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Abstract we present the first three-dimensional (3D) anisotropic teleseismic P-wave tomography model
of the upper mantle covering the entire Central Mediterranean. Compared to isotropic tomography, it is found
that including the magnitude, azimuth, and, importantly, dip of seismic anisotropy in our inversions simplifies
isotropic heterogeneity by reducing the magnitude of slow anomalies while yielding anisotropy patterns that are
consistent with regional tectonics. The isotropic component of our preferred tomography model is dominated
by numerous fast anomalies associated with retreating, stagnant, and detached slab segments. In contrast,
relatively slower mantle structure is related to slab windows and the opening of back-arc basins. To better
understand the complexities in slab geometry and their relationship to surface geological phenomenon, we
present a 3D reconstruction of the main Central Mediterranean slabs down to 700 km based on our anisotropic
model. P-wave seismic anisotropy is widespread in the Central Mediterranean upper mantle and is strongest

at 200-300 km depth. The anisotropy patterns are interpreted as the result of asthenospheric material flowing
primarily horizontally around the main slabs in response to pressure exerted by their mid-to-late Cenezoic
horizontal motion, while sub-vertical anisotropy possibly reflects asthenospheric entrainment by descending
lithosphere. Our results highlight the importance of anisotropic P-wave imaging for better constraining regional
upper mantle geodynamics.

Plain Language Summary This study presents a new three-dimensional model of the Earth's
interior below the Central Mediterranean constructed from numerous observations of distant teleseismic
compressional waves. This seismic image constrains changes in the speed at which waves propagate through
the Earth that can be related to temperature and composition. Unlike many previous images of the region, our
model accounts for seismic anisotropy—the directional dependence of wave propagation velocity—allowing us
to also infer directions of mantle flow. It is found that the Central Mediterranean is underlain by many distinct
regions of lithosphere descending into Earth's mantle. The recent motion of these lithospheric slabs drives
regional mantle flow patterns that are largely consistent with our anisotropy observations.

1. Introduction

The Central Mediterranean region is an active plate margin characterized by the presence of both oceanic and
continental lithosphere. The recent tectonic history is marked by intense seismic and volcanic activity triggered
by episodes of continental collision and slab rollback leading to the formation of mountain ranges and extensional
basins (Faccenna et al., 2014). Our understanding of the structural heterogeneity and tectonic complexity of this
region requires accurate imaging of the subsurface. For this reason, since the late 1990s numerous seismological
studies have been carried out to constrain upper mantle structure beneath the Mediterranean region (e.g., Piro-
mallo & Morelli, 2003; Scarfi et al., 2018; Spakman, 1990; Spakman et al., 1993; Spakman & Wortel, 2004).
However, despite a few notable exceptions (e.g., Eberhart-Phillips & Henderson, 2004; Hua et al., 2017; Wei
et al., 2019), P-wave tomographic models at regional and global scales generally neglected the phenomenon of
seismic anisotropy, approximating the medium as elastically isotropic. Although this assumption simplifies the
imaging approach, unmodelled anisotropic heterogeneities generate artifacts that could bias our understanding of
the Earth's internal structure and dynamics (Bezada et al., 2016; VanderBeek & Faccenda, 2021). Delays from
anisotropic heterogeneities can in fact be as strong, if not stronger, than those from isotropic structure and conse-
quently anisotropy could be mapped to a perturbation in the isotropic velocity (Blackman & Kendall, 1997; Black-
man et al., 1996; Grésillaud & Cara, 1996; Kendall, 1994; Lloyd & Van Der Lee, 2008; Sieminski et al., 2007;
Sobolev et al., 1999) resulting in misguided interpretations.
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Seismic anisotropy in the Central Mediterranean upper mantle has been mostly measured by exploiting surface
waves and shear wave splitting. The former generally suffer from poor lateral resolution owing to the long periods
used for mantle imaging. The splitting of shear body waves, most commonly SK(K)S, has instead a poor vertical
resolution due to their near vertical ray paths. To date, for the Central Mediterranean area, only a single P-wave
azimuthal and radial anisotropic tomography study performed in the Alpine region exists (Hua et al., 2017). In
this study, teleseismic P-wave delay times are used to infer the isotropic and anisotropic (fabric strength, azimuth,
and dip) velocity structures of the Earth's mantle in the Central Mediterranean region. Importantly, our work is
the first to consider dipping fabrics in addition to the azimuth and strength of anisotropy which VanderBeek and
Faccenda (2021) demonstrated is key to reducing isotropic imaging artifacts. Specifically, our work focuses on
the upper mantle where the main source of seismic anisotropy is related to the presence of intrinsically aniso-
tropic minerals, predominantly olivine and to a lesser extent pyroxene. From our anisotropic tomography model,
we attempt to answer some fundamental questions regarding Central Mediterranean mantle structure. To what
extent could isotropic anomalies be artifacts related to neglected anisotropic heterogeneity? What is the present
day configuration of subducting slabs? What is the geometry of mantle flow in relation to the slabs?

1.1. Recent Tectonic History

The recent tectonic evolution of the Mediterranean region is characterized by the coexistence of episodes of
subduction and collision that expanded and compressed the continental and oceanic lithosphere (Faccenna
et al., 2014; Romagny et al., 2020; van Hinsbergen et al., 2014). Bordered at the north by the presence of the
Alpine mountain range, whose orogeny dates back to the Late-Cretaceous (Rosenbaum et al., 2002b), the area is
still tectonically evolving. The collision between the African and the Eurasian plates, with the consequent closure
of the Tethys Ocean, represents only the beginning of this articulated and complex geological history.

Since the Oligocene, two oceanic trenches surrounding the Alpine-Dinaric collision have dominated the evolu-
tion of the Mediterranean region. To the west the Liguro-Provencal or Tyrrhenian trench and to the east the
Hellenic one. The slow southward retreat of the two trenches begun in the Middle Eocene-Early Oligocene when
the subduction rate of the Ionian slab segments exceeded the convergence rate of the Africa and Eurasia plates.
This resulted in a transition from compressional to extensional deformation regime related to the roll back of the
oceanic slabs that led to the present day surface and deep structures observed South of the Alps.

From ~32-30 million years (My) to ~16-15 My, the south-eastward migration of the western portion of the
Ionian plate triggered the separation of the Corsica-Sardinia block from the rest of the European continent with a
consequent anticlockwise rotation of about 40°. This rotation caused the opening of the Liguro-Provengal basin
(Carminati et al., 2012; Dewey et al., 1989; Faccenna et al., 2004, 2007, 2014; Gueguen et al., 1998; Jolivet
et al., 2009; Malinverno & Ryan, 1986; Rosenbaum et al., 2002a; Wortel & Spakman, 2000) and the collision of
the Corsica-Sardinia block with the westernmost part of Adria which gave rise to the Apennines orogeny (Patacca
et al., 1993). The retreat of the western portion of the oceanic lonian plate continues to this day, and from about
15 million years ago (Ma) it has contributed to the fast opening of the Tyrrhenian basin and the southward migra-
tion and over-thrusting of European allochthonous terranes over NE Sicily and North Africa (i.e., Peloritani and
Kabylides). More to the West, the Ionian plate experienced a clockwise rotation and westward retreat forming
the Alboran-Betic arc.

Retreat on the eastern side of the lonian ocean began at 45 Ma and accelerated at 15 Ma as a consequence of the
Hellenic slab tearing as documented by mantle tomography (Brun et al., 2016).

Faccenna et al. (2014) in their Figure 9 show the evolution of the Mediterranean region starting from 35 Ma.
Here, Figure 1a shows the current position of the main trenches in the Central Mediterranean area in relation with
the three main tectonic plates Africa, Eurasia, and Adria.

1.2. Mantle Structure From Isotropic Tomographic Images

Several seismic tomographic models have been developed in recent decades with the aim of mapping the P and
S wave velocity structures of the mantle in the Mediterranean (Bijwaard et al., 1998; El-Sharkawy et al., 2020;
Hua et al., 2017; Kistle et al., 2019; Koulakov et al., 2009; Lippitsch et al., 2003; Lyu et al., 2017; Piromallo
& Morelli, 2003; Spakman et al., 1993; Zhao et al., 2016; Zhu et al., 2012). The various studies indicate that
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Figure 1. (a) Current plate tectonic setting of the Central Mediterranean
adapted from Faccenna et al. (2014). (b) Distribution of seismic stations (red
triangles) used in this study. (c) Distribution of teleseismic events considered
in this study. All events are shown as red points and binned events used for
imaging are depicted with blue crosses. The bins are shown by gray lines and
defined by 10° back-azimuthal and 5° range intervals. Not illustrated are the
50 km depth interval bins.

the area is characterized by significant structural heterogeneity. Several fast
anomalies interpreted as slab fragments are found with variable lateral and
vertical dimensions including continuous slabs reaching the transition zone,
hanging slabs and completely detached slabs. While the large-scale distribu-
tion of fast slab anomalies generally agree between studies, the vertical and
lateral continuity of these features may vary significantly owing to different
methodologies and data sets employed.

Over the years particular attention has been paid to the Alpine area but its
complexity and proximity to the Apennines makes the interpretation of the
tomographic results particularly difficult. In the Western Alps, for example,
some tomographic models have imaged a shallow hanging slab (80—-150 km;
Kaistle et al., 2019) while others have observed a much deeper slab (250-
300 km; Hua et al., 2017; Koulakov et al., 2009; Lyu et al., 2017; Zhao
et al., 2016). Overall, the Alpine slab appears to be segmented in between
Central and Eastern Alps, and dipping at very high angles, especially below
the Eastern Alps. The latter feature is particularly problematic as it poses
an ambiguity on whether the vertical slab belongs to the European or Adria
plates.

The presence of a high-speed anomaly lying in the Northern Apennines area
has been identified by numerous studies (Bijwaard et al., 1998; Giacomuzzi
et al., 2011; Kistle et al., 2018; Koulakov et al., 2009; Lucente et al., 1999;
Piromallo & Morelli, 1997, 2003; Spakman & Wortel, 2004; Van der Meer
et al., 2018; Zhao et al., 2016) but its vertical continuity is still debated.
For example, Piromallo and Morelli (2003) show evidence of a continuous
slab below Tuscany while Spakman and Wortel (2004) propose that a short
(300—400 km) slab is hanging below the Northern Apennines. In the Central
Appennines, a slab window of variable vertical extent is imaged ranging from
140 km (Giacomuzzi et al., 2011) to 250 km (Spakman & Wortel, 2004) depth.
However, at greater depths the fast Apennine anomaly appears continuous
connecting with the Calabrian slab to the south. The high-velocity Calabrian
slab anomaly is observed extending to the transition zone and progressively
narrowing at shallower depths as a result of the lateral migration of slab tears
(El-Sharkawy et al., 2020; Giacomuzzi et al., 2012; Neri et al., 2009; Scarfi
et al., 2018). Continuing westward, other lithospheric remnants now form
the Kabylides slab which extends along the North Africa margin, and the
Alboran slab in the Gibraltar area which falls at the far western edge of the
study region.

In the Dinaric Alps area several seismic tomographic images (Bijwaard &
Spakman, 2000; El-Sharkawy et al., 2020; Koulakov et al., 2009; Piromallo
& Morelli, 2003) found a long slab extending from north to south below the
entire mountain range reaching varying depths. For example, El-Sharkawy
et al. (2020) describes a model with a shorter slab in the northern portion
(~150 km) and deeper one (~300 km) in the southern portion dipping in a
northeast direction. Toward the South East, a broad fast anomaly is imaged
below the Hellenic arc down to a depth of at least 1,000 km (Piromallo &
Morelli, 2003; Zhu et al., 2012).

The most relevant slow anomalies detected in these studies are those present
in the shallow mantle beneath areas that over the Cenozoic experienced exten-
sional deformation (e.g., Liguro-Provencal, Thyrrenian, Aegean, Pannonian

basins) or volcanic activity (e.g., Massif Central and Central-Western Italy; Granet, Wilson, & Achauer, 1995;

Granet, Stoll, et al., 1995; Peccerillo, 2017). Other prominent slow velocity anomalies which have no clear

connection to surface processes and structures are those imaged beneath the Adriatic and Ionian Seas (Piromallo
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& Morelli, 2003; Spakman & Wortel, 2004), or below the slab subducting beneath the Western Alps (Zhao
et al., 2016).

2. Seismic Data

Within our study area, seismic stations are distributed fairly evenly throughout Europe with coverage extending
as far south as Northern Africa. However, the marine areas of the Tyrrhenian, Adriatic, and Ionian Seas and the
Strait of Sicily remain poorly sampled resulting in uneven seismic data coverage of the Central Mediterranean
(Figure 1b).

The data set used for this work consists of direct P-wave delay times reported by the International Seismologi-
cal Centre EHB bulletin (ISC-EHB; http://www.isc.ac.uk/isc-ehb/) for the time interval 2000-2018. Delays are
measured with respect to AK135 (Kennett et al., 1995) predictions and, as it is common in regional teleseismic
tomography (e.g., Lévéque & Masson, 1999; Masson & Romanowicz, 2017), delays are demeaned by event to
remove signal originating from structure outside the array. In an effort to select high-quality data, only Interna-
tional Seismological Centre (ISC) bulletin arrivals that met the following criteria were selected: (a) events with
magnitude >6; (b) epicentral distance of at least 30° from the edges of the study area; (c) to ensure an event is well
recorded across the study area, it was required that at least 90 stations (~10% of the array) recorded each event;
(d) to exclude potentially poor quality instruments, each station must record no less than 10 events; (e) delays
with respect to AK135 (Kennett et al., 1995) exceeding four standard deviations (4 s) of the entire delay time data
set are considered outliers and excluded (these data compose only 0.34% of all delays). Following preliminary
isotropic inversions, the data set was further culled by removing arrivals associated with the tails of the residual
histogram that extended beyond three standard deviations of the collective residuals (~1.8 s). This amounted to
a loss of 2% of data (~1,636 arrivals excluded). Lastly, to reduce biases associated with preferential sampling of
certain back azimuths (BAZ), the original 2,918 events were binned in 5° arc distance, 10° BAZ and 50 km depth
intervals (Figure 1c). For a given station, delays from events located in the same bin were averaged into a single
observation. Our final data set consists of 346 events, 810 stations and includes 89,456 delay times. Mean station
delays prior to inversion are shown in Figure S1 in Supporting Information S1. Inversions using raw (i.e., not
binned) data with and without the aforementioned outlier arrivals were explored but no significant influence was
observed on the tomographic solutions. The main benefit of binning the data was to reduce computational time
and minimize the influence of potentially erroneous delays. The final delay time data set has an RMS of 800 ms.

3. Seismic Imaging Method
3.1. Tomography Algorithm

We use a novel anisotropic seismic imaging method described in detail by VanderBeek and Faccenda (2021) and
briefly summarized below. The tomographic algorithm solves simultaneously for perturbations to P-wave slow-
ness (i.e., the inverse of velocity) and three additional parameters that define the anisotropic magnitude, azimuth,
and dip in a simplified hexagonally symmetric medium. The method differs from other recent anisotropic P-wave
inversion algorithms that include arbitrarily oriented fabrics (e.g., Munzarova et al., 2018) in that our parameter-
ization does not require an anisotropic starting model which could potentially bias results if not sufficiently close
to the true solution. Another notable feature of our tomographic method is the use of 3D ray tracing through a
user-defined 3D velocity model that explicitly incorporates elevation (Toomey et al., 1994). As demonstrated by
Bodmer et al. (2020), elevation and complex shallow 3D structure can account for more than 1 s of teleseismic
delay. Moreover, simply using undamped station static corrections to account for such structure was found to
introduce artifacts in the tomographic image. Thus, elevation and shallow velocity variations are best treated
explicitly in teleseismic imaging. Lastly, we note that our tomography algorithm can include approximate finite
frequency kernels (Schmandt & Humphreys, 2010; VanderBeek & Faccenda, 2021). However, without details
regarding the methods and frequency bands used in identifying arrival times in the International Seismological
Centre (ISC) catalog, we use the infinite frequency approximation in the present study.

Ray theoretical travel-times through the modeling volume are computed using a shortest-path algorithm
(Moser, 1991) while the tau-p method (Crotwell et al., 1999) is used outside the study area where a 1D radial
Earth velocity model is assumed. Travel-times predictions from AK135 are then subtracted from the shortest
path time and the resulting residuals for each event are demeaned to yield relative delay time consistent with the
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observed data. Partial derivatives of the delay times with respect to the model parameters are computed along
the discretized ray paths. The resulting system of equations is solved using the LSQR method (Paige & Saun-
ders, 1982) subject to smoothing and damping constraints that are required to regularize the otherwise ill-posed
inverse problem. As a consequence of the evolving 3D ray paths and nonlinear relationship between the trav-
el-times and anisotropic parameters, multiple iterations are required for the solution to converge.

3.2. Starting Model, Discretization and Regularization

For the forward calculation of ray paths and travel-times, a regular grid with uniform 10 km node spacing was
employed. The model domain extends 1,200 km to the east and west of 12.5°E, 1,000 km north and south of 42°N,
and 700 km in depth. The initial model contains 3D crustal thickness and isotropic velocity variations from the
1°-resolution EPcrust (Molinari & Morelli, 2011), which at present is the only crustal model covering the entire
area, in addition to elevation from Ryan et al. (2009). The crustal and Moho interfaces in the EPcrust model are
linearly interpolated to our model grid and the laterally variable layer velocities in the EPcrust model are inter-
polated to nodes contained within each layer. Nodes that fall beneath the EPcrust Moho are assigned isotropic
mantle velocities from AK135 (Kennett et al., 1995) corresponding to their depth beneath the crust-mantle inter-
face. Elevation is included by vertically shearing the model grid with additional travel-time corrections made
for differences between the true station elevation and the elevation on the ray tracing grid surface (see Toomey
etal., 1994). An Earth flattening transform (Miiller, 1971) is applied to the model velocities to account for Earth's
curvature in our Cartesian model domain.

We solve for perturbations to mean P-wave slowness and three anisotropic parameters (see VanderBeek &
Faccenda, 2021) on a coarser grid with dimensions of 61 X 51 X 20 with uniform 40 km node spacing. Note that
purely azimuthally anisotropic inversions were not considered as VanderBeek and Faccenda (2021) demonstrated
that these can introduce significant artifacts in areas where dipping anisotropy is to be expected. The resulting
perturbations are linearly mapped to the finer model used for travel-time computations upon each iteration. To
further limit the number of inversion parameters, anisotropic perturbations were restricted to the upper 400 km
where mineral physics predicts mantle anisotropy to be most significant (Karato et al., 2008) and where there is
the best ray crossing. Furthermore, inversions without depth-restricted anisotropy did not significantly improve
the fit to the data nor appreciably alter the final image. Our isotropic inversions converge after three iterations
(where one iteration comprises the forward computation of ray paths and delay times and subsequent inversion
for new model perturbations) while the anisotropic inversions converge after six iterations.

The selection of regularization parameters that enforce the Laplacian spatial smoothness of the model perturba-
tions (i.e., smoothing factor, 1)) and limit the norm of the model perturbational vector (i.e., damping factor, 1)
is the most subjective aspect of a tomographic inversion. To avoid preferentially making isotropic perturbations
whose partial derivatives are generally larger in magnitude relative to the anisotropic variables, the slowness
regularization equations are inversely weighted by the starting model slowness. In this way, damping and smooth-
ing is applied to fractional changes in model parameters which are expected to be on the order of 1% for both
isotropic and anisotropic perturbations. To identify appropriate regularization values, we constructed L-curves
(e.g., Aster et al., 2018) which plot the squared-norm of the data residual vector against the squared-norm of the
model perturbational vector. Ideal solutions are considered those near the corner of the L-curve where an increase
in model norm does not result in an appreciable decrease in data residuals. Further discussion about the choice
of the regularization parameters is addressed in Text S1 in Supporting Information S1. The L-curves are shown
in Figure S2 in Supporting Information S1. The parameters adopted for our preferred isotropic and anisotropic
solutions are listed in Table S1 in Supporting Information S1.

Event and damped station correction terms are also included in the inversion. Event statics account for hypo-
central errors and structure sampled outside the imaging volume. Station corrections are traditionally used to
account for shallow structure that cannot be resolved by the teleseismic data (e.g., elevation changes and crustal
heterogeneity). Considering our starting model contains elevation and 3D crustal velocities, we follow Bodmer
et al. (2020) and solve for damped station correction terms. The damping factor is chosen such that the RMS
station correction is ~300 ms. This corresponds to a ~3.75% change in average crustal velocity or 8 km change
in crustal thickness.
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3.3. Model Resolution

Anisotropic imaging with teleseismic delay times has some important limitations. We summarize these issues
in Text S2 in Supporting Information S1 and present in the next lines metrics for model resolution and results of
synthetic tests to evaluate the effects of these limitations on our results.

Directly assessing model resolution for large scale tomographic problems remains a challenge. The large number
of free parameters generally prohibits the direct computation of resolution matrices and nonlinear inversion meth-
ods capable of systematically exploring model space quickly become computationally infeasible. Hence, three
more indirect measures of model fidelity are tested, (a) ray density and directional sampling metrics, (b) synthetic
reconstruction tests, and (c) predictive capability of the tomographic model.

The derivative weight sum (DWS; Toomey & Foulger, 1989) is the summation of travel-time partial derivatives
with respect to slowness at each perturbational node. As demonstrated by Zhang and Thurber (2007), the deriv-
ative weight sum (DWS) provides an indirect estimate of parameter resolution attaining higher values in more
densely sampled regions of the model.

The derivative weight sum (DWS) lacks information regarding how directionally well-sampled are the model
parameters which is important for assessing resolution of anisotropic structure. To assess directional bias, we use
the azimuthal mean resultant length (AMRL; Fisher, 1995; Zhang et al., 2009) defined as the length of the vector
resulting from an averaging of the x- and y-components of all ray segment unit vectors sampling a given pertur-
bational node. Maps of the DWS (Figure S3 in Supporting Information S1) and AMRL (Figure S4 in Supporting
Information S1) for our study are shown in Supporting Information S1 together with their discussion in Text S2
in Supporting Information S1.

Directional sampling in the vertical plane is poor compared to the azimuthal plane owing to the steep incidence
angles of teleseismic wavefronts. Figure S5 in Supporting Information S1 shows the mean incidence angles of
rays throughout the imaging volume which primarily vary as a function of depth with values ranging between
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20° and 40°. Despite the limited sampling of incidence angles, good azimuthal coverage is sufficient to resolve
dipping anisotropic fabrics (VanderBeek & Faccenda, 2021) but results in limited vertical resolution of anisot-
ropy as shown by our synthetic inversions discussed below.

A number of synthetic inversions is performed to address potential imaging problems highlighted in Text S2
in Supporting Information S1 and to evaluate isotropic and anisotropic parameter resolution in general. Ray
theoretical synthetic delay times are predicted for various test models using the same station-event pairs defined
in our binned data set (Section 2) with event demeaning to be consistent with the true observations. Random
errors from a normal distribution with a standard deviation of 450 ms (i.e., a value comparable to the RMS-er-
ror of our preferred tomographic solutions) are added to the synthetic data sets. Unless otherwise noted, all
synthetic tests are performed using the preferred anisotropic inversion parameters listed in Table S1 in Supporting
Information S1.

To assess resolution of isotropic structure and its trade-off with anisotropic parameters, checkerboard reconstruc-
tion tests were performed for purely isotropic cubic anomalies with alternating amplitudes of +4% and dimen-
sions of 100 km (Figures 2a—2d) and 200 km (Figures 2e—2h). It is found that lateral and vertical variations in
isotropic structure on the scale of at least 100 km are well-resolved in areas where the DWS >~100. However,
the anomaly amplitudes are underestimated depends in part on their spatial extent. We recover ~50% of the
100 km? block amplitudes and 75%—-80% of the 200 km? blocks. Despite the potential of the checkerboard-pattern
isotropic anomalies to impart a directional dependence in delay times,

Lastly, it is worth noting that purely isotropic inversions for these models did not improve amplitude recovery or
alter the solution in any appreciable way.

To investigate to what extent anisotropic heterogeneity can be isolated, additional checkerboard tests were
performed for purely anisotropic anomalies. Two models were considered composed of 300 x 300 x 200 km
anisotropic domains centered at (a) 100 km (Figure 3a) and (b) 300 km depth (Figure 3b). Each block contains
6% P-wave anisotropy with fast axis azimuths alternating between 22.5° and —67.5°, while the dip varies between
0° and 45°. To visualize the effects of vertical smoothing, anisotropic perturbations were not limited to the (0 km,
400 km) depth interval as in our preferred solution. Strong lateral changes in anisotropic fabric are well-imaged
at the scale of ~300 km where the AMRL >~0.5.

As seen in Figure 3d, the anisotropic domains are reasonably well-localized in depth with
the inversions recovering the strongest anisotropic magnitudes at depths coinciding with the anomaly centers.
However, the peak recovered magnitude for the shallow block is offset deeper by ~50 km.

To further investigate the resolution of dipping fabrics, we performed two additional synthetic tests (Figures S6
and S7 in Supporting Information S1) discussed in Text S3 in Supporting Information S1.

Checkerboard tests represent rather complex and geologically unrealistic structure. As discussed by VanderBeek
and Faccenda (2021), strong lateral variations in anisotropic fabrics are ideal anomalies for regional teleseismic
data as their signals are not easily removed by demeaning.

The target model contains a 200 km thick azimuthally anisotropic layer
centered at 200 km depth; parameters do not vary with depth in the layer. The fast-axis azimuths within the layer
are linearly interpolated from the station-averaged fast SKS polarization directions in the Becker et al. (2012;
updated 6 December 2020) database. Station-averaged SKS split times (DT) are also interpolated to the layer
and converted to P-wave anisotropic magnitude by the expression 1.51v,DT/200, where v, is the mean shear-wave
velocity between 100 and 300 km depth in the AK135 velocity model (4.55 km/s) and the factor of 1.51 is the
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Figure 3. Anisotropic checkerboard tests. Reconstruction of 300 x 300 x 200 km anisotropic blocks centered at (a) 100 km and (b) 300 km depth. Location of true
anomalies are outlined in black and contain 6% P-wave anisotropy. The azimuth of anisotropy alternates between 22.5° and —67.5° while the dip varies from 0° to 45°.
Symbols corresponding to the true fabrics are shown in the legend between panels (a) and (b). In (c), we plot the recovery of a 200 km-thick anisotropic layer centered
at 200 km depth in which fast-axes parallel the fast SKS splitting direction and anisotropic magnitude is proportional to the split time (see Section 3.3 for details). True
orientations and magnitudes are shown by red quivers. No isotropic structure is present in the test models though the inversions introduce some isotropic artifacts. The
average anisotropic magnitude as a function of depth is shown in (d) for the solutions in (a; blue curve) (b; red curve) and (c; black curve). The true depth distribution
of anisotropy is shown by the shaded blue and red regions for models (a) and (b) and the dashed black line for model (c). Colorscale and anisotropy symbol legend (see
Figure 2 for description) are shown beneath (c).

Figure 2. Isotropic checkerboard test results. Reconstruction of 100 km cubic anomalies at (a) 250 km and (b) 450 km depth with cross-sections shown in (c) and (d)
along the corresponding profiles drawn in (a). Reconstruction of 200 km cubic anomalies are shown at (e) 100 km and (f) 400 km depth with cross-sections shown

in (g) and (h) along the corresponding profile lines in (e). In each panel, the location of the true anomalies are outlined in black and defined by alternating isotropic
perturbations of +4%. While no anisotropic structure is present in the target model, the inversion does introduce some anisotropic perturbations. Anisotropy is
represented by ellipse symbols where the major axis of the ellipse parallels the fast-direction and the minor axis scales linearly with the symmetry axis dip into the view
plane such that fabrics parallel and normal to the cross-sections plot as lines and circles, respectively. In (a—b) and (e—f), small black quivers on the ellipses indicate

the direction of dip into the earth. Legends in (a) and (c) depict reference ellipses for different fabric strengths and dips in the horizontal and vertical cross-sections,
respectively. Areas of poor data coverage are masked in gray. Note the change in colorscale between panels a—d and e-h. While both synthetic models were defined
with the same anomaly amplitudes, the amplitudes of the smaller blocks are more underestimated and a narrower value range is used so that the geometry of the imaged
blocks is easily observed.
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ratio between P- and S-wave anisotropy measured for a peridotite sample by Kern (1993). Relative delay times
accurately reconstruct such an anisotropic layer (Figure 3c). The median azimuthal error in the solution is 12°.
The depth of the anisotropic layer is correctly imaged albeit with vertical smoothing throughout the upper 400 km
and ~50% of the true anisotropy amplitude are recovered (Figure 3d). If SKS splits reflect the complexity of
mantle anisotropy beneath the study area, then relative delay time tomography should yield an unbiased recovery
of such heterogeneity.

To further explore possible trade-offs between isotropic and anisotropic parameters, synthetic inversions were
ran aimed at reconstructing our preferred isotropic (Figure 4) and anisotropic (Figure 5) models presented in

Section 4./To test if velociﬁ anomalies Bresent in our Breferred isotroBic model could xield erroneous anisotroaﬁ
delays predicted through this solution were inverted for both isotropic and anisotropic parameters. [sotropic anom-
e S i 55 m Supportin
Information S1). Delaxs Eredicted through our Breferred anisotroBic model were then inverted without :Fiﬁure S9

in Supporting Information S1) and with (Figure S10 in Supporting Information S1) anisotropy. Neglecting aniso-

tro ielded a solution nearly identical to our preferred isotropic model (Figure 4 vs. Figure S9 in Supportin
Information S1) indicating that the anisotropic heterogeneity can be mapped into significant isotropic perturba-

tions. The anisotropic inversion (Figure S10 in Supporting Information S1) accurately recovered fabric strength
and orientations (median azimuthal and dip error of 8° and 6°, respectively) as well as isotropic velocity structure.

Lastly, the fidelity of our anisotropic model is assessed by its ability to predict independent SKS splitting obser-
vations. Numerous SKS splitting studies have been carried out across Europe (see compilations by Becker
et al., 2012; Wiistefeld et al., 2009) and the mantle anisotropic structure imaged by P-waves should be consistent
with these observations. A detailed description of the method used to model the effect of anisotropy on a SKS
waveform is addressed in Text S4 in Supporting Information S1. The results of this analysis are presented in
relation to the recovered P-wave anisotropy in Section 5.2, where we show that our P-wave model predicts most
of the observed SKS splitting patterns.

4. Tomographic Model

We present two tomographic models for the central Mediterranean region; one is purely isotropic (Figure 4)
while the other includes 3D anisotropic heterogeneity (Figure 5). We first describe the primary P-wave speed
perturbations in our preferred isotropic solution and then consider how the inclusion of anisotropic parameters
modifies these anomalies. Lastly, we describe anisotropic patterns beneath the Mediterranean as seen by teleseis-
mic P-wave delays. We focus on mantle structures deeper than ~100 km and shallower than ~700 km where we
have the best data coverage.

4.1. Purely Isotropic Solution

Our preferred isotropic tomographic model, iso-NEWTON21, is presented in Figure 4 (see Figures S1la and
S11b in Supporting Information S1 for additional maps at 500 and 600 km depth and Figures S12a-S12f in
Supporting Information S1 for broader colorscale limits). It contains a number of fast anomaly features broadly
consistent with previous seismic imaging studies. Specifically, the large-scale high-velocity zones underlying the
Apennines, Calabrian arc, Alps, and Dinarides.

A prominent fast velocity feature is imaged extending along the Apennines (Apennines Fast Anomaly, ApFA)
that at shallow depths (<200 km) is divided into a northern and southern segment by the Apennines Slow Anom-
aly (ApSA; Figure 4a). At depths greater that ~150 km, the ApFA is continuous throughout Italy and curves
toward Sicily becoming the Calabrian Fast Anomaly (CFA; Figures 4b—4d). Together, the ApFA and Calabrian
Fast Anomaly (CFA) form a single hook-shaped high-speed belt throughout the Italian peninsula. This high-
speed belt dips toward the Tyrrhenian Basin and can, in most places, be traced to 600 km depth (Figures 4e—4g).

Further north, the Alpine Fast Anomaly (AIFA) extends SW-NE across the entire Alps. Near 400 km depth
(Figure 4d) the AIFA amplitudes become less laterally continuous separating into eastern- and western-AIFA
segments. In cross-section H (Figure 4h), the central AIFA dips steeply to the southeast in the upper 400 km and
then becomes horizontal at ~500 km. This trend is not evident in the western and eastern AIFA where the anom-
aly appears more vertically oriented.
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Figure 4. The iso-NEWTON21 model. Horizontal cross-sections are shown at (a) 100 km, (b) 200 km, (c) 300 km, and (d) 400 km depth. Vertical cross-sections are
shown in (e—f) along the corresponding profile lines drawn in (a). Major anomalies discussed in the text are labeled in (b). Isotropic anomalies are plotted with respect
to starting model. Areas of poor data coverage are masked in gray. See text for description of acronyms.
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Figure 5. The ani-NEWTON21 model. Horizontal cross-sections are shown at (a) 100 km, (b) 200 km, (c) 300 km, and (d) 400 km depth. Vertical cross-sections are
shown in (e—f) along the corresponding profile lines drawn in (a). Isotropic anomalies are plotted with respect to starting model. Anisotropy is plotted using ellipses as
described in Figure 2. Areas of poor data coverage are masked in gray.
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At shallow depths (<200 km) the elongated Dinaric Fast Anomaly (DFA) can be traced from the eastern Alps to
Greece following the trend of the Dinarides. The amplitude of this feature quickly diminishes below ~300 km
(Figures 4b—4d). The DFA generally appears to dip eastward in cross-section (Figures 4e and 4f).

Notable fast anomalies are imaged also underlying the Aegean Sea and Hellenic Peninsula (AeFA) and Carpathian
Mountains (CaFA). Another high-speed feature is the Kabylides Fast Anomaly (KFA) along the North African
margin that follows the Atlas Mountains and appears to connect with the Alboran Fast Anomaly (AFA) present
eastward of the Strait of Gibraltar. The AeFA is characterized by high amplitudes (>2%) dipping northeast-
ward and extending beneath Greece. The CaFA manifests as a small circular (~200 km diameter) anomaly at
100-200 km depths becoming more laterally expansive around 300400 km depth at which point it appears to
connect with the AeFA. The KFA and AFA are weaker anomalies (0.5%—1%) observed at depths greater than
200-300 km and down to ~600 km (Figures 4e and 4f). Below ~400 km depth, the KFA appears to connect with
the deep portion of the ApFA (Figure S11 in Supporting Information S1). The AeFA, CaFA, KFA, and AFA are
notable given their spatial correspondence with prominent geologic features. However, we note that they are near
the edges of our study area and may be less-well resolved.

Several slow anomalies can also be observed in the iso-NEWTON21 model. Among them is the previously
mentioned central-ApSA, located in central-west Italy along the Tyrrhenian coast. This anomaly interrupts the
lateral continuity of the ApFA creating a well-known window (e.g., Kistle et al., 2018; Lucente et al., 1999;
Piromallo & Morelli, 2003; Van der Meer et al., 2018) that separates the northern and southern ApFA at shallow
depths; below ~200 km the central-ApSA is no longer observed and the ApFA is continuous (Figures 4a—4d).
A prominent slow anomaly is imaged in the south of France (SFSA), in correspondence of the Massif Central
already detected by Granet, Wilson, and Achauer (1995) and Granet, Stoll, et al. (1995). The SFSA stretches in
the NW-SE direction in the first 100 km and, although with ever smaller magnitudes and dimensions, it persists
down to 400 km of depth. A weaker (<1%) smaller-scale slow anomaly can be identified at shallow depths
(<200 km) beneath the Po Plain (PpSA). A strong slow anomaly is detected at the boundary beneath the Adri-
atic and Ionian seas (AISA) off the southeastern tip of Italy where velocities are reduced by <—2% at ~300 km
(Figure 4c). Curiously, this feature is not spatially associated to any superficial geologic phenomenon. While the
Adriatic and Ionian seas (AISA) is observed in other isotropic tomographic models (e.g., Li et al., 2008; Piro-
mallo & Morelli, 2003; Spakman & Wortel, 2004), its origin is unclear. The Carpathian and Aegean Sea Slow
anomalies (CaSA and AeSA, respectively) are two laterally extensive low-velocity zones restricted to the upper
200 km of our isotropic result. Lastly, we note the African Slow Anomaly (ASA) south of and generally parallel
to the KFA. Above 100 km, the ASA manifests as three circular high magnitude anomalies (<—2%) and becomes
more laterally continuous with depth.

4.2. Anisotropic Solution

Our anisotropic model, ani-NEWTON?21, is presented in Figure 5. Additional maps are shown at 500 and 600 km
depth in Figures S11c and S11d in Supporting Information S1, with broader colorscale limits in Figures S12g—
S121 in Supporting Information S1 and differences in isotropic anomaly amplitudes between iso-NEWTON21
and ani-NEWTON?21 in Figure S13 in Supporting Information S1. The first-order effect of including anisotropic
parameters in the inversion is to reduce the magnitude of isotropic anomalies (Figure S13 in Supporting Infor-
mation S1). This is the result of mapping isotropic structure into the anisotropic parameters. The amplitude
reduction is generally more significant for low-velocity relative to high-velocity zones. This is mostly due to the
anisotropic symmetry system assumed for the mantle. Upper mantle anisotropy is largely the result of the pref-
erential alignment of olivine crystals which tend to generate fabrics characterized by hexagonal symmetry with
a single fast and two slower P-wave speed propagation directions (Karato et al., 2008). Because the anisotropic
fabrics in our model tend to be oriented sub-horizontally, steeply propagating teleseismic P-waves preferentially
sample slower directions of the velocity surface resulting in an overall slower model requiring smaller reductions
in isotropic velocity. This effect is particularly evident for the SFSA and Adriatic and Ionian seas (AISA) whose
amplitudes are strongly reduced in coincidence with regions of elevated P-wave anisotropy (~2%; Figure 5) and
strong shear wave splitting (~1.5 s; Becker et al., 2012). At greater depths (300400 km), the SFSA appears more
spatially concentrated occupying a roughly circular region defined by slightly stronger P-wave speed reductions
with respect to iso-NEWTON?21. A similar effect is seen around the Pannonian Basin and the ASA where strong
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sub-horizontal anisotropy is present. In contrast, the amplitude of the central-ApSA in ani-NEWTON?21 is similar
to iso-NEWTON21 as it occupies a region of relatively weak P-wave anisotropy.

The geometry of the high-velocity features in our ani-NEWTON21 model remains largely unchanged but we do
observe a general reduction in magnitude (Figure S13 in Supporting Information S1). This is most evident in the
central-ApFA and in the AeFA. The amplitude reduction associated with the central-ApFA is coincident with an
area of relatively weak P-wave anisotropy while the amplitude reduction in the Aegean region is associated with
the presence of strong NNW-trending anisotropy dipping moderately (>30°) to the north.

Model ani-NEWTON?21 exhibits a large-scale circular pattern in anisotropy azimuth around the Italian peninsula
most evident in map view at 200 and 300 km depth in Figures 5b and Sc. Other primary anisotropic structures
recovered by the inversion include the one located beneath the Alps where the fast axes of P-waves coincide with
the elongation direction of the AIFA, trending WSW-ENE. Near the Eastern Alps the azimuths gradually turn
toward SE-NW. These fabrics persist throughout the Dinarides and Pannonian Basin. The fast axes continue to
rotate clockwise becoming more N-S in Adriatic Sea and SW-NE around Calabria. Throughout northern Africa
fast axes aligned E-W are observed. On a smaller scale, anisotropic azimuths normal to the strike of the adjacent
fast anomalies are imaged immediately eastward of the northern-ApFA and northward of the Calabrian Fast
Anomaly (CFA).

A diversity of dip angles are also observed in our tomographic model. Near-horizontal fabrics are widespread in
the Ionian and Adriatic Seas as well as throughout the Dinarides and Pannonian Basin. In contrast, more steeply
dipping fabrics are observed around the western edge of the Alps near the SFSA and in the areas surrounding
the Northern Apennines, Aegean Sea and ASA. The steepest dipping fabrics are observed within the CFA and
AeFA (>30°).

The magnitude of P-wave anisotropy recovered throughout the study area is generally 2%—3%. Notable areas of
weak anisotropy include the AIFA and central-ApFA/ApSA, while the strongest anisotropy is observed in associ-
ation with the circular pattern around the southern edge of Italy and the AeFA.

5. Discussion

We focus our discussion on the geodynamic interpretation of the anisotropic model and how it differs from
the purely isotropic solution and previously published isotropic and anisotropic models. First, we discuss the
isotropic anomalies recovered by the ani-NEWTON21 model by presenting a 3D reconstruction of lithospheric
slabs geometry, and by providing interpretations for the low-velocity features (Section 5.1). Following a compar-
ison between the anisotropic component of our P-wave model to anisotropy patterns derived from other studies
(Section 5.2), we take advantage of recently published geodynamic models to discuss the nature of upper mantle
flow in the Central Mediterranean in light of the new anisotropic patterns (Section 5.3).

5.1. A 3D Model of Central Mediterranean Slabs and Origin of Low-Velocity Zones

Consistent with previous studies, we interpret the major fast anomalies in ani-NEWTON?21 (i.e., AIFA, ApFA,
CFA, KFA, AFA, DFA, and AeFA) as descending lithospheric slabs. In Figure 6, Movie S1 and Data Set S3
in Supporting Information S1 we present a 3D model for the major slab segments present in the Central Medi-
terranean derived from these anomalies. Interpreting slab fragments from tomographic images can be difficult.
Researchers often present either an interpretive cartoon (e.g., Hua et al., 2017; Zhao et al., 2016) or chose a single
velocity contour to capture a feature of interest (e.g., Paffrath et al., 2021). The former is an idealized representa-
tion of the data, while the later can often highlight extraneous features that obscure the structures of interest.
Here, we follow a modified version of the strategy outlined by Portner and Hayes (2018) to extract interpretive
but data-driven slab geometries from the tomographic model. For each potential slab fragment, the approximate
trend of the slab is picked in multiple cross-sections normal to the strike of the high-velocity feature of interest.
These slab guides are then sampled at regular 10 km intervals. At each sample point, the highest positive velocity
anomaly within 100 km normal to the user-defined slab trend is chosen as the slab core. A smooth surface is then
fit to the cloud of slab core points. Finally, any tomography model node within 20 km (i.e., two node spacings)
of this surface with a velocity anomaly >0.8% is considered a slab core point. Together, these slab core points
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Figure 6. A three dimensional reconstruction of slab geometries beneath the central Mediterranean with P-wave fast axes at 200 km depth. All slab segments are
show from above in (a) with perspective views of the (b) Alpine, (c) Ionian, and (d) Dinaric and Hellenic slabs shown in subsequent panels. Slabs are colored by depth.
Cartesian x-, y-, and z-coordinates correspond to east, north, and vertical directions. Anisotropy quivers are scaled by magnitude.

produce a surface that is rendered in ParaView. In total, we identify four main slab segments (Figure 6a) which
are discussed in detail below.

The AIFA is interpreted as the Alpine slab composed of European lithosphere descending southward beneath the
Adriatic plate (Figures 5, 6a and 6b). The Alpine slab is further divided into an Eastern, Central, and Western
segment characterized by changes in dip. The Eastern Alps slab is nearly vertical as previously imaged by several
seismic tomographic models (Hua et al., 2017; Kistle et al., 2019; Koulakov et al., 2009; Lippitsch et al., 2003;
Paffrath et al., 2021; Zhao et al., 2016). The ani-NEWTON21 model does not identify any subducting body in the
first 200-250 km of depth at the far eastern edge, which might indicate an ongoing shallow horizontal slab tear.
The Central Alps slab dips steeply toward the southeast becoming more horizontal at ~500 km (Figure 6b) and
may be separated at depth from the eastern Alpine slab by a vertical tear (Figure 6a). However, the smoothness
of the tomographic image makes it difficult to discern if the reduction in slab amplitude in this region represents
a true absence of lithospheric material. The western Alpine slab dips more steeply southward relative to the
central portion and does not flatten at depth. All three segments of the Alpine slab reach the transition zone. This
is in contrast to previous studies which generally image a much shallower western Alpine slab (Hua et al., 2017,
Kistle et al., 2019; Koulakov et al., 2009; Lyu et al., 2017; Zhao et al., 2016). However, the distinction between
the northern ApFA and western AIFA become more ambiguous with depth.

At shallow depths (<~200 km), the ApFA and DFA are interpreted as the westward and eastward descend-
ing margins of the Adria plate. The two dipping bodies reflect the double-sided subduction of the Adria plate
as described by Kirdly et al. (2018). Deeper portions of the ApFA form a continuous band with the CFA
(Figures 5a—5d) which are interpreted as the subducting and retreating Ionian lithosphere (Figures 6a and 6c).
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The northern most segment, anchored to the surface beneath the Northern Apennines, dives almost vertically and
continuously down to a depth of ~660 km where it begins to flatten across the mantle transition (Figure 5f) zone
as predicted in models by Piromallo and Morelli (2003); Lucente et al. (2006). As described in previous studies
(Amato et al., 1993; Lucente et al., 1999; Piromallo & Morelli, 2003; Selvaggi & Chiarabba, 1995; Spakman
et al., 1993; Spakman & Wortel, 2004; Van der Meer et al., 2018; Zhu et al., 2012), the southern end of the lonian
slab, often referred to as the Calabrian slab, subducts north-westward ultimately flattening and stagnating in
the mantle transition zone (Figure 5g). Consistent with prior seismic imaging results (El-Sharkawy et al., 2020;
Giacomuzzi et al., 2012; Neri et al., 2009; Scarfi et al., 2018), the Calabrian slab appears to be progressively tear-
ing apart in eastern Sicily (Figures 6a and 6¢). The geometry of the window between the Northern Apennines and
Calabrian slabs is widely debated. Its origin is uncertain but may have been generated from a laterally expanding
tear initiated in response to the subduction of a thick continental promontory located in the Central Apennines
(e.g., Lucente et al., 2006). This mechanism was reproduced numerically by Lo Bue et al. (2021) who showed
that the presence of structural heterogeneities within the Adria plate may have played a role on the formation of
the slab window below the Central Apennines.

The upper 200 km of the northern Dinaric slab sinks steeply toward the NE into the asthenospheric mantle
(Figures 5f and 6d). At greater depths, this slab segment appears to reverse dip toward the SW. However, its
true trend is difficult to discern due to the vicinity of the AIFA and a nearby fast anomaly that could also reflect
the continuation of the Dinaric slab in a more NE direction. Further south, the shallow portion (<~250 km)
of the Dinaric slab continues to dive in the NE direction. We observe a laterally extensive gap from ~200 km
to ~300 depth that separates the shallow Dinaric slab from possibly related deeper NE trending lithospheric
remnants (Figures 6a and 6d). Moving toward the Aegean Sea the model captures a portion of the Hellenic slab
subducting north-eastward into the lower mantle as imaged by prior larger-scale studies (e.g., Zhu et al., 2012).
Near the surface, a gap separates the Hellenic from the Dinaric slab but they may be attached at depth (Figure 6d).

Lastly, the KFA and AFA along the northern edge of the African continent are interpreted as possible pieces of
the Kabylides and Alboran slabs (Chertova et al., 2014; Van der Meer et al., 2018; van Hinsbergen et al., 2014).
While these two slab fragments are separated by a large gap (Figure 6a), we note that they may be poorly resolved
as they are near the less well-instrumented southern edge of our model. Together with the ApFA, we suggest that
the CFA, KFA and AFA are portions of the subducted Ionian oceanic lithosphere that since the Oligocene rolled
back partly toward the italian peninsula and partly toward the Maghreb area (Chertova et al., 2014).

A variety of geodynamic processes may explain the low-velocity zones present in our ani-NEWTON21 model.
The SFSA could reflect a thermal and or melt anomaly associated with an asthenospheric plume that may
have driven Massif Central volcanic activity in the Cenozoic (Granet, Wilson, & Achauer, 1995; Granet, Stoll,
et al., 1995). The upwelling could generate from buoyancy forces internal to the plume material or in response
to the subduction of the Ionian plate (Faccenna et al., 2010; Yang & Faccenda, 2020). We note that the SFSA
circular shape in the ani-NEWTON21 model is more consistent with geodynamic predictions of a localized
upwelling rather than the elongated SFSA shape observed in iso-NEWTON21. The ApSA likely reflects the
thermo-chemical anomalies caused by the opening of the slab window below the Central Apennines and that led
to the emplacement of the volcanic fields active in central West Italy over the last 1 My (Peccerillo, 2017). Most
low velocity anomalies at shallow depths, such as the one beneath eastern Sardinia and in the Liguro-Provencal
basin, correspond to oceanic regions of the Central Western Mediterranean and can be related to the opening of
back-arc basins (Zhu et al., 2012). The AeSA is attributable to the extensional tectonic regime and continental
lithosphere thinning induced by the rollback of the Hellenic slab.

Although generally the presence of low-speed anomalies is attributed to changes in the temperature of the upper
mantle, our results show how including anisotropy in the inversion greatly reduces their magnitude (Figure S11
in Supporting Information S1). Consequently, it can be deduced that not only temperature or compositional vari-
ations, but also anisotropy has a strong effect on the appearance of such anomalies in seismic images. Bezada
et al. (2016) and VanderBeek and Faccenda (2021) clearly demonstrate how neglecting anisotropy could lead to
errors in the interpretation of isotropic velocity models in subduction zone settings. In particular, the slow anom-
alies appearing below the AISA in our isotropic model iso-NEWTON21 and in many body-wave tomographic
images and whose interpretation remained elusive, are not present in ani-NEWTON21. The AISA is located in a
region of sub-horizontal anisotropy fabrics highlighting its potential anisotropic origin.
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Figure 7. Comparison between predicted (red) and observed (black) SKS

The location and geometry of the fast anomalies interpreted as sinking slabs
do not differ substantially between the iso- and ani-NEWTON21 models.
An exception is the appearance of the deeper portion of the Dinaric slab in
ani-NEWTON?21 as a result of the positive velocity shift occurring when
the effect of the sub-horizontal anisotropy is taken into account. At depths
greater than 400 km further differences between the fast anomalies in the
two models are found in the western part of the study region (Figure S11
in Supporting Information S1). As demonstrated by previous studies (e.g.,
Faccenna et al., 2001; Lo Bue et al., 2021) this area, at these depths, is mainly
influenced by the presence of the stagnating Ionian slab lying beneath the
Central Mediterranean basin as in model ani-NEWTON21 and not beneath
Southern France and Northern Spain as in model iso-NEWTON21 where
such fast anomalies appear to be artifacts due to having neglected the seis-
mic anisotropy. The fact that fast anomalies appear to be mildly affected by
including anisotropy can be explained with the strong temperature difference

splits. Black bar at 36°N, 18°E is the 2 s scale for the splits. (up to 1000°C) likely existing between the slab cold core and the surround hot

mantle. Such a thermal contrast produces strong isotropic (true) fast anoma-

lies that are seen in both the isotropic and anisotropic inversions. On the other

hand, positive thermal anomalies at sub-lithospheric depths are on the order
of few 100s °C causing relatively small variations in isotropic elastic moduli. The resulting slow velocity anom-
alies are thus more likely to trade-off with anisotropic structures and, in general, different inversion methods.

5.2. Comparison of Anisotropic Structure With Observations

Provided our ani-NEWTON21 accurately images mantle anisotropic structure, it should be able to independently
predict SKS splitting observations in the Central Mediterranean. In Figure 7, SKS splits from the database of
Becker et al. (2012; updated 6 December 2020) averaged in 0.5° bins are compared to those predicted through
ani-NEWTONZ21 as described in Section 3.3. While SKS splits are a depth integrated measurement, they have
good lateral resolution (depending on station spacing) and are primarily sensitive to upper mantle anisotropy
with limited sensitivity to isotropic velocity (e.g., Sieminski et al., 2007) and thus provide an ideal basis for
comparison.

While the ani-NEWTON21 model generally predicts spatially smoother trends in fast splitting directions, they
are largely consistent with the observations; the prediction error is <22° for 50% of the observations and <19° if
we only consider split times >1 s (Figure S14 in Supporting Information S1); errors are larger by 1° if we consider
station-averaged rather than geographically binned splitting parameters. Fast directions agree well through the
southern tip of the Italian peninsula into Sicily, the Alpine region and along southern margin of France into Spain.
Observations and predictions also match in the Carpathians, drawing a large-scale circular pattern that from the
Bohemian Massif continues south to the Hellenic peninsula. Recent studies interpret the predominantly NW-SE
orientation also observed in the present work, as due to the compression exerted by the Adriatic plate (Qorbani
et al., 2016), while the circular pattern as the result of a toroidal flow associated with the subduction of the afore-
mentioned plate (W. Song et al., 2019).

Notable areas of disagreement include the Northern Apennines, Dinarides, and the Massif Central in southern
France where errors in the predicted fast axes approach 90°. Such discrepancies could be attributed to a number
of factors. For example, poorly constrained anisotropy in the upper ~100 km. SKS splitting is biased toward the
anisotropic structure at shallower depths where teleseismic P-wave raypaths become more vertical and, conse-
quently, less sensitive to anisotropy. Including local earthquake arrivals into the inversion to better constrain shal-
lower structure could yield an anisotropic model more consistent with the SKS data. Another possibility could
be changes in the mineral fabric type creating the seismic anisotropy. Here we have assumed anisotropy is largely
due to olivine A-type fabrics with a fast symmetry axis (e.g., Karato et al., 2008). However, A-type or AG-type
fabrics (Mainprice, 2010) characterized by a slow symmetry axis are also possible which would manifest as a
90° rotation of the imaged symmetry axis in the ani-NEWTON21 model. Elastic anisotropy from lower-order
symmetry systems (e.g., orthorhombic) could also generate discrepancies between P-wave fast axes and fast
SKS splitting directions. Additionally, unresolved dipping fabrics could yield orthogonal P and SKS polarization
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fast axes (see Figure S15 in Supporting Information S1; T.-R. A. Song & Kawakatsu, 2012), thus explaining the
discrepancies between the SKS splitting azimuths predicted from P-wave models and those observed. Lastly, we
acknowledge that split times are not particularly well-fit considering the residual mean and standard deviation are
—0.672 and 0.965 s, respectively (Figure S14 in Supporting Information S1). This could be related to the afore-
mentioned factors as well as assumptions made in converting P-wave anisotropy parameters into an elastic tensor
(Section 3.3).

A particularly interesting area of disagreement between predicted and observed SKS fast directions is the Northern
Apennines where our model predicts ENE-WSW splitting which is nearly orthogonal to the observed NNW-SSE
trends. Our results (both in terms of SKS splitting and P-wave fast azimuths) are consistent with azimuthal
P-wave tomography of Hua et al. (2017) who also incorporated local earthquake arrival times. Recent ambi-
ent noise tomography by Kistle et al. (2022) also constrains E-W fast propagation directions at crustal depths
suggesting the SKS splits are not likely the result of crustal fabrics. Using Pn arrivals, Diaz et al. (2013) constrain
mantle anisotropic velocity structure just below the Moho and find fast P-wave propagation directions that gener-
ally parallel SKS splits in the Northern Apennines. Similar orientations are also constrained by adjoint surface
wave tomography in the depth range 75-125 km (Zhu & Tromp, 2013). Together, these observations suggest
strong lithospheric/shallow mantle fabrics control SKS splitting and such anisotropy is not well-constrained by
our teleseismic P-wave data set.

The azimuthal anisotropy component of ani-NEWTON21 (Figure 5) is generally consistent with the larger-scale
anisotropic Rayleigh wave tomography of Zhu and Tromp (2013). For example, the sub-circular anisotropy
pattern observed by Zhu and Tromp (2013) in their model EU, at 125 km of depth beneath Eastern Alps and
Pannonian basin is recovered by model ani-NEWTON21 as well and found at all depths (Figure 5). Consistently
with ani-NEWTON?21 in the Central and Eastern Alps, the P-wave anisotropic tomography of Hua et al. (2017)
shows fast velocity directions parallel to the mountain chain from the surface down to ~500 km of depth. The
same result is confirmed by shear-wave splitting studies of Barruol et al. (2011) and Bokelmann et al. (2013). The
authors showed an arc-shaped anisotropy pattern beneath Western and Eastern Alps, consistent with our result
along the southern French coast and beneath Central and Eastern Alps. On the contrary a mismatch is observed
in correspondence of the Western Alps, where Hua et al. (2017), Zhu and Tromp (2013) and Barruol et al. (2011)
observe NW-SE azimuths, interpreted by the latter as the results of the mantle flow induced by subduction and
retreating and the peaks of anisotropy magnitude around the Alpine fast anomaly as induced by the sub-litho-
spheric mantle deformation.

With the exception of the Southern France, model ani-NEWTON21 (Figure 5) exhibits steep dipping fabrics
mainly in the areas near subduction zones (e.g., Calabria, Alps, Northern Apennines, and Hellenic peninsula).
This may be caused by the near-vertical subduction of the slabs largely observed in the first 400 km depth, for
example, in the Western Alps and Northern Apennines, that induces near-vertical mantle flow. In agreement with
the fact that positive radial anisotropy (V,, > V,) is associated with horizontal flow and negative radial anisotropy
(V,,> V) is associated with vertical flow, Hua et al. (2017) show negative V,, radial anisotropy (i.e., V,, > V) in
correspondence of dipping fast velocity anomalies, that is, close to the nearly vertical European and Adriatic slabs
(i.e., Alps and Apennines). At ~410 km depth, the model proposed by Hua et al. (2017) exhibits a widespread
positive radial anisotropy (i.e., V,, > Vp,), thus a dominant horizontal mantle flow. This is confirmed by our
ani-NEWTON21 model that, despite the assumption of isotropy below 400 km depth, exhibits a gradual decrease
in dip angles with respect to the shallower layers (~<400 km) in correspondence of the main subduction zones,
that may have induced nearly horizontal mantle flows.

5.3. Comparison of Anisotropic Structure With Geodynamic Predictions

The P-wave anisotropic structure agrees well with geodynamic models of the region (e.g., Lo Bue et al., 2021),
according to which the anisotropic patterns can be interpreted with sub-vertical flows generated by subduction
and the presence of horizontal flows of asthenospheric material around the main slabs related to the pressure
exerted by their Mid-to-Late Cenozoic horizontal motion. This is true especially in the Central-Eastern Alpine
and Calabrian arcs where the fast azimuths preferentially orient trench-parallel. In the Alpine area, this pattern
can be explained with the retreat of the slabs attached to the Eurasian plate southern margin as a result of their
negative buoyancy and of the compression exerted by the Adria plate. In the Calabrian arc, trench-parallel aniso-
tropy is likely related to the southeastward retreat of the Ionian slab (Civello & Margheriti, 2004; Faccenna
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et al., 2007, 2014; Jolivet et al., 2009). Similarly to what has been previously demonstrated by (Faccenda &
Capitanio, 2013) on a similar synthetic scenario, the mantle below the subducting plate is subject to the pressure
exerted by the slab rollback. Consequently, a horizontal flow and trench-parallel extension establishes below the
trench. The mantle flow is directed toward the slab lateral margins and beyond toward regions of lower pres-
sure, that is, back-arc basins, where it orients trench-perpendicular. The predicted and observed SKS splitting
data confirm the first of these two situations, while the trench-perpendicular fabric is suggested only by our
anisotropic P-wave model due to the lack of receivers in the Tyrrhenian Sea for measuring SKS splitting. There-
fore, the splitting measurements together with the P-wave anisotropy are in agreement with what Faccenda and
Capitanio (2013) observed for a similar modeled scenario. The trench-parallel P- and SKS-wave fast azimuths
in the Dinarides can be related to (a) the NE-oriented compression exerted by the eastern Adria plate margin
causing trench-parallel extension and seismic anisotropy, and/or the strong influence exerted by the retreating
Aegean trench that is drawing mantle material from the Alpine area and toward the Aegean back-arc basin.

6. Conclusions

We presented new isotropic and anisotropic tomographic images of the upper mantle in the Central Mediterra-
nean area, obtained by inverting relative P-wave delay times from teleseismic events reported by the International
Seismological Centre. The primary effect of including anisotropic parameters in the inversion is a reduction in the
magnitude of low-velocity anomalies highlighting how such features could be artifacts in purely isotropic images.
A three-dimensional reconstruction of the lithospheric slabs beneath the Central Mediterranean is derived from
our preferred anisotropic velocity model, ani-NEWTON21. Three main segments of subducting lithosphere are
identified belonging to the (a) Eurasian, (b) Ionian, and (c) Adria plates. These slab segments are further inter-
rupted by a number of slab windows and tears. The entire Central Mediterranean upper mantle is characterized
by substantial heterogeneity in P-wave anisotropic structure particularly at 200-300 km. In general, the fast
P-wave azimuths trend parallel to the trenches in the foreland and progressively rotate toward the trench retreating
direction in the mantle wedge/back-arc region. These P-wave derived anisotropic fabrics are largely consistent
with those inferred from SKS splitting and Rayleigh wave tomography studies and with predictions from geody-
namic models. Our study demonstrates the importance of including anisotropy in the inversion of teleseismic
P-waves as it pertains to the imaging of isotropic heterogeneity as well as generating seismic models that are
consistent with other independent data sets (e.g., SKS splitting). Considering the success of this study using
ISC bulletin delays, we expect higher resolution anisotropic models could be obtained using a rigorously quality
controlled data set of multi-frequency delay time measurements such as that recently generated for the Alpine
region (Paffrath et al., 2021).

Data Availability Statement

Included with the publication of this manuscript are the iso-NEWTON21 (Data Set S1 in Supporting Informa-
tion S1), ani-NEWTON21 (Data Set S2 in Supporting Information S1), and our model for central Mediterranean
slabs (Data Set S3 in Supporting Information S1) all stored as NetCDF 4 files. These files are available for download
via FigShare (https://figshare.com/articles/dataset/iso-_and_ani-NEWTON21_tomographic_models/19188950).

References

Amato, A., Alessandrini, B., Cimini, G., Frepoli, A., & Selvaggi, G. (1993). Active and remnant subducted slabs beneath Italy: Evidence from
seismic tomography and seismicity. Annals of Geophysics, 36(2).

Aster, R. C., Borchers, B., & Thurber, C. H. (2018). Parameter estimation and inverse problems. Elsevier.

Barruol, G., Bonnin, M., Pedersen, H., Bokelmann, G. H., & Tiberi, C. (2011). Belt-parallel mantle flow beneath a halted continental collision:
The Western Alps. Earth and Planetary Science Letters, 302(3—4), 429—438. https://doi.org/10.1016/j.epsl.2010.12.040

Becker, T. W., Lebedev, S., & Long, M. (2012). On the relationship between azimuthal anisotropy from shear wave splitting and surface wave
tomography. Journal of Geophysical Research, 117(B1). https://doi.org/10.1029/2011jb008705

Bezada, M., Faccenda, M., & Toomey, D. (2016). Representing anisotropic subduction zones with isotropic velocity models: A characteri-
zation of the problem and some steps on a possible path forward. Geochemistry, Geophysics, Geosystems, 17(8), 3164-3189. https://doi.
0rg/10.1002/2016gc006507

Bijwaard, H., & Spakman, W. (2000). Non-linear global p-wave tomography by iterated linearized inversion. Geophysical Journal International,
141(1), 71-82.

Bijwaard, H., Spakman, W., & Engdahl, E. R. (1998). Closing the gap between regional and global travel time tomography. Journal of Geophys-
ical Research, 103(B12), 30055-30078.

RAPPISI ET AL.

19 of 22


https://figshare.com/articles/dataset/iso-_and_ani-NEWTON21_tomographic_models/19188950
https://doi.org/10.1016/j.epsl.2010.12.040
https://doi.org/10.1029/2011jb008705
https://doi.org/10.1002/2016gc006507
https://doi.org/10.1002/2016gc006507

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023488

Blackman, D. K., & Kendall, J.-M. (1997). Sensitivity of teleseismic body waves to mineral texture and melt in the mantle beneath a mid—ocean
ridge. Philosophical Transactions of the Royal Society of London, Series A: Mathematical, Physical and Engineering Sciences, 355(1723),
217-231. https://doi.org/10.1098/rsta.1997.0007

Blackman, D. K., Kendall, J.-M., Dawson, P. R., Wenk, H.-R., Boyce, D., & Morgan, J. P. (1996). Teleseismic imaging of subaxial flow at
mid-ocean ridges: Traveltime effects of anisotropic mineral texture in the mantle. Geophysical Journal International, 127(2), 415-426. https://
doi.org/10.1111/j.1365-246x.1996.tb04730.x

Bodmer, M., Toomey, D. R., VanderBeek, B., Hooft, E., & Byrnes, J. S. (2020). Body wave tomography of the Cascadia subduction zone and
Juan de Fuca plate system: Identifying challenges and solutions for shore-crossing data. Geochemistry, Geophysics, Geosystems, 21(12),
€2020GC009316. https://doi.org/10.1029/2020gc009316

Bokelmann, G., Qorbani, E., & Bianchi, I. (2013). Seismic anisotropy and large-scale deformation of the eastern Alps. Earth and Planetary
Science Letters, 383, 1-6. https://doi.org/10.1016/j.eps1.2013.09.019

Brun, J.-P., Faccenna, C., Gueydan, F., Sokoutis, D., Philippon, M., Kydonakis, K., & Gorini, C. (2016). The two-stage Aegean extension, from
localized to distributed, a result of slab rollback acceleration. Canadian Journal of Earth Sciences, 53(11), 1142—1157. https://doi.org/10.1139/
cjes-2015-0203

Carminati, E., Lustrino, M., & Doglioni, C. (2012). Geodynamic evolution of the central and Western Mediterranean: Tectonics vs. igneous
petrology constraints. Tectonophysics, 579, 173-192. https://doi.org/10.1016/j.tecto.2012.01.026

Chertova, M., Spakman, W., Geenen, T., Van Den Berg, A., & Van Hinsbergen, D. (2014). Underpinning tectonic reconstructions of the Western
Mediterranean region with dynamic slab evolution from 3-d numerical modeling. Journal of Geophysical Research: Solid Earth, 119(7),
5876-5902. https://doi.org/10.1002/2014jb011150

Civello, S., & Margheriti, L. (2004). Toroidal mantle flow around the Calabrian slab (Italy) from SKS splitting. Geophysical Research Letters,
31(10). https://doi.org/10.1029/2004g1019607

Crameri, F. (2018a). Geodynamic diagnostics, scientific visualisation and staglab 3.0. Geoscientific Model Development, 11(6), 2541-2562.
https://doi.org/10.5194/gmd-11-2541-2018

Crameri, F. (2018b). Scientific colour-maps. Zenodo.

Crotwell, H. P., Owens, T. J., & Ritsema, J. (1999). The TauP toolkit: Flexible seismic travel-time and ray-path utilities. Seismological Research
Letters, 70(2), 154-160. https://doi.org/10.1785/gsst1.70.2.154

Dewey, J., Helman, M., Knott, S., Turco, E., & Hutton, D. (1989). Kinematics of the Western Mediterranean. Geological Society, London, Special
Publications, 45(1), 265-283. https://doi.org/10.1144/gsl.sp.1989.045.01.15

Diaz, J., Gil, A., & Gallart, J. (2013). Uppermost mantle seismic velocity and anisotropy in the Euro-Mediterranean region from Pn and Sn
tomography. Geophysical Journal International, 192(1), 310-325. https://doi.org/10.1093/gji/ggs016

Eberhart-Phillips, D., & Henderson, C. (2004). Including anisotropy in 3-d velocity inversion and application to Marlborough, New Zealand.
Geophysical Journal International, 156(2), 237-254. https://doi.org/10.1111/j.1365-246x.2003.02044.x

El-Sharkawy, A., Meier, T., Lebedev, S., Behrmann, J. H., Hamada, M., Cristiano, L., & Kohn, D. (2020). The slab puzzle of the Alpine-Mediter-
ranean region: Insights from a new, high-resolution, shear wave velocity model of the upper mantle. Geochemistry, Geophysics, Geosystems,
21(8), €2020GC008993.

Faccenda, M., & Capitanio, F. A. (2013). Seismic anisotropy around subduction zones: Insights from three-dimensional modeling of upper mantle
deformation and SKS splitting calculations. Geochemistry, Geophysics, Geosystems, 14(1), 243-262. https://doi.org/10.1002/ggge.20055

Faccenna, C., Becker, T. W., Auer, L., Billi, A., Boschi, L., Brun, J. P., et al. (2014). Mantle dynamics in the Mediterranean. Reviews of Geophys-
ics, 52(3), 283-332. https://doi.org/10.1002/2013rg000444

Faccenna, C., Becker, T. W., Lallemand, S., Lagabrielle, Y., Funiciello, F., & Piromallo, C. (2010). Subduction-triggered magmatic pulses: A new
class of plumes? Earth and Planetary Science Letters, 299(1-2), 54—68. https://doi.org/10.1016/j.eps1.2010.08.012

Faccenna, C., Funiciello, F., Civetta, L., D Antonio, M., Moroni, M., & Piromallo, C. (2007). Slab disruption, mantle circulation, and the opening
of the Tyrrhenian basins. Special Papers - Geological Society of America, 418, 153. https://doi.org/10.1130/2007.2418(08)

Faccenna, C., Funiciello, F., Giardini, D., & Lucente, P. (2001). Episodic back-arc extension during restricted mantle convection in the Central
Mediterranean. Earth and Planetary Science Letters, 187(1-2), 105-116. https://doi.org/10.1016/s0012-821x(01)00280-1

Faccenna, C., Piromallo, C., Crespo-Blanc, A., Jolivet, L., & Rossetti, F. (2004). Lateral slab deformation and the origin of the Western Mediter-
ranean arcs. Tectonics, 23(1). https://doi.org/10.1029/2002tc001488

Fisher, N. 1. (1995). Statistical analysis of circular data. Cambridge University Press.

Giacomuzzi, G., Chiarabba, C., & De Gori, P. (2011). Linking the Alps and Apennines subduction systems: New constraints revealed by high-res-
olution teleseismic tomography. Earth and Planetary Science Letters, 301(3—4), 531-543. https://doi.org/10.1016/j.epsl.2010.11.033

Giacomuzzi, G., Civalleri, M., De Gori, P., & Chiarabba, C. (2012). A 3d vs model of the upper mantle beneath Italy: Insight on the geodynamics
of Central Mediterranean. Earth and Planetary Science Letters, 335, 105-120. https://doi.org/10.1016/j.eps1.2012.05.004

Granet, M., Stoll, G., Dorel, J., Achauer, U., Poupinet, G., & Fuchs, K. (1995). Massif Central (France): New constraints on the geodynam-
ical evolution from teleseismic tomography. Geophysical Journal International, 121(1), 33—48. https://doi.org/10.1111/j.1365-246x.1995.
tb03509.x

Granet, M., Wilson, M., & Achauer, U. (1995). Imaging a mantle plume beneath the French Massif Central. Earth and Planetary Science Letters,
136(3-4), 281-296. https://doi.org/10.1016/0012-821x(95)00174-b

Grésillaud, A., & Cara, M. (1996). Anisotropy and p-wave tomography: A new approach for inverting teleseismic data from a dense array of
stations. Geophysical Journal International, 126(1), 77-91. https://doi.org/10.1111/j.1365-246x.1996.tb05268.x

Gueguen, E., Doglioni, C., & Fernandez, M. (1998). On the post-25 ma geodynamic evolution of the Western Mediterranean. Tectonophysics,
298(1-3), 259-269. https://doi.org/10.1016/s0040-1951(98)00189-9

Hua, Y., Zhao, D., & Xu, Y. (2017). P wave anisotropic tomography of the Alps. Journal of Geophysical Research: Solid Earth, 122(6), 4509—
4528. https://doi.org/10.1002/2016jb013831

Jolivet, L., Faccenna, C., & Piromallo, C. (2009). From mantle to crust: Stretching the Mediterranean. Earth and Planetary Science Letters,
285(1-2), 198-209. https://doi.org/10.1016/j.epsl.2009.06.017

Karato, S.-i., Jung, H., Katayama, 1., & Skemer, P. (2008). Geodynamic significance of seismic anisotropy of the upper mantle: New insights
from laboratory studies. Annual Review of Earth and Planetary Sciences, 36, 59-95. https://doi.org/10.1146/annurev.earth.36.031207.124120

Kistle, E. D., El-Sharkawy, A., Boschi, L., Meier, T., Rosenberg, C., Bellahsen, N., et al. (2018). Surface wave tomography of the Alps using
ambient-noise and earthquake phase velocity measurements. Journal of Geophysical Research: Solid Earth, 123(2), 1770-1792. https://doi.
0rg/10.1002/2017jb014698

Kistle, E. D., Molinari, I., Boschi, L., Kissling, E., & Group, A. W. (2022). Azimuthal anisotropy from Eikonal tomography: Example from
ambient-noise measurements in the Alparray network. Geophysical Journal International, 229(1), 151-170.

RAPPISI ET AL.

20 of 22


https://doi.org/10.1098/rsta.1997.0007
https://doi.org/10.1111/j.1365-246x.1996.tb04730.x
https://doi.org/10.1111/j.1365-246x.1996.tb04730.x
https://doi.org/10.1029/2020gc009316
https://doi.org/10.1016/j.epsl.2013.09.019
https://doi.org/10.1139/cjes-2015-0203
https://doi.org/10.1139/cjes-2015-0203
https://doi.org/10.1016/j.tecto.2012.01.026
https://doi.org/10.1002/2014jb011150
https://doi.org/10.1029/2004gl019607
https://doi.org/10.5194/gmd-11-2541-2018
https://doi.org/10.1785/gssrl.70.2.154
https://doi.org/10.1144/gsl.sp.1989.045.01.15
https://doi.org/10.1093/gji/ggs016
https://doi.org/10.1111/j.1365-246x.2003.02044.x
https://doi.org/10.1002/ggge.20055
https://doi.org/10.1002/2013rg000444
https://doi.org/10.1016/j.epsl.2010.08.012
https://doi.org/10.1130/2007.2418(08)
https://doi.org/10.1016/s0012-821x(01)00280-1
https://doi.org/10.1029/2002tc001488
https://doi.org/10.1016/j.epsl.2010.11.033
https://doi.org/10.1016/j.epsl.2012.05.004
https://doi.org/10.1111/j.1365-246x.1995.tb03509.x
https://doi.org/10.1111/j.1365-246x.1995.tb03509.x
https://doi.org/10.1016/0012-821x(95)00174-b
https://doi.org/10.1111/j.1365-246x.1996.tb05268.x
https://doi.org/10.1016/s0040-1951(98)00189-9
https://doi.org/10.1002/2016jb013831
https://doi.org/10.1016/j.epsl.2009.06.017
https://doi.org/10.1146/annurev.earth.36.031207.124120
https://doi.org/10.1002/2017jb014698
https://doi.org/10.1002/2017jb014698

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023488

Kaistle, E. D., Rosenberg, C., Boschi, L., Bellahsen, N., Meier, T., & El-Sharkawy, A. (2019). Slab break-offs in the alpine subduction zone. Solid
Earth Discussions, 1-19.

Kendall, J.-M. (1994). Teleseismic arrivals at a mid-ocean ridge: Effects of mantle melt and anisotropy. Geophysical Research Letters, 21(4),
301-304. https://doi.org/10.1029/93g102791

Kennett, B. L., Engdahl, E., & Buland, R. (1995). Constraints on seismic velocities in the Earth from traveltimes. Geophysical Journal Interna-
tional, 122(1), 108-124. https://doi.org/10.1111/j.1365-246x.1995.tb03540.x

Kern, H. (1993). P-and s-wave anisotropy and shear-wave splitting at pressure and temperature in possible mantle rocks and their relation to the
rock fabric. Physics of the Earth and Planetary Interiors, 78(3-4), 245-256. https://doi.org/10.1016/0031-9201(93)90159-7

Kiraly, A., Faccenna, C., & Funiciello, F. (2018). Subduction zones interaction around the Adria microplate and the origin of the apenninic arc.
Tectonics, 37(10), 3941-3953. https://doi.org/10.1029/2018tc005211

Koulakov, 1., Kaban, M., Tesauro, M., & Cloetingh, S. (2009). P-and s-velocity anomalies in the upper mantle beneath Europe from tomographic
inversion of isc data. Geophysical Journal International, 179(1), 345-366. https://doi.org/10.1111/j.1365-246x.2009.04279.x

Léveque, J.-J., & Masson, F. (1999). From ach tomographic models to absolute velocity models. Geophysical Journal International, 137(3),
621-629. https://doi.org/10.1046/j.1365-246x.1999.00808.x

Li, C., van der Hilst, R., Engdahl, E., & Burdick, S. (2008). A new global model for 3-d variations of p-wave velocity in the Earth’s mantle.
Geochemistry, Geophysics, Geosystems, 9, Q05018. https://doi.org/10.1029/2007gc001806

Lippitsch, R., Kissling, E., & Ansorge, J. (2003). Upper mantle structure beneath the alpine orogen from high-resolution teleseismic tomography.
Journal of Geophysical Research, 108(B8). https://doi.org/10.1029/2002jb002016

Lloyd, S., & Van Der Lee, S. (2008). Influence of observed mantle anisotropy on isotropic tomographic models. Geochemistry, Geophysics,
Geosystems, 9(7). https://doi.org/10.1029/2008gc001997

Lo Bue, R., Faccenda, M., & Yang, J. (2021). The role of adria plate lithospheric structures on the recent dynamics of the central mediterranean
region. Journal of Geophysical Research: Solid Earth, 126, €2021JB022377. https://doi.org/10.1029/2021JB022377

Lucente, F. P., Chiarabba, C., Cimini, G. B., & Giardini, D. (1999). Tomographic constraints on the geodynamic evolution of the Italian region.
Journal of Geophysical Research, 104(B9). https://doi.org/10.1029/1999jb900147

Lucente, F. P., Margheriti, L., Piromallo, C., & Barruol, G. (2006). Seismic anisotropy reveals the long route of the slab through the Western-cen-
tral Mediterranean mantle. Earth and Planetary Science Letters, 241(3—4), 517-529. https://doi.org/10.1016/j.eps1.2005.10.041

Lyu, C., Pedersen, H. A., Paul, A., Zhao, L., & Solarino, S. (2017). Shear wave velocities in the upper mantle of the Western Alps: New constraints
using array analysis of seismic surface waves. Geophysical Journal International, 210(1), 321-331. https://doi.org/10.1093/gji/ggx 166

Mainprice, D. (2010). 16 seismic anisotropy of the deep Earth from a mineral and rock physics perspective. Treatise on Geophysics, 2, 437.

Malinverno, A., & Ryan, W. B. (1986). Extension in the Tyrrhenian Sea and shortening in the Apennines as result of arc migration driven by
sinking of the lithosphere. Tectonics, 5(2), 227-245. https://doi.org/10.1029/tc005i002p00227

Masson, Y., & Romanowicz, B. (2017). Box tomography: Localized imaging of remote targets buried in an unknown medium, a step forward
for understanding key structures in the deep Earth. Geophysical Journal International, 211(1), 141-163. https://doi.org/10.1093/gji/ggx 141

Molinari, 1., & Morelli, A. (2011). Epcrust: A reference crustal model for the European plate. Geophysical Journal International, 185(1),
352-364. https://doi.org/10.1111/j.1365-246x.2011.04940.x

Moser, T. (1991). Shortest path calculation of seismic rays. Geophysics, 56(1), 59-67. https://doi.org/10.1190/1.1442958

Miiller, G. (1971). Approximate treatment of elastic body waves in media with spherical symmetry. Geophysical Journal International, 23(4),
435-449. https://doi.org/10.1111/j.1365-246x.1971.tb01835.x

Munzarova, H., Plomerov4, J., & Kissling, E. (2018). Novel anisotropic teleseismic body-wave tomography code anitomo to illuminate heteroge-
neous anisotropic upper mantle: Part i—Theory and inversion tuning with realistic synthetic data. Geophysical Journal International, 215(1),
524-545. https://doi.org/10.1093/gji/ggy296

Neri, G., Orecchio, B., Totaro, C., Falcone, G., & Presti, D. (2009). Subduction beneath southern Italy close the ending: Results from seismic
tomography. Seismological Research Letters, 80(1), 63-70. https://doi.org/10.1785/gssrl.80.1.63

Paffrath, M., Friederich, W., Schmid, S. M., & Handy, M. R. (2021). The AlpArray and AlpArray-Swath D Working GroupImaging structure and
geometry of slabs in the greater alpine area—A p-wave traveltime tomography using alparray seismic network data. Solid Earth Discussions,
1-40. https://doi.org/10.5194/se-2021-58

Paige, C. C., & Saunders, M. A. (1982). LSQR: An algorithm for sparse linear equations and sparse least squares. ACM Transactions on Mathe-
matical Software, 8(1), 43—71. https://doi.org/10.1145/355984.355989

Patacca, E., Sartori, R., & Scandone, P. (1993). Tyrrhenian basin and Apennines. Kinematic evolution and related dynamic constraints. In Recent
evolution and seismicity of the mediterranean region (pp. 161-171). Springer. https://doi.org/10.1007/978-94-011-2016-6_7

Peccerillo. (2017). Cenozoic volcanism in the tyrrhenian sea region. Springer.

Piromallo, C., & Morelli, A. (1997). Imaging the mediterranean upper mantle by p-wave travel time tomography. Annals of Geophysics, 40(4).

Piromallo, C., & Morelli, A. (2003). P wave tomography of the mantle under the Alpine-Mediterranean area. Journal of Geophysical Research,
108(B2). https://doi.org/10.1029/2002jb001757

Portner, D. E., & Hayes, G. P. (2018). Incorporating teleseismic tomography data into models of upper mantle slab geometry. Geophysical Jour-
nal International, 215(1), 325-332. https://doi.org/10.1093/gji/ggy279

Qorbani, E., Bokelmann, G., Kovics, 1., Horvith, F., & Falus, G. (2016). Deformation in the asthenospheric mantle beneath the Carpathian-Pan-
nonian region. Journal of Geophysical Research: Solid Earth, 121(9), 6644—6657. https://doi.org/10.1002/2015jb012604

Romagny, A., Jolivet, L., Menant, A., Bessi¢re, E., Maillard, A., Canva, A., et al. (2020). Detailed tectonic reconstructions of the Western
mediterranean region for the last 35 Ma, insights on driving mechanisms. BSGF-Earth Sciences Bulletin, 191(1), 37. https://doi.org/10.1051/
bsgf/2020040

Rosenbaum, G., Lister, G. S., & Duboz, C. (2002a). Reconstruction of the tectonic evolution of the Western mediterranean since the Oligocene.
Journal of the Virtual Explorer, 8(January). https://doi.org/10.3809/jvirtex.2002.00053

Rosenbaum, G., Lister, G. S., & Duboz, C. (2002b). Relative motions of Africa, Iberia and Europe during Alpine orogeny. Tectonophysics,
359(1-2), 117-129. https://doi.org/10.1016/s0040-1951(02)00442-0

Ryan, W. B., Carbotte, S. M., Coplan, J. O., O’Hara, S., Melkonian, A., Arko, R., et al. (2009). Global multi-resolution topography synthesis.
Geochemistry, Geophysics, Geosystems, 10(3). https://doi.org/10.1029/2008gc002332

Scarfi, L., Barberi, G., Barreca, G., Cannavo, F., Koulakov, I., & Patane, D. (2018). Slab narrowing in the Central Mediterranean: The
calabro-ionian subduction zone as imaged by high resolution seismic tomography. Scientific Reports, 8(1), 1-12. https://doi.org/10.1038/
s41598-018-23543-8

Schmandt, B., & Humphreys, E. (2010). Seismic heterogeneity and small-scale convection in the southern California upper mantle. Geochemis-
try, Geophysics, Geosystems, 11(5). https://doi.org/10.1029/2010gc003042

RAPPISI ET AL.

21 of 22


https://doi.org/10.1029/93gl02791
https://doi.org/10.1111/j.1365-246x.1995.tb03540.x
https://doi.org/10.1016/0031-9201(93)90159-7
https://doi.org/10.1029/2018tc005211
https://doi.org/10.1111/j.1365-246x.2009.04279.x
https://doi.org/10.1046/j.1365-246x.1999.00808.x
https://doi.org/10.1029/2007gc001806
https://doi.org/10.1029/2002jb002016
https://doi.org/10.1029/2008gc001997
https://doi.org/10.1029/2021JB022377
https://doi.org/10.1029/1999jb900147
https://doi.org/10.1016/j.epsl.2005.10.041
https://doi.org/10.1093/gji/ggx166
https://doi.org/10.1029/tc005i002p00227
https://doi.org/10.1093/gji/ggx141
https://doi.org/10.1111/j.1365-246x.2011.04940.x
https://doi.org/10.1190/1.1442958
https://doi.org/10.1111/j.1365-246x.1971.tb01835.x
https://doi.org/10.1093/gji/ggy296
https://doi.org/10.1785/gssrl.80.1.63
https://doi.org/10.5194/se-2021-58
https://doi.org/10.1145/355984.355989
https://doi.org/10.1007/978-94-011-2016-6_7
https://doi.org/10.1029/2002jb001757
https://doi.org/10.1093/gji/ggy279
https://doi.org/10.1002/2015jb012604
https://doi.org/10.1051/bsgf/2020040
https://doi.org/10.1051/bsgf/2020040
https://doi.org/10.3809/jvirtex.2002.00053
https://doi.org/10.1016/s0040-1951(02)00442-0
https://doi.org/10.1029/2008gc002332
https://doi.org/10.1038/s41598-018-23543-8
https://doi.org/10.1038/s41598-018-23543-8
https://doi.org/10.1029/2010gc003042

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023488

Selvaggi, G., & Chiarabba, C. (1995). Seismicity and p-wave velocity image of the southern Tyrrhenian subduction zone. Geophysical Journal
International, 121(3), 818-826. https://doi.org/10.1111/j.1365-246x.1995.tb06441.x

Sieminski, A., Liu, Q., Trampert, J., & Tromp, J. (2007). Finite-frequency sensitivity of surface waves to anisotropy based upon adjoint methods.
Geophysical Journal International, 168(3), 1153-1174. https://doi.org/10.1111/j.1365-246x.2006.03261.x

Soboleyv, S. V., Grésillaud, A., & Cara, M. (1999). How robust is isotropic delay time tomography for anisotropic mantle? Geophysical Research
Letters, 26(4), 509-512. https://doi.org/10.1029/1998g1900206

Song, T.-R. A., & Kawakatsu, H. (2012). Subduction of oceanic asthenosphere: Evidence from sub-slab seismic anisotropy. Geophysical Research
Letters, 39(17). https://doi.org/10.1029/2012g1052639

Song, W., Yu, Y., Shen, C., Lu, F., & Kong, F. (2019). Asthenospheric flow beneath the Carpathian-Pannonian region: Constraints from shear
wave splitting analysis. Earth and Planetary Science Letters, 520, 231-240. https://doi.org/10.1016/j.epsl.2019.05.045

Spakman, W. (1990). Tomographic images of the upper mantle below central Europe and the Mediterranean. Terra Nova, 2(6), 542-553. https://
doi.org/10.1111/j.1365-3121.1990.tb00119.x

Spakman, W., van der Lee, S., & van der Hilst, R. (1993). Travel-time tomography of the European-Mediterranean mantle down to 1400 km.
Physics of the Earth and Planetary Interiors, 79(1-2), 3-74. https://doi.org/10.1016/0031-9201(93)90142-v

Spakman, W., & Wortel, R. (2004). A tomographic view on Western mediterranean geodynamics. In The transmed atlas. the mediterranean
region from crust to mantle (pp. 31-52). Springer. https://doi.org/10.1007/978-3-642-18919-7_2

Toomey, D., & Foulger, G. (1989). Tomographic inversion of local earthquake data from the hengill-grensdalur central volcano complex, Iceland.
Journal of Geophysical Research, 94(B12), 17497-17510. https://doi.org/10.1029/jb094ib12p17497

Toomey, D., Solomon, S. C., & Purdy, G. (1994). Tomographic imaging of the shallow crustal structure of the east Pacific rise at 9°30 N. Journal
of Geophysical Research, 99(B12), 24135-24157. https://doi.org/10.1029/94jb01942

VanderBeek, B. P., & Faccenda, M. (2021). Imaging upper mantle anisotropy with teleseismic p-wave delays: Insights from tomographic recon-
structions of subduction simulations. Geophysical Journal International, 225(3), 2097-2119. https://doi.org/10.1093/gji/ggab081

Van der Meer, D. G., Van Hinsbergen, D. J., & Spakman, W. (2018). Atlas of the underworld: Slab remnants in the mantle, their sinking history,
and a new outlook on lower mantle viscosity. Tectonophysics, 723, 309-448. https://doi.org/10.1016/j.tecto.2017.10.004

van Hinsbergen, D. J., Vissers, R. L., & Spakman, W. (2014). Origin and consequences of Western Mediterranean subduction, rollback, and slab
segmentation. Tectonics, 33(4), 393—419. https://doi.org/10.1002/2013tc003349

Wei, W., Zhao, D., Wei, F., Bai, X., & Xu, J. (2019). Mantle dynamics of the eastern Mediterranean and Middle East: Constraints from p-wave
anisotropic tomography. Geochemistry, Geophysics, Geosystems, 20(10), 4505-4530. https://doi.org/10.1029/2019gc008512

Wessel, P., Luis, J., Uieda, L., Scharroo, R., Wobbe, F., Smith, W., & Tian, D. (2019). The generic mapping tools version 6. Geochemistry,
Geophysics, Geosystems, 20(11), 5556-5564. https://doi.org/10.1029/2019gc008515

Wortel, M., & Spakman, W. (2000). Subduction and slab detachment in the Mediterranean-Carpathian region. Science, 290(5498), 1910-1917.
https://doi.org/10.1126/science.290.5498.1910

Wiistefeld, A., Bokelmann, G., Barruol, G., & Montagner, J.-P. (2009). Identifying global seismic anisotropy patterns by correlating shear-wave
splitting and surface-wave data. Physics of the Earth and Planetary Interiors, 176(3—4), 198-212. https://doi.org/10.1016/j.pepi.2009.05.006

Yang, J., & Faccenda, M. (2020). Intraplate volcanism originating from upwelling hydrous mantle transition zone. Nature, 579(7797), 88-91.
https://doi.org/10.1038/s41586-020-2045-y

Zhang, H., & Thurber, C. (2007). Estimating the model resolution matrix for large seismic tomography problems based on lanczos bidiagonaliza-
tion with partial reorthogonalization. Geophysical Journal International, 170(1), 337-345. https://doi.org/10.1111/j.1365-246x.2007.03418.x

Zhang, H., Thurber, C., & Bedrosian, P. (2009). Joint inversion for vp, vs, and vp/vs at Safod, Parkfield, California. Geochemistry, Geophysics,
Geosystems, 10(11). https://doi.org/10.1029/2009gc002709

Zhao, L., Paul, A., Malusa, M. G., Xu, X., Zheng, T., Solarino, S., et al. (2016). Continuity of the alpine slab unraveled by high-resolution p wave
tomography. Journal of Geophysical Research: Solid Earth, 121(12), 8720-8737. https://doi.org/10.1002/2016jb013310

Zhu, H., Bozdag, E., Peter, D., & Tromp, J. (2012). Structure of the European upper mantle revealed by adjoint tomography. Nature Geoscience,
5(7), 493-498. https://doi.org/10.1038/ngeo1501

Zhu, H., & Tromp, J. (2013). Mapping tectonic deformation in the crust and upper mantle beneath Europe and the North Atlantic Ocean. Science,
341(6148), 871-875. https://doi.org/10.1126/science.1241335

RAPPISI ET AL.

22 of 22


https://doi.org/10.1111/j.1365-246x.1995.tb06441.x
https://doi.org/10.1111/j.1365-246x.2006.03261.x
https://doi.org/10.1029/1998gl900206
https://doi.org/10.1029/2012gl052639
https://doi.org/10.1016/j.epsl.2019.05.045
https://doi.org/10.1111/j.1365-3121.1990.tb00119.x
https://doi.org/10.1111/j.1365-3121.1990.tb00119.x
https://doi.org/10.1016/0031-9201(93)90142-v
https://doi.org/10.1007/978-3-642-18919-7_2
https://doi.org/10.1029/jb094ib12p17497
https://doi.org/10.1029/94jb01942
https://doi.org/10.1093/gji/ggab081
https://doi.org/10.1016/j.tecto.2017.10.004
https://doi.org/10.1002/2013tc003349
https://doi.org/10.1029/2019gc008512
https://doi.org/10.1029/2019gc008515
https://doi.org/10.1126/science.290.5498.1910
https://doi.org/10.1016/j.pepi.2009.05.006
https://doi.org/10.1038/s41586-020-2045-y
https://doi.org/10.1111/j.1365-246x.2007.03418.x
https://doi.org/10.1029/2009gc002709
https://doi.org/10.1002/2016jb013310
https://doi.org/10.1038/ngeo1501
https://doi.org/10.1126/science.1241335

	Slab Geometry and Upper Mantle Flow Patterns in the Central Mediterranean From 3D Anisotropic P-Wave Tomography
	Abstract
	Plain Language Summary
	1. Introduction
	1.1. Recent Tectonic History
	1.2. Mantle Structure From Isotropic Tomographic Images

	2. Seismic Data
	3. Seismic Imaging Method
	3.1. Tomography Algorithm
	3.2. Starting Model, Discretization and Regularization
	3.3. Model Resolution

	4. Tomographic Model
	4.1. Purely Isotropic Solution
	4.2. Anisotropic Solution

	5. Discussion
	5.1. A 3D Model of Central Mediterranean Slabs and Origin of Low-Velocity Zones
	5.2. Comparison of Anisotropic Structure With Observations
	5.3. Comparison of Anisotropic Structure With Geodynamic Predictions

	6. Conclusions
	Data Availability Statement
	References


