anomaly of +25% dInVp extending from 10 km to 35 km depth
(supporting information Figure S15). In order to test the effect of sedimentary basins, we also set strong
low-velocity anomalies of —5% dInVp in the depth range 0-25 km (minimum thickness allowed by our grid
size) that mimic the Po Plain, the Southeast basin of France, and the Molasse basin (supporting information
Figure S15). Figure 6 shows the result of the inversion using the same inversion parameters as for observed
time residuals. It documents that the leakage of crustal anomalies to upper mantle depth is weak. Figure 6
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Figure 6. Results of a resolution test with velocity anomalies confined in the crust. The input model (displayed in support-
ing information Figure S15) has low-velocity anomalies of —5% dInVp in the depth range 0-25 km to mimic the sedimentary
basins of the Po Plain, the Southeast basin of France, and the Molasse basin in Switzerland and southern Germany, and a
high-velocity anomaly of +25% dInVp to mimic the Ivrea body. The leakage of shallow crustal anomalies to mantle depth is
almost negligible.

illustrates in particular that the smearing to upper mantle depths of the strong anomaly simulating the
Ivrea body has a negligible contribution to the high-velocity slab imaged beneath the Po Plain (for exam-
ple, <0.5% at 150 km depth in cross-section C-C’, Figure 6f, as compared to >3.5% at the same depth in
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Figure 7. A 3-D schematic view of the European and Adriatic slabs as revealed by this tomography. The highest peaks of
the Western Alps (black triangles), also including the Mont Blanc Massif, lay above a low-velocity anomaly detected in and
beneath the European lithosphere.

cross-section A-A’, Figure 3a). The leakage of the weaker and thinner low-velocity anomalies simulating
basins is also small. Such a weak smearing of crustal heterogeneities may be due to the following:
(1) the very dense station coverage, in particular in the Western Alps with the CIFALPS experiment that
crosses over three of the major crustal heterogeneities of the Alpine region (Southeast basin, Ivrea body,
and Po Plain); (2) the finite-frequency tomography technique, as traveltimes computed with finite-
frequency kernels are more sensitive to shallow heterogeneities than the classical ray-based tomography
(see supporting information Figure S16); and (3) the inclusion of site (and event) terms in the inversion that
accounts for baseline shifts between the relative residuals for different sites (and events) and probably
part of the shallowest velocity heterogeneities [Allen et al., 2002]. The observed small leakage of crustal
heterogeneities to mantle depth explains why the crustal corrections described in section 3.1 have a
negligible contribution to our final velocity perturbation model, as displayed in the supporting information
Figure S5.

This series of synthetic tests illustrates that wherever we input synthetic anomalies with size
>100km x 100 km x 60 km (in the horizontal and vertical directions) in the well-resolved area defined in
Figures 2 and 3, they are reliably retrieved by our inversion. In the following section, we will only discuss fea-
tures of larger size.

6. Discussion

This study reveals several new features of the upper mantle structure beneath the Alpine-Apenninic region. A
3-D schematic view summarizing these new features is shown in Figure 7. The major geodynamic implica-
tions are discussed below.
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6.1. Along-Strike Slab Continuity and the Role of Inherited Structures

One of the most striking results of this study is the continuity of the Alpine slab from the Western Alps to the
central Alps. Only its southern and eastern terminations appear discontinuous, suggesting the existence of
lithospheric-scale transfer structures. The eastern termination of the Alpine slab matches at the surface with
the Giudicarie Line (Figure 2a). The north dipping high-velocity anomaly to the east of the Giudicarie Line is
consistent with the Dinaric structures mapped farther east [Doglioni and Carminati, 2002] and with an Adriatic
polarity of subduction east of this fault [e.g., Schmid et al., 2004; Vignaroli et al., 2008; Salimbeni et al., 2013].
The Giudicarie Line represents a major Mesozoic paleogeographic boundary within the Adriatic Plate, inher-
ited from Tethyan opening in the Jurassic, and separating during the whole Mesozoic the Lombardian basin
(to the west) from the Trento high (to the east) [Winterer and Bosellini, 1981]. Moreover, the structural style in
the South Alpine domain changes dramatically across the Giudicarie Line, from thick skinned to the west
[Zanchetta et al., 2015] to thin skinned to the east [Doglioni and Bosellini, 1987], and this could be consistent
with a retroside position of the South Alpine units to the west of the Giudicarie Line, compared to a proside
position to the east. We propose that the Giudicarie Line may represent an inherited Mesozoic structure cut-
ting across the Adriatic Tethyan margin, later reactivated as a tear fault [e.g., Prosser, 2000]. This would accom-
modate the opposite-dipping subductions beneath the central Alps and the Eastern Alps. The change in
subduction polarity across the Giudicarie Line was already proposed by Schmid et al. [2004] based on the
Lippitsch et al.'s [2003] P wave tomography, and it is further supported by the improved resolution of the
Dinaric slab provided in this work. However, this does not exclude that European subduction took place at
an earlier stage in the Eastern Alps until the final closure of the Alpine Tethys, to be resumed by Dinaric sub-
duction only at a later stage (Figure 1b).

The absence of slab continuity between the Western Alps and the Northern Apennines is consistent with
recent plate tectonic reconstructions of the central Mediterranean area [e.g., Jolivet and Faccenna, 2000;
Vignaroli et al., 2008; Dumont et al., 2012; Malusa et al., 2015]. Starting from the end of the Oligocene, the
Apenninic slab retreated eastward, while the Adriatic microplate still continued moving northward relative
to Europe, leading to hard collision in the Alps (Figure 1b) [Malusa et al., 2016a]. This scenario requires
>200km left-lateral motion along lithospheric-scale transfer zones, possibly reactivating preexisting
Mesozoic structures [e.g., Malusa et al., 2015, 2016b], in line with the observed slab discontinuity at depth
along the complex Alps-Apennines transition zone. The interaction between the Western Alps slab and the
northward shifting Apenninic slab before the onset of Neogene slab rollback may explain the occurrence
of the enigmatic north dipping high-velocity anomaly (10 in Figure 3) observed along the Alps-
Apennines transition zone. Such anomaly beneath the Ligurian Alps may represent a rotated lithospheric
fragment previously belonging either to the Apenninic slab or to the Western Alps slab. In the interpretive
model of Figure 7, we favor an Alpine origin for this lithospheric fragment. In fact, the Ligurian Alps were
structured within the framework of Alpine subduction with no evidence of Apenninic tectonics [Malusa
et al, 2015], and they underwent up to 90° counterclockwise rotation since the Oligocene, as documented
by paleomagnetic data [e.g., Maffione et al., 2008]. A similar rotation, when experienced by an east dipping
fragment of the Western Alps slab, would lead to a final north dipping attitude as observed in our tomo-
graphic images. This suggests that rotations detected within the Alpine orogenic wedge may have affected
deeper levels of the Alpine subduction zone than previously inferred, along the transition zone between
the Alps and the Apennines. Starting from the Neogene, however, the northward moving Apenninic slab
may have started interacting with the central Alps slab (Figure 7), and such interaction may have
controlled the location of the northern tip of the Ligurian-Provencal basin during Apenninic retreat
[Malusa et al., 2016a].

6.2. Slab Steepness and Implications for (U)HP Metamorphism

Geophysical experiments carried out across the Alps consistently suggested a gently dipping European Moho
beneath the Alpine orogenic wedge [e.g., Liischen et al., 2004; Zhao et al., 2015], at least down to 50-75 km
depth. Some of the recent geodynamic syntheses of the Mediterranean region [e.g., Carminati and
Doglioni, 2012] have compared such a gentle dip with the much steeper dip inferred for the Apennines,
emphasizing the possible role exerted by mantle flow in shaping subduction zones with different polarities.
However, in the light of the very slow convergence rates documented at the Western Alps trench
(<1ecmyr™"), a gently dipping Alpine subduction would be hardly compatible with the very low
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paleogeothermal gradients recorded by (U)JHP metamorphic rocks during oceanic subduction [Malusa et al.,
2015, Figure 11]. Our tomographic data show that the dip of the Alpine slab steepens to ~70° at depths
>70 km. This implies relatively fast rock burial at (U)HP depth even for low convergence rates. This may have
allowed attaining paleogeothermal gradients close to the forbidden zone (geothermal gradients <5°Ckm™",
unexpected on Earth) during continental subduction, thus reconciling petrologic data with geophysical

constraints.

By contrast, mechanisms leading to the exhumation of (U)HP rocks remain a debated issue. In the Alps,
fast (U)HP rock exhumation has been reproduced by many of numerical models [e.g., Yamato et al,
2007, 2008; Duretz et al., 2011]. All these models not only predict slow exhumation across the upper crust,
unlike observed in the geologic record, but also suggest slab break off after collision. In the Alpine region,
the possibility of slab break off after (UHP rock exhumation is ruled out by our new tomographic images.
Exhumation models invoking divergence within the subduction zone, either due to slab rollback [e.g.,
Brun and Faccenna, 2008], hydration of the mantle wedge [Gorczyk et al., 20071, or due to the motion
of the upper plate away from the trench [e.g., Malusa et al, 2011, 2015], are more consistent with the
geologic record. They may explain the fast exhumation of (U)HP rocks in the lack of slab break off, as well
as the gentle dip of the shallowest segment of the European slab imaged by recent geophysical investi-
gations [Zhao et al., 2015].

6.3. Downdip Slab Continuity and Implications for Cenozoic Magmatism

Since Davies and von Blanckenburg [1995] first described the magmatic effects of oceanic-lithosphere detach-
ment during continental collision, Cenozoic magmatism in the Alps has been explained by European slab
break off [e.g., Dal Piaz et al., 2003]. The improved resolution of our tomography model sheds new light on
this issue and attests to the downdip continuity of the European slab beneath the central Alps (Figure 7).
Noteworthy, the amount of subducted lithosphere as seen in tomography cross sections (Figure 3) is fully
consistent with the amount predicted by paleomagnetic and geological constraints [Handy et al., 2010;
Malusa et al.,, 2015]. About 450 km subduction took place along the central Alps trench on a geological
ground [Malusa et al., 2016a], and this is also the amount that can be inferred from the length of the high-
velocity anomalies (1 in Figure 3). Moreover, the alpine volcanism in the Western Alps cannot be explained,
to the south of the Cretaceous wedge, by slab break off of the European slab at 35 Ma, as it affects the proside
foreland basin and not the upper plate (Adriatic) side of the orogen. Volcanism observed in Provence (PR in
Figure 1a) is more likely related to flow and upwelling of hot mantle material beneath the European plate in
relation to subduction of the nearby Apennine slab [Jourdan et al., 2013], which started retreating during the
Neogene leading to the opening of the Ligurian-Provencal basin in the back-arc region [Jolivet and Faccenna,
2000] (see Figure 1b).

Even though our findings rule out slab break off as a viable explanation for Alpine magmatism, we cannot
exclude that slab break off may have occurred at an earlier stage in the easternmost segments of the
Adria-Europe plate boundary. As shown in Figure 1b, Dinaric subduction beneath the Eastern Alps was
preceded by European subduction till the final closure of the Alpine Tethys. The onset of Dinaric subduction
may thus have required the break off of the European slab in the Eastern Alps, but such break off is obviously
unrelated to Alpine magmatism, as it took place, if any, in a different region of the Adria-Europe plate
boundary zone.

In the Apennines, the timing and spatial distribution of orogenic magmatism is clearly linked to the progres-
sive retreat of the Adriatic slab [e.g., Lustrino et al., 2011; Carminati et al., 2012]. Major compositional variations
in magmatism are observed along strike [e.g., Peccerillo and Frezzotti, 2015], possibly controlled by slab tear-
ing unraveled by major gaps in high-velocity anomalies [Rosenbaum et al., 2008]. Our tomography model
confirms the existence of major gaps in the Adriatic slab at the boundary between the Northern and the
Southern Apennines (Figures 2a and 7) as highlighted by Lucente et al. [1999], Piromallo and Morelli [2003],
Giacomuzzi et al. [2011], and Greve et al. [2014]. These gaps match with major faults affecting the
Apenninic wedge at the surface. They are observed in the 100 km depth slice but not documented at greater
depth, and they define a slab structure consistent with the distribution of the main Plio-Quaternary Apenninic
magmatic provinces [Peccerillo and Frezzotti, 2015]. Our tomography model also documents the along-strike
continuity of the Adriatic slab in the Northern Apennines, suggesting that the role of slab tearing in this latter
area is possibly overestimated [e.g., Rosenbaum et al., 2008].
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6.4. Mantle Structure and Implications for Topography Development

Slab break off may exert a prominent control on topography development [e.g., Platt and England, 1994;
Davies and von Blanckenburg, 1995]. This work, providing geophysical evidence that the European slab did
not break off during the Paleogene, conclusively rules out this mechanism as a possible driver for
Alpine topography.

Recent studies have underlined the importance of dynamic topography in the Mediterranean region [e.g.,
Faccenna et al., 2014, and references therein]. Our tomographic model shows that some of the highest peaks
in the Alps, including the Mont Blanc and other external massifs, are located almost above a strong low-
velocity anomaly observed at 100-250 km depth (8 in Figure 2a) and extending with lower amplitudes down
to the mantle transition zone. In the Western Alps, the kinematic boundary conditions imposed by the
present-day Adria-Europe relative plate motion lead to a stress regime partitioned between transtension in
the accretionary wedge and transpression in the foreland [Sue et al., 1999; Malusa et al., 2009]. In addition,
recent continuous GPS measurements show that the current horizontal shortening component is below
the detection limit, while the vertical displacement is significant (>2mm yr_1) in areas of higher relief
[Serpelloni et al., 2013; Nocquet et al., 2016]. Coupled uplift and seismic activity in the axial Western Alps can-
not be simply explained by ongoing Adria-Europe convergence, or by postglacial rebound only [e.g., Fox
et al.,, 2015], but appear to be governed by a combination of surface processes and dynamic topography.

Noteworthy, the uplift of the external massifs took place in the Neogene, well after the Cenozoic Alpine mag-
matism and the Eocene exhumation of (U)HP rocks [e.g., Glotzbach et al., 2011]. The location and depth range
of the low-velocity anomaly detected beneath the external massifs (Figures 2a and 7) fits well with the
orogen-parallel directions of fast shear wave velocities shown by Barruol et al. [2004] in the same area and
interpreted as a response to the Neogene eastward retreat of the Apenninic slab [Jolivet et al., 2009]. Also,
the timing of uplift and exhumation in the external massifs fits much better with progressive slab rollback
of the Apenninic slab rather than with Alpine magmatism.

One possibility is that slab retreat has induced not only a suction effect of the asthenospheric mantle lying
beneath the fore-arc side of the Alpine subduction, as proposed by previous work [Barruol et al., 2004;
Jolivet et al., 2009], but also an asthenospheric upwelling at the boundary between the external and internal
zones of the Western Alps. This may suggest a thermal origin for the low-velocity anomaly detected on the
lower plate side of the Western Alps, which may explain the higher average elevation of this segment of the
belt compared to other segments located farther east (i.e., the central Alps and Eastern Alps). However,
further tests are required in order to confirm this hypothesis.

6.5. Magmatism, Uplift, and Exhumation: A Single Geodynamic Trigger?

Slab break off was first proposed in the Alpine region to simultaneously explain a range of different geologic
observations, i.e., (UHP exhumation, magmatism, and surface uplift [von Blanckenburg and Davies, 1995].
Even though slab break off in the central Alps and Western Alps is ruled out by our new tomographic images,
other mechanisms may have a simultaneous impact on topography, magmatism, and exhumation along con-
vergent plate boundaries.

Continental delamination [Bird, 1979] may cause isostatic uplift and an increased heat flow over a broad
region above the lithospheric gap [Gdgtis and Pysklywec, 2008], segregation of partial melts [Elkins-Tanton,
20071, reduced seismic velocity, and a negative Bouguer gravity anomaly. If the European Alps had experi-
enced continental delamination, these effects should be observed on the Adriatic side of the orogen, which
displays instead a positive Bouguer anomaly and high seismic velocities [Zhao et al.,, 2015]. A convective
removal of the mantle lithosphere [Houseman et al, 1981] may also expose the thickened bottom of the
European crust to asthenospheric temperatures, which would imply high temperatures beneath the Alpine
roots. A hypothetical convective removal of the mantle lithosphere beneath the Alps would conflict with
the very low paleogeothermal gradients experience by exhumed (U)HP rocks [Malusa et al., 2015, and refer-
ences therein], and with the occurrence of anomalously deep earthquakes on the upper plate side of the
Alpine orogen [Eva et al., 2015], which are supportive of still very low geothermal gradients on top of the
Western Alps slab.

The general models proposed for subduction around the Pacific [e.g., Uyeda and Kanamori, 1979] and later
applied to the Alps-Apennines system [e.g., Doglioni et al., 1999] are also inconsistent with the geophysical
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evidence illustrated in this work. According to Uyeda and Kanamori [1979], an active margin should display
either an elevated accretionary prism and a shallow dip slab, if the upper and lower plates are tightly coupled,
or a steep dip slab and no uplift, if the upper and lower plates are decoupled. These predictions are not metin
the European Alps, as they display both high elevation and a steeply dipping slab (Figure 3).

In the European Alps, (U)HP rock exhumation, magmatism, and topographic growth are sufficiently separated
in time and space not to be necessarily linked to a single geodynamic trigger. The Eocene exhumation of (U)
HP rocks in the Western Alps is possibly explained, e.g., by divergence between the upper plate and the
accretionary wedge [Malusa et al., 2011, 2015]. Cenozoic Alpine magmatism, which is not spatially linked
to (U)HP rock exhumation, may simply record the progressive subduction of oceanic and transitional litho-
sphere beneath the Adriatic Plate or, in SE France, return mantle flow related to the Apennine slab rollback.
The Neogene topographic growth of the external massifs may be a far-field effect of this rollback of the
Apenninic slab. None of the above mechanisms implies slab break off.

7. Conclusions

Our 3-D tomography model provides an improved image of the complex slab structure beneath the Alpine
region and fundamental input for the analysis of Cenozoic magmatism, (UIHP metamorphism, and Alpine
topography. Our data constrain the lateral continuity of the European slab from the Western Alps to the cen-
tral Alps, as well as its downdip continuity, ruling out the hypothesis of slab break off as a viable mechanism
for Cenozoic magmatism and topography development in the Alps. The dip of the European slab gets stee-
per in the upper mantle, reconciling geophysical constraints and petrologic evidence for very cold subduc-
tion. Another low-velocity anomaly, detected beneath the highest peaks of the Western Alps down to the
mantle transition zone, may be supportive of mantle dynamic effects on Alpine topography, possibly induced
by the Neogene rollback of the Apenninic slab. A NE dipping high-velocity anomaly consistent with Dinaric
subduction is observed beneath the Eastern Alps, whereas the Adriatic slab shows a remarkable along-strike
continuity in the Northern Apennines and major gaps at the boundary with the Southern Apennines that
explain the compositional variability in orogenic magmatism. The Apenninic slab becomes short and near
vertical close to the Alps-Apennines transition zone, where evidence for European slab fragmentation and
rotation is possibly detected.

Our results show once again that high-quality traveltime data from dense seismic arrays and finite-frequency
tomography may provide images of the mantle structure at odds with previous tomographies, in particular
on the geometry of subducted slabs and possible slab break offs. This comment questions the validity of
the numerous tomography interpretations made in other parts of the Alpine-Zagros-Himalaya orogenic belt
where successive slab break offs have been proposed.
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