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Abstract The evolution of the Sicily Channel Rift Zone (SCRZ) is thought to accommodate the regional
tectonic stresses of the Calabrian subduction system. Much of the observations we have today are either

limited to the surface or to the upper crust or deeper from regional seismic tomography, missing important
details about the lithospheric structure and dynamics. It is unclear whether the rifting is passive from far-field
extensional stresses or active from mantle upwelling beneath. We measure Rayleigh-and Love-wave phase
velocities from ambient seismic noise and invert for 3-D shear-velocity and radial anisotropic models.
Variations in crustal S-velocities coincide with topographic and tectonic features. The Tyrrhenian Sea has a
~10 km thin crust, followed by the SCRZ (~20 km). The thickest crust is beneath the Apennine-Maghrebian
Mountains (~55 km). Areas experiencing extension and intraplate volcanism have positive crustal radial
anisotropy (Vg > Vi ); areas experiencing compression and subduction-related volcanism have negative
anisotropy. The crustal anisotropy across the Channel shows the extent of the extension. Beneath the Tyrrhenian
Sea, we find very low sub-Moho S-velocities. In contrast, the SCRZ has a thin mantle lithosphere underlain

by a low-velocity zone. The lithosphere-asthenosphere boundary rises from 60 km depth beneath Tunisia to
~33 km beneath the SCRZ. Negative radial anisotropy in the upper mantle beneath the SCRZ is consistent with
vertical mantle flow. We hypothesize a more active mantle upwelling beneath the rift than previously thought
from an interplay between poloidal and toroidal fluxes related to the Calabrian slab, which in turn produces
uplift at the surface and induces volcanism.

Plain Language Summary The Calabrian arc system in the central Mediterranean is undergoing
multiple tectonic processes of subduction and lithospheric extension. Various models explain the evolution

of this complex system but lack detail on the extension and rifting along the arc, particularly across the

Sicily Channel. We use seismic data from 83 stations to image the seismic velocity of the lithosphere and
asthenosphere below the region in high resolution. We map areas experiencing extension and compression and
observe that these coincide with active seismicity and volcanism. We find that the Sicily Channel has a thinner
than average crust, a thin mantle lithospheric lid, and is underlain by a low shear-velocity zone. Polarized shear
velocities suggest mantle upwelling beneath the rift that produces uplift at the surface and induces volcanism.
Our results provide new constraints on the evolution of the Calabrian slab and on the interplay between poloidal
and toroidal fluxes of subduction zones.

1. Introduction

The central Mediterranean is made up of complex tectonic processes dominated by the northward slow conver-
gence of the African continent with the Eurasian plate (Dewey et al., 1989) and the Calabrian subduction system
retreating south-eastwards (Malinverno & Ryan, 1986). This area has been evolving for at least the last 30 My
as the Calabrian subducting lithosphere rolled back from the west to the central Mediterranean (e.g., Carminati,
Wortel, Spakman, et al., 1998; Carminati, Wortel, Meijer, et al., 1998; Faccenna et al., 2001; Goes et al., 2004;
Carminati et al., 2012; Faccenna et al., 2014). Many studies have mapped in detail the seismic tectonic structures
of the Calabrian arc, from the Apennines (e.g., Cimini & Marchetti, 2006; Kistle et al., 2018), down to Calabria
(e.g., Barberi et al., 2004; Montuori et al., 2007; Neri et al., 2009; Orecchio et al., 2011; Totaro et al., 2014) and
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Figure 1. Regional maps of the study region. Left: Elevation map of the central Mediterranean. Black contour indicates the continental shelf. Right: Detailed map
of the Sicily Channel highlighting the deep grabens that characterize the rift zone. Faint thin lines are contours at 100 m intervals. Purple fault lines are from Civile

et al. (2018).

Sicily (e.g., Calo et al., 2013). The Sicily Channel Rift Zone (SCRZ), a ~500-km long offshore rift system, is
located farther south of the arc between Sicily and Tunisia (Figure 1) (Finetti, 1985). The Sicily Channel accom-
modates the regional tectonic stresses through normal and dextral shear strike-slip faults that led to the formation
of three deep grabens (Pantelleria, Linosa, and Malta) (Jongsma et al., 1985).

Much of the knowledge we have today on the Sicily Channel is either limited to surface observations such as
seismic lines (e.g., Civile et al., 2008, 2010; Corti et al., 2006; Jongsma et al., 1985; Khomsi et al., 2016; Palano
et al., 2020), earthquakes (e.g., Agius et al., 2020; Calo & Parisi, 2014), volcanism (e.g., Civetta et al., 1998;
Parello et al., 2000), and plate motion (e.g., Anzidei et al., 2001; D’Agostino & Selvaggi, 2004; Serpelloni
et al., 2013), or is from broader and deeper modeling from regional seismic tomography (e.g., Blom et al., 2020;
El-Sharkawy et al., 2020; Lu et al., 2018; Piromallo & Morelli, 2003), potentially missing important details about
the lithospheric structure of the Sicily Channel.

While there is a broad understanding of the Mediterranean mantle dynamics (Faccenna et al., 2014), many of the
available seismic models are constrained by stations located on land, particularly along the Calabrian arc (e.g.,
Giacomuzzi et al., 2012; Lucente et al., 1999; Montuori et al., 2007). The lack of ocean-bottom seismometers
limits the spatial resolution of the resulting models, mainly across the Tyrrhenian Sea (e.g., Greve et al., 2014;
Magrini et al., 2022; Manu-Marfo et al., 2019) and the Sicily Channel (Kherchouche et al., 2020). Moreover,
the Sicily Channel is at the periphery of large-scale Euro-Mediterranean wide seismic models and is there-
fore not well resolved (e.g., Blom et al., 2020; El-Sharkawy et al., 2020; Lu et al., 2018; Lucente et al., 2006;
Marone et al., 2003; Piromallo & Morelli, 2003). Information such as the crustal and lithospheric thickness across
the Sicily Channel is either incomplete (Calo et al., 2013; Manu-Marfo et al., 2019) or inconsistent with other
geophysical features (Kherchouche et al., 2020), hindering our understanding of the dynamics of the SCRZ and
thus of the complete Calabrian system.

The origin of the SCRZ is still debated. It has been proposed that the rift was formed by the pull of the deforming
Calabria slab (Faccenna et al., 2005, 2007) or by delamination (Argnani, 1990) or mainly related to the strike-slip
system (Boccaletti et al., 1987). It is also unclear whether the rifting of the SCRZ is passive or active. In the
former, the driving forces of the rift are from far-field extensional stresses that stretch and thin the lithosphere
while the asthenosphere passively fills in the new space created (e.g., Civile et al., 2010). In the latter, the lith-
osphere extension results from active mantle upwelling impinging on the base of the lithosphere leading, to the
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opening of the rift (Huismans et al., 2001; Merle, 2011). Mapping the flow of the asthenosphere is, therefore, key
to identifying the driving forces of the SCRZ.

Analog models (e.g., Funiciello et al., 2003, 2006; Kincaid & Griffiths, 2003) and numerical models (e.g.,
Piromallo et al., 2006) show that as a slab rollback, the lithosphere undergoes significant compression and
extension (e.g., Magni et al., 2014). At the same time, the mantle experiences ductile flow where the upper
mantle escapes from the front to the back of the arc (e.g., Faccenna et al., 2011; Lucente et al., 2006). Seismic
shear-wave splitting studies confirm the presence of toroidal mantle flow beneath southern and western Sicily and
the SCRZ (Civello & Margheriti, 2004); however, it remains unclear whether the flow is purely toroidal limited,
to the horizontal (lateral) domain, or has a poloidal (vertical) component (e.g., Funiciello et al., 2006; Piromallo
et al., 2006) that impinges on the base of the overlying lithosphere (e.g., Faccenna, Becker, Miller, et al., 2014;
Faccenna et al., 2011).

This paper presents a new radially anisotropic, three-dimensional (3-D) shear-velocity model of the central Medi-
terranean region determined from ambient seismic noise recorded on old and newly available data sets. Particular
focus is given to the Sicily Channel by maximizing the data coverage across its area. The model provides infor-
mation about the structure of the crust, lithosphere, and mantle and about the patterns of stretching, compression,
and flow. We interpret our results in combination with other geophysical properties to understand the crust and
mantle dynamics beneath the Sicily Channel and their implications on the SCRZ.

2. Data and Methods
2.1. Rayleigh- and Love-Wave Dispersion Curves

We use three-component continuous seismograms recorded on 83 stations located in the central Mediterranean.
Many of these stations belong to different public and private networks and are part of permanent and temporary
deployments that operated at different times. To ensure the best coverage across the Channel, we acquired data
recorded between 1995 and 2018 and included station pairs that cross from the south of the Sicily Channel to
eastern Libya, Greece, Albania, Central Italy, and Sardinia (LiSard seismic network, Magrini et al., 2019).

In a preliminary step, we removed instrument response, mean, and trend from the seismograms. We also band-pass
filtered between 0.005 and 0.75 Hz and downsampled to 1 Hz. For each combination of station pairs for which
simultaneous recordings are available, we then subdivide the preprocessed seismograms into overlapping (50%)
one-hour-long time windows followed by spectral whitening (e.g., Bensen et al., 2007). We then cross-correlated
the seismograms in the frequency domain. The resulting cross-correlations (one per time window) are then
ensemble averaged to obtain a unique cross-spectrum. To prevent possible contamination by seismic phases
different than the surface-wave fundamental modes (i.e., body waves and surface-wave overtones, Magrini &
Boschi, 2021), we inverse Fourier transform each cross-spectrum and zero-pad in the time-domain at times
corresponding to velocities smaller than two or greater than 5 km/s. We then Fourier transform the padded signals
back to the frequency domain. This operation also contributes to smoothing the cross spectra and thus constrain-
ing the phase more robustly in the subsequent analysis (Magrini & Boschi, 2021; Magrini, Lauro, et al., 2022;
Sadeghisorkhani et al., 2018).

We apply the automated algorithm of Kaistle et al. (2016) to retrieve the dispersion curves from the
cross-correlations. This algorithm relies on the fact that the cross-correlation of stochastic, horizontally propa-
gating waves recorded at two stations approximately coincides with the zeroth-order Bessel function of the first
kind, Jy(wx/c(w)) (Aki, 1957; Ekstrom et al., 2009), with @ denoting the angular frequency and x the interstation
distance. The true, unknown phase velocity ¢ can then be found by comparison of the zero crossings of the
considered cross-spectrum with those of the associated Bessel function (e.g., Figure S1 in Supporting Informa-
tion S1) (for technical details, refer to Kistle et al., 2016).

We calculate one dispersion curve for each year of simultaneous recordings on both stations. When multiple years
of data are available, which for some stations pairs can exceed 10 years, we determine the average dispersion
curve and the standard deviation. Individual outlier measurements that are more than one standard deviation away
from the average are automatically discarded (e.g., Figure 2, HMDC-LPDG and HVZN-WDD, and the average
dispersion curve is recomputed). The compiled interstation dispersion curves were then visually inspected and
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Figure 2. Example of smooth, broadband Rayleigh- (top) and Love-wave (bottom) dispersion curves. Each frame represents the phase-velocity measurement with
period determined from station pairs indicated in the inset map. Dashed gray curve is the regional average, from all the measurements in this study. Individual pink
curves are measurements from 1 year of data. Thin blue curves are one standard deviation. Black curve is the average dispersion curve. The selected average trimmed
for further processing is highlighted in orange. Gray line shows the count of annual measurements.
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trimmed to keep only the robust, smooth continuous parts of the curves for the final data set. Figure 2 shows
examples of Rayleigh- and Love-wave dispersion curves from across the Sicily Channel.

Differences between individual dispersion curves are small, with larger standard deviations at the frequency ends
investigated in this study. At the shorter periods (<8 s), such variability can be ascribed to the seasonality of the
seismic ambient field (Yang & Ritzwoller, 2008; Gualtieri et al., 2021) and/or to the large ambiguity in phase
(Magrini, Lauro, et al., 2022) associated with high density of zero-crossings (Figure S1 in Supporting Informa-
tion S1). At longer periods (>30 s), larger uncertainties have been attributed to weaker ambient-noise signals
and/or relatively low ratios between interstation distance and wavelength (Magrini, Diaferia, et al., 2019). Other
issues could arise from stations with the wrong channel polarity, timing problems, or response problems (Weidle
et al., 2013). Overall, from visual inspection of the dispersion curves, we find consistent annual measurements
resulting in smooth station pair averages.

In total, we compile 1,731 Rayleigh- and 1,429 Love-wave interstation dispersion curves across the study region,
with good coverage extending up to 100 and 50 s, respectively (Figures 3 and 4). At short periods (<20 s), inter-
station phase velocities across Africa and Italy are slower than those crossing the Tyrrhenian basin, indicating that
the surface waves propagating along these paths are sampling continental crust. Some station pairs crossing the
SCRZ have relatively faster velocities to the adjacent areas, suggesting crustal structural variability in the area.
At longer periods (>30 s), phase velocities show less variability.

2.2. Phase-Velocity Maps

We invert the interstation dispersion curves to Rayleigh- and Love-wave phase-velocity maps at different periods.
The method is based on ray theory and employs a spatially adaptive parametrization to accommodate strong
heterogeneity across the path coverage (Boschi & Dziewonski, 1999; Lu et al., 2018). The resolution of the maps
varies from a predefined 1.6° X 1.6° coarse grid that is decreased iteratively to 0.2° X 0.2° in the areas charac-
terized by a high density of measurements (see Figures S2 and S3 in Supporting Information S1). The trade-off
between the data fitting and the roughness of the model is regularized with a damping coefficient that is close
to the maximum curvature of the “L-curve” (Hansen, 2001). No a-posteriori smoothing is applied to the maps
shown in Figures 5 and 6. The linear inverse problem is solved via the iterative least-squares algorithm (Paige &
Saunders, 1982).

Figures 5 and 6 show the output of the phase-velocity map inversions, which compare well to the raw data in
Figures 3 and 4. The phase-velocity maps reveal structural variation within the crust and upper mantle. At short
periods (<20 s), slow velocities follow contours of the continental shelves/blocks (Sardinia, northern Tunisia, and
northern Sicily) in contrast to the faster velocities across the deep Tyrrhenian Sea. Slower velocities are located
beneath the Apennine-Maghrebian chain. Interestingly, at periods >15 s, the grabens in the SCRZ have relatively
faster velocities to the adjacent areas, suggestive of a thinner crust.

2.3. Resolution Test

To assess the resolution of the phase-velocity maps, we perform reconstruction tests at different surface-wave
periods based on our Rayleigh and Love dispersion curves (Figures S4 and S5 in Supporting Information S1).
We first create synthetic models characterized by checkerboard patterns of positive and negative phase-velocity
anomalies. We then use these models to forward compute synthetic data (i.e., interstation phase velocities)
through the SeisLib Python library (Magrini, Lauro, et al., 2022). The lateral extent of the anomalies is approxi-
mately equal to the average wavelength, and the velocity anomalies are +10% with respect to the average velocity
observed in the actual data at each period, similar to Magrini et al. (2022). We finally invert the synthetic data to
retrieve the input model.

We find that data has good coverage offshore and onshore; across the Sicily Channel and the Tyrrhenian Sea,
Sicily, Tunisia, Sardinia, and Southern Italy. The checkerboard test (Figures S4 and S5 in Supporting Informa-
tion S1) establishes that the coverage for Rayleigh-wave data is suitable for a broad range of periods from 5 up to
and exceeding 50 s, whereas Love-wave data is limited to <50 s, reflecting the fewer interstation data (Figures 3
and 4). These tests show that we have enough data coverage for our main study focus here, the Sicily Channel,
potentially able to resolve small to large scale structures from the upper crust to the uppermost mantle.
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Figure 3. Seismic station distribution and interstation phase velocities for Rayleigh waves. Maps show the paths between

station pairs (purple triangles) color-coded with phase velocity at the respective period indicated in the top left corner.

Color-scale ticks have a value of 0.1.
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Figure 5. Rayleigh-wave phase-velocity maps. Phase-velocity maps at different periods are sensitive from the upper crust
to the upper mantle. Red/blue shades show slower/faster velocities at the respective periods indicated in the top left corner.
Color-scale ticks have a value of 0.1. Blue/red contours show the bathymetry/topography (ETOPO1, Amante & Eakins, 2009)
at 250 m intervals with a median filter type of 100 km diameter (Wessel et al., 2019).
AGIUS ET AL. 8 of 32

858017 SUOLULLIOD @A11e.0 3[cedl|dde au Aq peusenob ake sapiie O ‘8sn JO Sa|nJ Joj Akeiq18UlIUO A8]IM UO (SUOIPUOD-PU-SULBILI0D" A IMARe.d 1 [ou[UO//SdNY) SUORIPUOD PUe SIS | 8L} 88S " [£202/T0/6T] Uo ARiqIauluo A8 (1M ‘Ullleg BerseAln alid Ad ¥6E0T00DZ202/620T 0T/I0p/uoo A8 | im Are.q 1 putjuo'sandnfey/sdiy wouy papeojumod ‘0T ‘2202 ‘£20252ST



I Y ed N | . .
AUV Geochemistry, Geophysics, Geosystems 10.1029/2022GC010394

ADVANCING EARTH
AND SPACE SCIENCE

AN 5

| . \“ ‘h}
TN
i & - (// 5«

—

1 - S
" Aik‘% | 'lv 1‘
Mm.mm

|

=

Ay AP LY

A ADRS

Figure 6. Love-wave phase-velocity maps. Phase-velocity maps at different periods sensitive from the upper crust to the upper mantle. Red/blue shades show slower/
faster velocities at the respective periods indicated in the top left corner. Color-scale ticks have a value of 0.1. Blue/red contours show the bathymetry/topography
(ETOPO1, Amante & Eakins, 2009) at 250 m intervals with a median filter type of 100 km diameter (Wessel et al., 2019).

2.4. Inversion for Shear Velocity

We invert the Rayleigh- and Love-wave dispersions jointly to obtain a 3-D isotropic shear velocity (V) model.
We first interpolate the phase-velocity maps onto a 0.2° X 0.2° grid for all periods. For each grid cell, a 1-D
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Figure 7. Example of isotropic 1-D inverted shear-velocity profiles for a grid cell in the model (36.80°N, and 14.50°E) using the neighborhood algorithm. (a) Best
fitting profiles color-coded by their respective misfit determined from the forward computed synthetic dispersion curves and the observed data (b and c). Black profile
is the average of the best fitting models. The dashed line is one standard deviation. (b) Rayleigh-wave synthetic dispersion curves from profiles in (a) color-coded to
represent misfit. Connected black dots represent the data points. (c) Same as (b) but for Love wave.

phase-velocity profile is extracted and inverted for the 1-D shear-velocity profile using the neighborhood algo-
rithm (Sambridge, 1999a, 1999b; Wathelet, 2008; Wathelet et al., 2004). The inversion takes into account the
different sensitives the two wave types have with depth. Figure S6 in Supporting Information S1 shows examples
of the depth sensitivity the phase-velocity data has for different periods. The prior range for the 1-D model search
is adapted from Kistle et al. (2018) and Magrini et al. (2022). It is made up of three layers for the crust and six
layers for the mantle (each of which consisting of five sublayers) extending from the surface down to 400 km
depth to also accommodate for deep structure that the data might be sensitive to. The thickness, V,, P-wave
velocity (V) and Poisson's ratio are free to vary within defined limits of each layer; for example, Poisson's ratio
from 0.2 to 0.5 in the crust and 0.2-0.4 in the mantle, as similarly defined in Kistle et al. (2018) and Magrini
et al. (2022). In principle, V,, has no influence on the Love-wave phase velocity and a minor influence on the
Rayleigh-wave phase velocity (e.g., Aki & Richards, 2002). The density too has a very weak influence on the
Rayleigh-wave phase-velocity dispersion and is therefore fixed in each layer (sediments: 2.4 g/cm?, upper crust:
2.75 g/cm?, lower crust: 2.9 g/cm?, 3.37 g/cm? and higher in the mantle, same as in Kistle et al. (2018)). The
algorithm is run through the software package Geopsy (Wathelet et al., 2020), which tries to minimize the misfit
between the synthetic and the observed phase-velocity dispersion curves of Rayleigh and Love waves, jointly
(Figure 7).

The neighborhood algorithm samples the parameter space by generating 8,000 random models. The best 200
models, that is, those associated with the lowest misfit values, are kept. In practice, the 1-D inversion is run
in two steps: first to determine an estimate for the Mohorovi¢i¢ (Moho) discontinuity depth and then using a
Moho-adapted background model for a better starting model. Our preferred 3-D model is assembled by taking the
average value of V; as a function of depth for the 200 models at each location. We smooth the V profile to remove
unrealistic velocity jumps stemming from different velocity discontinuities in the models (Kistle et al., 2018).
Figures 8 and 9 show selected horizontal and vertical slices. In general, the V; model shows similar characteristics
as the Rayleigh- and Love-wave phase-velocity maps.

We also infer the crustal thickness by contouring the V at 4.0 km/s as a proxy for the crust-mantle discontinuity
(Moho) (Figure 10). While the choice of an isosurface at 4 km/s is subjective, the V increase is typically consid-
ered as the signature of the Moho in global 1-D models (e.g., Dzieworniski et al., 1981; Kennett & Engdahl, 1991).
This value is similar to those used in other tomography studies (e.g., Késtle et al., 2018; Manu-Marfo et al., 2019).
The effect of a lower or higher V can be seen in the vertical cross-sections (Figure 9), whereby a higher V, would
yield a thicker crust (deeper Moho) and vice versa.

The tomographic inversion method used here does not allow for radially anisotropic shear-velocity layers, that
is, layers with different velocities for the horizontal and vertical polarized seismic wave propagation (Késtle
et al., 2018; Wathelet, 2008). This may lead to a lower fit to the dispersion data in areas that have seismic radial
anisotropy. We, therefore, invert for separate models of Vj, using only Rayleigh waves and of V using only Love
waves. We then determine the radial anisotropy Vg — V,/V. We find that the differences between the models
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Figure 8. Maps of isotropic shear velocity. Red and blue shades show slow and fast absolute shear velocities, respectively, at different depths. Color-scale ticks have a
value of 0.1. Light shaded areas are less resolved areas. White circles are earthquakes from the International Seismological Centre (2021) catalog from 1969 to 2020,
magnitudes 1.2—7, and with an azimuthal gap less than 120° plotted at the respective depth + half the depth difference between each slice. Blue/red contours show the
bathymetry/topography (ETOPO1, Amante & Eakins, 2009) at 250 m intervals with a median filter of 100 km (Wessel et al., 2019).
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Figure 9. Vertical cross-sections of isotropic shear velocities. Red and blue shades show slow and fast absolute shear velocities, respectively. White line indicates the
Moho depth inferred at 4 km/s. The elevation is shown on top. The location of the cross sections (a—g) are indicated in Figure 8. Black circles are earthquakes from the
International Seismological Centre (2021) catalog from 1969 to 2020, magnitudes 1.2-7, and with an azimuthal gap less than 120° plotted along the respective profile
with a +£0.3° width.

coincide with tectonic features likely linked to the V; radial anisotropy, particularly in areas experiencing exten-
sion and compression (Figures 11 and 12). The shear-velocity, radial anisotropy, and crustal thickness models are
available as Auxiliary Material.

Assessing the uncertainty of the seismic tomography model is generally difficult (e.g., Bodin et al., 2012;
Rawlinson et al., 2014). We apply an independent method to verify the shear-velocity structure and particularly
the amplitude of the radial anisotropy since this is not constrained in the 3-D model. We perform a joint Rayleigh-
and Love-wave nonlinear, gradient-search inversion for Vg with depth that also takes into account the amplitude
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Figure 10. Map of crustal thickness. Blue and red shades indicate thin and thick crust, respectively, inferred from the
shear-velocity model at 4 km/s. Red and blue contours show the smoothed topography and bathymetry (ETOPO1, Amante &
Eakins, 2009), respectively, at 250 m intervals. Light shaded areas are less resolved areas.

of the anisotropy (Agius & Lebedev, 2013, 2014; Fullea et al., 2012; Vozar et al., 2014). We select five areas of
interest (subregions) and average the dispersion curves of the Rayleigh and Love waves interstation pairs from
within each region (Figure 13). Perturbations in the model are controlled by triangular-shaped basis functions,
extending from the crust to the base of the upper mantle (e.g., Agius & Lebedev, 2014). The basis functions
define the sensitivity depth range of two independent inversion parameters: the perturbation in isotropic-average
V,, and the amount of radial anisotropy. The depth of the Moho discontinuity is also an inversion parameter.
Since the inverted models are nonunique, that is, slight variations in the models yield similar misfit (e.g., Agius
& Lebedev, 2014; Fullea et al., 2012), we apply slight norm damping to avoid physically unrealistic models and
acquire more robust models. We find that the shear velocities, crustal thicknesses, and radial anisotropy patterns
in the subregions 1-D profiles (Figure 13) compare well with those in the 3-D model (e.g., Figures 9, 10 and 12).

3. Results

We present a new, isotropic 3-D shear-velocity model for the central Mediterranean based on manually selected
dispersion curves (Figure 8). Strong velocity contrasts can be seen at different depths. At 5 km depth, eastern
Sardinia has very fast upper crustal velocities (3.9 km/s), coherent with its Variscan crust (Magrini et al., 2019);
the crust below the Tyrrhenian Sea has shear velocities in the range of 3.0-3.2 km/s, whereas Sicily and Tuni-
sia have low velocities (<3.0 km/s). At 10 km depth, the V beneath the Tyrrhenian Sea increases to about
3.9 km/s. Sardinia has notable upper crustal velocities of ~3.6 km/s in contrast to Italy and the African foreland
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(~3.0 km/s), whereas the SCRZ has slightly higher velocities (~3.3 km/s). These velocities compare well with
velocities inferred from the sub-regional 1-D profiles (Figure 13). At 20 km depth, both Sardinia and Africa have
similar lower crustal velocities (<4.0 km/s), whereas areas of higher topography, the Apennines and the Maghre-
bian Chain, have lower velocities. At 40 km depth, low crustal velocities (<4.0 km/s) are maintained beneath the
mountain chains, whereas the other areas have typical upper mantle velocities. The center of the Tyrrhenian Sea
and the Sicily Channel are marked by relatively higher V, > 4.5 km/s. At deeper depths, the V structure shows
no obvious pattern that can be related to the elevation above (Figure 8).

The thickness of the crust determined from the shear-velocity isosurface, overall, correlates with the elevation
(Figure 10). The thinnest crust is found across the deep Tyrrhenian Sea (~10 km), and thicker crust can be
noted beneath mountains such as the Apennines—the thickest located beneath southeast Italy at the center of
the Calabrian arc (~55 km) (Figures 9 and 10). Sardinia has a relatively thin crust (<30 km), thicker beneath its
mountains in the center. Sicily's crust varies from west to east, thick beneath the Maghrebian Chain (40-50 km)
and thinner beneath the Hyblean Plateau (~30 km), reflecting its geological history (e.g., Catalano et al., 1996).
Tunisia and its foreland have a typical continental crustal thickness of about 30-35 km. In the Ionian Sea, the
crust is <30 km thick, however, this is poorly constrained because of the lack of data coverage there (Figures
S2-S5 in Supporting Information S1). Of main interest in this study is the SCRZ, where the deeper parts of
the grabens are marked by a thin crust of ~20 km in contrast to other areas in the Sicily Channel (Figure 9,
cross-sections: a—d). The crustal thicknesses from the 3-D model are confirmed with the results of the subregions
1-D profiles (Figure 13).

The radial anisotropy model shows patterns of positive and negative anisotropy across the region and at
different depths that agree with the seismicity of the area. We plot the earthquake focal mechanisms from the
European-Mediterranean Regional CMT (Figures 11 and 12, Pondrelli, 2002) and find that the mechanisms
coincide with the different signs of anisotropy. For example, at 5 km depth, earthquakes representing thrust faults
are located in areas of negative radial anisotropy, whereas earthquakes from normal faults are in areas of positive
anisotropy (Figure 11). Similar patterns are observed at 10 km and other depth slices. Reasons for disagree-
ments between focal mechanism and radial anisotropy vary and are discussed below. The radial anisotropy of the
Tyrrhenian Sea and the SCRZ change from positive at <10 km depth to negative for depths >20 km, in the mantle
(Figure 11), in agreement with the subregions 1-D inversion models (Figure 13). The subregions 1-D models also
confirm that the radial anisotropy can be as strong as 10%.

4. Discussion

We compare our shear-velocity model with local geophysical studies such as seismic receiver functions, seismic
reflection, seismic tomography, gravity, and magnetism, and also compare it with regional-scale models. We also
examine the positive and negative radial anisotropy patterns inferred from the model and compare them with
patterns of volcanism, plate velocities from Ground Positioning Systems (GPS), and earthquake focal mecha-
nisms. The good agreement between the different studies gives us confidence in the model, especially in areas
previously not investigated. Finally, we discuss the crustal and mantle dynamics of the region, particularly of the
SCRZ.

4.1. Shear Velocity Structure of the Central Mediterranean

The Sicily Channel is often at the periphery of many large-scale Euro-Mediterranean wide seismic models (e.g.,
Blom et al., 2020; Boschi et al., 2009; El-Sharkawy et al., 2020; Lu et al., 2018; Magrini et al., 2022; Marone
et al., 2003; Piromallo & Morelli, 1997, 2003; Spakman, 1990; Spakman et al., 1993) or of regional-scale
Italy-focused models (e.g., Alessandrini et al., 1995; Barberi et al., 2004; Cimini, 1999; Cimini & Gori, 1997,
Cimini & Marchetti, 2006; Giacomuzzi et al., 2012; Greve et al., 2014; Li et al., 2010; Lucente et al., 1999;

Figure 11. Maps of radial anisotropy. Red and blue shades show positive and negative percentages of radially polarized shear velocities, respectively, at different
depths. Gray shaded areas are less resolved areas. Beach balls are earthquake solutions from the European-Mediterranean Regional Centroid-Moment Tensors (CMT)
website (https://doi.org/10.13127/rcmt/euromed) (Pondrelli, 2002) between 1997 and 2020 and magnitudes from 3.5 to 7, color-coded to represent different focal
mechanisms derived from fault plane solutions on the basis of P- and T-axis plunge angles (Lindenfeld et al., 2012), and plotted at the respective depth + half the
depth difference between each slice. Blue/red contours show the bathymetry/topography (ETOPO1, Amante & Eakins, 2009) at 250 m intervals with a median filter of

100 km (Wessel et al., 2019).
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Figure 12. Vertical cross-sections of radial anisotropy. Red and blue shades show positive and negative percentages of radially polarized shear velocities,
respectively. The location of the cross sections (a—g) are indicated in Figure 11. The elevation is shown on top. Beach balls are earthquake solutions from the

European-Mediterranean Regional Centroid-Moment Tensors website (https://doi.org/10.13127/rcmt/euromed) (Pondrelli, 2002) between 1997 and 2020 and

magnitudes from 3.5 to 7, color-coded to represent different focal mechanisms derived from fault plane solutions on the basis of P- and T-axis plunge angles (Lindenfeld
et al., 2012), plotted as viewed on a map and plotted along the respective profile with a +0.3° width. Gray line indicates the Moho depth inferred at 4 km/s.
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Figure 13. 1-D radially anisotropic shear-speed profiles for five subregions. Top: Map of interstation pairs used for Rayleigh- (blue) and Love-wave (pink) average
phase-velocity measurements. Middle: Rayleigh- and Love-wave dispersion curves. Pale curves are from individual measurements corresponding to the interstation
pairs on top, bold curves are the subregional averages. Black curves are the synthetic dispersion curves determined from the 1-D profile (bottom). Bottom: 1-D radially
anisotropic Vj profile obtained in a nonlinear, gradient-search joint inversion of Rayleigh- and Love-wave dispersion. Green profiles show the radial anisotropy with
depth. Moho marks the crust-mantle discontinuity.

Manu-Marfo et al., 2019; Neri et al., 2009; Orecchio et al., 2011; Pontevivo & Panza, 2002; Scarfi et al., 2018;
Sgroi, Polonia, et al., 2021), with only a few studies providing coverage across the Channel (Calo et al., 2013;
Kherchouche et al., 2020). While these models use different data and techniques that naturally lead to different
resolutions, it remains unclear which are the robust features. For example, travel time tomography shows low
P-wave velocities across the Tyrrhenian Sea in the upper 40 km (Scarfi et al., 2018), whereas surface-wave stud-
ies show high shear velocities (Manu-Marfo et al., 2019). Across the Sicily Channel, Scarfi et al. (2018) and Calo
et al. (2013) show fast velocities in the upper 30 km in contrast to the slow velocities in Kherchouche et al. (2020),
also inferred from seismic surface-wave data. Moreover, these models tend to have little correlation with the
bathymetry and seismicity across the Sicily Channel, probably due to poor resolution in the area.

Our new model has the advantage of encompassing the entire central Mediterranean by using all the publicly
available seismic data from northern Africa (Algeria, Tunisia, and Libya) paired with the corresponding stations
that operated during the same time. Additionally, the model includes the private seismic network LiSard on
Sardinia, which significantly improves the lateral coverage across the Tyrrhenian Sea, the Sicily Channel, and
neighboring areas. Much of the shallow V structures coincide with topographic and tectonic features of the
region: slow under the high-elevation mountain chains, fast beneath the deep sea (Figure 8). In general, our model
agrees with the shear velocities and crustal structure of the recent study of Manu-Marfo et al. (2019), although
we find more pronounced features in the upper 20 km, such as beneath Sardinia (in agreement with Magrini
et al., 2019), across the Tyrrhenian Sea, and across the Italian peninsula coinciding with elevation (Figure 8). In
the upper mantle, we agree with the recent tomographic model of Magrini et al. (2022), particularly across the
Tyrrhenian Sea. Unlike here, Magrini et al. (2022) used dispersion data inferred from teleseismic earthquakes
and seismic ambient noise.
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The additionally performed 1-D inversions of the subregions provide better constrain on the vertical changes in
the profiles. Unlike in tomography, where each cell in the grid is inferred from an average of phase velocities
crossing several tens of interstation paths (some paths crossing hundreds of kilometers, Figures 3 and 4, Figures
S2 and S3 in Supporting Information S1), here we use only the paths from within the specified area, providing
a more direct relationship between the data and the structure. The subregion 1-D inversions have no apriori
constraint on the smoothness of the lateral variations (i.e., no roughness damping) introduced in the tomography.
Additionally, the 1-D inversions parameterization fits better the Rayleigh- and Love-wave data by allowing for
radial anisotropy. The subregional profiles show a sharp discontinuity at the Moho, and in the case of the Sicily
Channel, the Moho discontinuity is underlain by a shallow low-velocity zone (LVZ) in the mantle, suggesting a
region of transition from the lithosphere to a hot asthenosphere (Figure 13).

Defining the exact depth of the lithosphere-asthenosphere boundary (LAB) seismically is difficult, particularly if
the V decreases smoothly with depth (Eaton et al., 2009). The LAB, here defined to coincide with the lowest V
in the upper mantle, is at about 60 km depth beneath the Tunisian Plateau, rises to ~33 km beneath the SCRZ, and
deepens again toward Sicily. The lithospheric mantle lid beneath the SCRZ is thus about 10 km thick. The rising
of the LAB from Tunisia to the Sicily Channel has also been inferred from gravity modeling farther northwest
of the Channel (Cella et al., 1998). Studies on the LAB beneath eastern Sicily from joint inversion of P and S
receiver functions give a LAB depth of 63 km (Monna et al., 2019) and 70-90 + 15 km from S receiver functions
(Miller & Piana Agostinetti, 2011), with the latter using a fixed 1-D model for migration (iasp91, Kennett &
Engdahl, 1991).

The thinnest lithospheric mantle lid is reportedly beneath the Tyrrhenian Sea, where it is less than 10 km
inferred from the joint inversion of Rayleigh-wave group and phase velocities (Panza et al., 2003; Pontevivo &
Panza, 2002). Manu-Marfo et al. (2019) report LAB depths at 40 km, while Greve et al. (2014) report deeper LAB
depths at 70 km depth. Our models do not show a distinct LVZ beneath the Tyrrhenian Sea but low sub-Moho
velocities that increase monotonically with depth.

Differences between models can be attributed to different factors, for example, different data coverage (i.e., we
use a newly available data set from Sardinia), the use of phase velocities rather than group velocities, and/or
differences arising from strong seismic anisotropic properties in the rocks identified in our models but that are
unrepresented in others—all elements likely to produce slightly different tomographic models. The presence of
very deep waters, not accounted for in this study, can also introduce a bias in the inversion of Rayleigh waves for
V. albeit this issue does not seem to be relevant for the Sicily Channel, where the bathymetry is relatively shallow
(Zhou et al., 2016).

At 60-80 km depth, a ring-shaped low-velocity feature surrounding a fast velocity anomaly appears beneath the
Tyrrhenian Sea (Figure 8), similar to that observed by Greve et al. (2014) and Magrini et al. (2022) at the same
depth. These low shear velocities may be explained by the presence of water in the Tyrrhenian mantle (Karato &
Jung, 1998; Karato, 2012) since significant hydrous fluids are expectedly released from the dehydration of the
subducting lithosphere (e.g., Faccenda et al., 2012). The fast velocity in the center of the circular feature may be,
on the other hand, the signature of a dehydrated upper mantle (Karato & Jung, 1998).

The Sicily Channel is characterized by a relatively low V, anomaly at 80 km depth (Figure 8). In spite of the
limited resolution of our data at this depth, this is in agreement with the recent regional surface-wave studies of
El-Sharkawy et al. (2020). In the absence of subducted lithosphere, the slower velocities are attributed to higher
temperatures, possibly contributing to the high heat flow observed in this area (e.g., Vedova et al., 1995). High
temperatures are also likely to lower the viscosity of the rocks, which, in turn, facilitate mantle circulation. The
role mantle flow has on the regional dynamics is discussed in Section 4.4.

4.2. Crustal Thickness

The crustal thickness inferred here compares well with those from high-resolution localized studies. For exam-
ple, our thickness estimates across Italy have an excellent agreement with the Moho depth inferred from receiver
functions (Piana Agostinetti & Amato, 2009), with both results showing distinctively thick crust beneath the
Apennines and the Calabrian arc with Moho depths around 50 km (Figure 10). Similarly for southern Sardinia,
where receiver functions show a Moho depth of 29 km depth (van der Meijde et al., 2003). Another excellent
agreement is with profiles from deep seismic sounding crossing from Tunisia to Sardinia, where beneath Tunisia
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(Tell Mountain area) the crust is about 35-40 km thick, thinning to 20 km toward the north beneath the Sardinia
Channel, and to 30 km thick beneath the center of Sardinia (Morelli & Nicolich, 1990). A similar good agreement
is found with the model of Di Stefano et al. (2011) constrained by receiver functions and controlled source seis-
mology, where the crust thins from 30 km beneath Sardinia to 10 km beneath the Tyrrhenian Sea.

With no seismic stations located in the Tyrrhenian Sea, and with the techniques used here, resolving for localized
ultra-thin crust (<10 km, e.g., Prada et al., 2015) is difficult primarily because the dispersion data are represent-
ative of the long interstation paths crossing the sea in this area. Thus, areas that have experienced strong crustal
heterogeneity in the southeastern Tyrrhenian Sea from the Calabrian arc subduction (Prada et al., 2020) are likely
to be weakly resolved here. Furthermore, the 4.0 km/s isocontour that we use as a Moho proxy does not neces-
sarily coincide with the true Moho in all regions, especially in areas where the model shows a gradual increase
in V, from the crust to mantle or where the shear velocity structure is perturbed by the presence of fluids or by
temperature anomalies.

In general, the inferred Moho depth is further validated by comparison with the seismicity pattern. Most earth-
quakes occur within the crust, as expected, with some earthquakes located close to the Moho contour (Figure 9).
Sub-Moho earthquakes are mainly located beneath the Tyrrhenian Sea and associated with the Calabrian slab.
Our model agrees with European-wide crustal models too (Grad et al., 2009; Molinari & Morelli, 2011).

Sicily is characterized by a thick crust (>40 km) to the west and north areas along the Maghrebian mountain
chain, and with a continental type crustal thickness to the southeast beneath the Hyblean Plateau (Figure 10).
This contrast is also observed from gravity and magnetic models (Milano et al., 2020). Receiver functions from
Piana Agostinetti and Amato (2009) confirm the Moho depth beneath the Hyblean Plateau of about 30 km.
Across the Channel, close to Pantelleria, estimates for the crustal thickness from seismic reflection show the
Moho discontinuity at 17 km beneath the graben deepening rapidly to 25 km southwest of the graben (Civile
et al., 2008), coinciding with our area of thin crust east of Pantelleria in Figure 10.

The crustal thickness inferred from other surface-wave studies for the Tyrrhenian Sea and neighboring areas
(Greve et al., 2014; Manu-Marfo et al., 2019) in general show similar patterns to our model but with less agree-
ment to the local studies mentioned above. Moreover, in these studies, the Sicily Channel is located at the periph-
ery of their models. The consistency of our crustal model with measurements from previous studies give us
confidence on the robustness of our 3-D V, model, especially across the Sicily Channel, where we have very good
coverage thanks to the seismic stations located on both sides of the Channel and on the islands in the center of the
SCRZ (e.g., Figures S4 and S5 in Supporting Information S1). Beneath the grabens, the crust is relatively thin-
ner by 10-15 km when compared to the surrounding areas and coincide with the deep sea and active volcanoes
(Figures 1 and 10). To the north-west of the Channel, no significant crustal thinning is observed, which suggests
that Sicily is connected to the African foreland and that a Sicilian Block microplate has not fully developed
(Cello, 1987; Jongsma et al., 1985).

4.3. Present-Day Crustal Extension Across the Sicily Channel Rift Zone
4.3.1. Seismicity and Earthquake Focal Mechanisms

We show the regional seismicity by plotting the earthquake hypocenters superimposed on the shear-velocity
cross-sections in Figures 8 and 9 in order to identify areas of tectonic activity. Most of the seismic activity is
located along the Calabrian arc, and the majority of the earthquakes occur in the upper 10-20 km of the crust,
above the Moho discontinuity. Sub-crustal earthquakes occur on the Calabrian slab, down to the mantle transition
zone (e.g., Chiarabba et al., 2005; Presti et al., 2013).

The Sicily Channel too is characterized by seismicity (e.g., Agius et al., 2020; Calo & Parisi, 2014; Kherchouche
etal., 2020; Palano, 2014; Palano et al., 2020); however, many of the earthquake hypocenters are poorly constrained
because (a) earthquake waveforms originating from the center of the SCRZ are strongly attenuated, often making
it challenging to pick the P wave necessary for earthquake location algorithms (e.g., Agius et al., 2020), and
(b) because of large station azimuthal gaps (station gaps around the earthquake location). The Sicily Channel is
surrounded by four different national networks that operated at different time periods. Small-magnitude earth-
quakes were usually only located by the Italian National Seismic Network using stations from Sicily on the north-
ern side of the Channel (e.g., D’Alessandro et al., 2011). We select earthquakes that have good station coverage,

AGIUS ET AL.

19 of 32

858017 SUOLULLIOD @A11e.0 3[cedl|dde au Aq peusenob ake sapiie O ‘8sn JO Sa|nJ Joj Akeiq18UlIUO A8]IM UO (SUOIPUOD-PU-SULBILI0D" A IMARe.d 1 [ou[UO//SdNY) SUORIPUOD PUe SIS | 8L} 88S " [£202/T0/6T] Uo ARiqIauluo A8 (1M ‘Ullleg BerseAln alid Ad ¥6E0T00DZ202/620T 0T/I0p/uoo A8 | im Are.q 1 putjuo'sandnfey/sdiy wouy papeojumod ‘0T ‘2202 ‘£20252ST



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010394

with an azimuthal gap less than 120° (International Seismological Centre, 2021), to automatically eliminate
potentially uncertain earthquake hypocenters (particularly the depth parameter) outside seismic networks. We
prefer this approach because discriminating earthquake locations on the basis of travel time errors, although it is
a good statistical assessment, might be biased if most stations are far away from the source (Bondar et al., 2004).
We do not find any well-constrained deep earthquakes within the SCRZ (>30 km), with the deepest earthquake
located close to the Moho discontinuity. Considering the rifting environment of the Sicily Channel, deep mantle
earthquakes >60 km (e.g., Kherchouche et al., 2020; Palano et al., 2020) are unlikely because they are not observed
in other rift systems such as the East African Rift (Lindenfeld & Riimpker, 2011; Lindenfeld et al., 2012; Yang &
Chen, 2010). The lack of deep earthquakes is also supported by the better-constrained CMT (Figures 11 and 12).

Earthquake fault plane solutions from the CMT provide important information on the fault mechanism at depth.
Each earthquake CMT (Pondrelli, 2002) is color-coded to represent one of five kinematic categories: thrust,
strike, normal, oblique (i.e., thrust-strike or normal-strike), and horizontal-vertical, following a classification
scheme similar to Frohlich (1992) based on the plunge angles of P- and T-axis (e.g., Lindenfeld et al., 2012; Sgroi,
Barberi, & Marchetti, 2021). Distinct mechanisms at different areas of the central Mediterranean and at different
depths can be noted in Figures 11 and 12.

While earthquake CMT gives accurate, high-resolution information on the local geodynamics at depth, seismic
anisotropy from tomography can offer extended information on the regional deformation pattern. Radial seismic
anisotropy (i.e., the difference between horizontally and vertically polarized shear speeds) is generally associated
with large, finite strain within the Earth that develops a preferred alignment of the anisotropic minerals. In
the shallow crust (~5 km), anisotropy is generally explained by shape-preferred orientation, caused by tectonic
stresses that align microcracks, melts, and foliations to a specific direction (e.g., Crampin & Chastin, 2003). For
example, the 1D profiles (Figure 13) show that the shallow crust has negative radial anisotropy, probably a result
of such cracks in the crust that are typically oriented sub-vertically. In the lower crust, crystallographic-preferred
orientation is usually related to mineral alignments due to their deformation (e.g., Shapiro et al., 2004; Weiss
et al., 1999). In the mantle, anisotropy is associated with the lattice-preferred orientation (LPO) of the dominant
mineral olivine, which aligns parallel to the direction of mantle flow (Zhang & Karato, 1995). The polarity of the
radial seismic anisotropy (positive or negative) may thus provide added information on the type of mechanism
that influenced the fabric within the crust or mantle. For example, crustal extensional processes as a result of
stretching or flattening align the minerals horizontally, which in turn yields to faster shear speeds in the horizon-
tal domain and therefore positive radial seismic anisotropy (Vg > V) (e.g., Agius & Lebedev, 2014). Seismic
anisotropy may represent active deformation or past deformation that has left an anisotropic fabric frozen in the
rocks. For example, in the recent study of Alder et al. (2021), they attribute positive radial anisotropy observed
in the lower crust of the Apennines (also observed here) to ductile horizontal flow in response to the recent and
present-day extension in the region.

We compare the earthquake mechanisms, which represent the current deformation processes, with the inferred
patterns of the radial seismic anisotropy. The overall agreement is significant: normal or strike-slip fault earth-
quakes are in areas of positive anisotropy, and thrust or oblique earthquakes are located in areas of negative
anisotropy (Vg < Vg,). For example, at 10 km depth, thrust fault earthquakes north of Sardinia are in an area of
negative anisotropy (Figure 11). The region of Calabria is characterized by normal faults (positive anisotropy)
and oblique faults on the eastern coast (negative anisotropy). Thrust (reverse) faults are located offshore northern
Sicily as a result of the compression from the subduction process taking place there at the boundary between
positive and negative radial anisotropy. Our results complement the recent model of Alder et al. (2021), which
shows strong positive radial anisotropy (10%—20%) in the lower crust of the Apennines. The Apennines, too, are
characterized by normal faults and earthquakes (Trippetta et al., 2019).

On Sicily, a narrow column of negative radial anisotropy is identified beneath Mt. Etna, likely capturing the verti-
cal ascent of magma from the upper mantle to the surface, coinciding with oblique earthquake focal mechanisms
that cut through the entire crust (Figures 12e and 9e). The Hyblean Plateau has oblique earthquakes and negative
radial anisotropy. Across the Sicily Channel, shallow earthquakes are predominately strike-slip in an area of posi-
tive radial anisotropy. At 20 km depth, however, anisotropy switches to negative and earthquakes have an oblique
mechanism (Figure 11).
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Different earthquake mechanisms overlapping on the horizontal cross-section at 10 km depth (Figure 11) may
be a result of the default depth set in the earthquake location algorithm (e.g., Pondrelli et al., 2002) or may be a
result of complex fault processes occurring within narrow areas or depth ranges. In the latter case, earthquakes
are better viewed from the vertical cross-sections. A change in the radial anisotropy polarity and the earthquake
focal mechanism close to 10 km depth can be seen beneath Tunisia (Figures 12a—12c).

4.3.2. Volcanism and GPS Vectors

We compare the shallow radial anisotropy from our data with volcanism and velocity vectors from GPS. We
find that the positive and negative anisotropy coincide with intraplate and subduction-related volcanism, respec-
tively (Figure 14a, Faccenna et al., 2005). The center of the Tyrrhenian Sea is characterized by strong positive
radial anisotropy and intraplate volcanism, probably a consequence of lithospheric stretching from the Calabrian
back-arc extension in the last 10 Ma (Faccenna et al., 2001). Areas that are close to past and ongoing subduc-
tion, such as Campania and the Aeolian Islands, have subduction-related volcanism and negative radial aniso-
tropy. Similarly, the Sicily Channel is characterized by recent intraplate volcanism and shallow positive radial
anisotropy.

GPS can provide information on the orientation and rate of deformation that are taking place today. Figure 14b
shows that the direction of the horizontal vectors located on Tunisia and Sicily with respect to Eurasia as a
fixed reference point is north-northwest with a velocity of about 4 mm/yr parallel to Africa's plate movement
(McClusky et al., 2003). On a closer inspection, one notes a slight eastern (clockwise) shift in the vector direc-
tion between stations on the Tunisian platform, for example, LAMP with those on Sicily (Figure 14b) (Anzidei
et al., 2001; Bahrouni et al., 2020; Civile et al., 2008; Corti et al., 2006; D’Agostino & Selvaggi, 2004; Devoti
et al., 2011; Serpelloni et al., 2005). The difference between the vectors is often attributed to the rifting process
(e.g., Jongsma et al., 1985; Reuther et al., 1993; Serpelloni et al., 2005). We show the differential movement
between the GPS stations on LAMP with those of eastern Sicily, similar to Corti et al. (2006) (Figure 14b, red
arrows plotted in the middle between the respective stations). The resultant vector is oriented SW-NE with
velocity differences of about 1.5 mm/yr. The orientation is perpendicular to the normal faults that characterizes
the SCRZ (Jongsma et al., 1985; Reuther et al., 1993) and is parallel to the extension component of the princi-
pal axes from earthquakes located in the southeastern areas of the Sicily Channel (Figures 14b and 14c). While
GPS shows that extension is taking place there at the surface, the earthquakes moment tensor indicates that the
extensional process is also taking place at the respective depth of the earthquakes (e.g., Agius & Lebedev, 2017).
The extension is also supported by the positive radial anisotropy mapped between Pantelleria, LAMP, and MALT
(Figures 11 and 14), which thus highlights the lateral extent of the extension across the Sicily Channel at the
respective depth.

A similar comparison between the GPS station on Malta (MALT) with the stations on southeastern Sicily yields
null velocity differences, meaning that MALT is tectonically well connected with the Hyblean Plateau, also in
agreement with the lack of positive radial anisotropy there. And, in another comparison for the northwestern
end of the Sicily Channel where we compare GPS stations located on northern Tunisia (Bahrouni et al., 2020)
and Pantelleria with stations located on Sicily, the differential vectors are oriented NW—-SE on top of Adventure
Bank with magnitudes <2 mm/yr (Figure S7 in Supporting Information S1). This area is also characterized by
positive radial anisotropy, and is located between two thrust faults. We do not interpret these observations further
due to the lack of evidence, for example, seismicity (Figure 14c). A comparison between station PZIN with
station TUNI yields a resultant null vector suggesting that the two are coupled together (Figure S7 in Supporting
Information S1).

We also look into patterns of radial anisotropy with the vertical velocity vectors from GPS. Under isostasy, areas
undergoing extensions are potentially subsiding by a few millimeters a year, while areas experiencing collision
(compression) or vertical mantle flow will be rising. We plot recent GPS vertical measurements that have a data
time span of at least 3 years to reduce potential influence from seasonal hydrological variations (Figure S8 in
Supporting Information S1, Serpelloni et al., 2013). We do not plot data from stations located on top of volcanic
complexes because these are likely to undergo strong volcanic-related variability (e.g., Campania, the Aeolian
Islands, Western Sardinia, and the Sicily Channel). We find that the negative and positive vertical velocities
correlate with areas of positive and negative radial anisotropy, respectively; correlate positively in the first 10 km
and then a negative at 20—40 km, and no correlation below (Figure S8 in Supporting Information S1). A detailed
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investigation on the possible relationship between radial anisotropy and the GPS vectors, and also the role mantle
dynamics may have on surface deformation remains desirable.

The agreement of the independent data sets of earthquake focal mechanisms, volcanism, and, to an extent, the
GPS vectors with the radial anisotropy model show reliability in our results and inferences. We now have a map
of the areas undergoing extension and compression where we do not have direct measurements, such as beneath
the sea; for example, the area undergoing extension beneath the Sicily Channel between MALT, LAMP, and
Pantelleria (Figure 14).

4.4. Upper Mantle Dynamics: Thin Lithosphere and Vertical Mantle Flow

Direct evidence for deformation on a lithospheric-upper mantle scale is generally limited to seismic observations,
often aided by models derived from analog and numerical methods. Beneath some areas such as Calabria, Sicily,
and North Africa, radial anisotropy remains positive down to the maximum depth of our model (80 km), indicat-
ing that lateral deformation is vertically coherent throughout this depth range (Figure 11). Beneath the Tyrrhenian
Sea and the Sicily Channel, there is a polarity change from positive radial anisotropy in the upper 10 km to nega-
tive anisotropy below 20 km, suggesting different patterns of deformation.

While the shallow deformation correlates with surface observations as discussed in the previous sections, the
deeper negative anisotropy is more speculative. If mantle anisotropy is associated with the LPO of olivine and it
is assumed to align parallel to the direction of mantle flow (Zhang & Karato, 1995), then the negative anisotropy
indicates strain that is oriented vertical or subvertical. Olivine fabric transitions due to changes in water content,
stress, and temperature (Karato et al., 2008) may also complicate the interpretation. A vertical mantle strain could
develop from different scenarios: from a “passive” upward mantle flow replacing the new space created by the
crustal/lithospheric thinning from far-field extensional stresses (e.g., Civile et al., 2010; Huismans et al., 2001),
or from an “active” vertical flow of rising mantle that erodes the overlaying lithosphere (Huismans et al., 2001;
Merle, 2011; Miller & Piana Agostinetti, 2011). Alternatively, a downward flow can also cause vertical mantle
strain, especially underneath a slab tip from poloidal circulation (e.g., Funiciello et al., 2006).

Beneath the Tyrrhenian Sea, active mantle upwelling may have developed during the formation of volcanic fronts
in the subduction zone (Davies & Stevenson, 1992; Tatsumi, 1986; Yogodzinski et al., 2001), or induced from
a return flow and slab fragmentation associated with complex slab subduction (Faccenna et al., 2010) possibly
involving rollback and break off gaps that result in toroidal and poloidal mantle circulation (e.g., Civello &
Margheriti, 2004; Faccenna et al., 2007; Funiciello et al., 2003; Funiciello et al., 2006; Gvirtzman & Nur, 1999;
Kirély et al., 2017, 2020; Merle, 2011; Piromallo et al., 2006; Trua et al., 2003), or from the dehydration of a
stagnant slab below (Merle, 2011; Piromallo & Morelli, 2003). Thus, our observation of negative radial anisot-
ropy and low shear velocities supports the hypothesis of mantle upwelling beneath the western Tyrrhenian Sea at
least from 60 km depth (Figure 11) or shallower (Figure 13). Radial anisotropy at depths >60 km is unlikely to be
well resolved in our model (Figure 11) because the Love-wave data have shorter periods than the Rayleigh waves,
and thus the sensitivity of the radial anisotropy is limited to shallower depths (Figure S6 in Supporting Informa-
tion S1). The change from positive to negative radial anisotropy may represent the LAB (Plomerové et al., 2002),
which marks the base of the layer experiencing lateral extension above.

In the case of the Sicily Channel, the tectonic environment is different from the Tyrrhenian one because it is
not located along the subduction zone and has no underlying stagnant slab. Instead, it is thought that the nearby
subducted lithosphere has a slab window (or gap) which could affect the mantle circulation (e.g., Booth-Rea
etal., 2018; Faccenna et al., 2007; Faccenna et al., 2011). We consider the recent surface-wave tomographic study
of El-Sharkawy et al. (2020) (Figure 16), which shows strong low shear-velocity anomalies beneath the SCRZ,
from 75 to 300 km depth (El-Sharkawy et al., 2021). Thus, the low velocity we observe beneath the SCRZ is

Figure 14. Crustal dynamics from volcanism, GPS vectors, earthquakes, and radial anisotropy. Background shade is the radial anisotropy at 5 km depth. (a)
Comparison of radial anisotropy with intraplate (red) and subduction-related volcanism (blue) (Faccenna et al., 2005). (b) Horizontal GPS velocity vectors with respect
to Eurasia (dark green arrows) (Bahrouni et al., 2020; Devoti et al., 2011). Vector differences between GPS stations across the Sicily Channel are shown in red arrows
plotted midpoint between the station pairs, color-coded to match the respective reference stations LAMP (brown) and MALT (green). Note the difference in scales.

(c) Extension (red sticks) and compression (blue sticks) components of the principal axes from the earthquake focal mechanism within the upper 10 km of the crust
(European-Mediterranean Regional Centroid-Moment Tensors (Pondrelli, 2002)). The color of the focal mechanisms are as in Figure 11. Blue/red contours show the
bathymetry/topography (ETOPO1, Amante & Eakins, 2009) at 250 m intervals with a median filter type of 100 km diameter (Wessel et al., 2019).
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Figure 15. Crustal thickness, topography, and residual topography. (a) Crustal thickness versus topography. Each dot corresponds to a point on the crustal thickness
map (Figure 10) for elevations greater than —1 km. Dashed green line is the crustal thickness versus topography relationship from Gvirtzman et al. (2016) inferred from
a topography-crustal buoyancy prediction with a —1.1 km shift corresponding to the negative buoyancy of a 100 km-thick mantle lithosphere. Each dot is color-coded
to indicate the difference of the smoothed ETOPO1 topography to the predicted topography for the different crustal thicknesses (e.g., Faccenna & Becker, 2020;
Gvirtzman et al., 2016). (b) The difference between the ETOPO1 and predicted topography in (a) shown on a map. Red shade shows uplifted topography due to a
thinner mantle lithosphere (Gvirtzman et al., 2016).

unlikely a result of passive vertical flow due to the rifting process above because, if so, the low V would only be
present a few tens of kilometers beneath the thinned lithosphere (e.g., West et al., 2004).

The low shear velocity in El-Sharkawy et al. (2020) is circumventing from southern to northern Sicily. The
direction of mantle flow inferred from seismic shear-wave splitting (SKS) suggests a clockwise rotation from
the front to the back of the Calabrian arc (Baccheschi et al., 2007, 2008; Civello & Margheriti, 2004; Faccenna
et al., 2005, 2011; Lucente et al., 2006; Margheriti et al., 2003). The fast directions are described as toroi-
dal mantle flow induced by rollback subduction (Civello & Margheriti, 2004). The anisotropic pattern is also
confirmed from the uppermost mantle velocities of P, (Mele et al., 1998) and S, (Diaz et al., 2012), which suggest
that the toroidal flow beneath the Sicily Channel is shallow starting from sub-Moho depths (Diaz et al., 2012).
However, the depth range of the flow remains unclear (Zhu et al., 2015) as well as its orientation, whether it is
purely horizontal, sub-horizontal, or subvertical (e.g., Faccenna et al., 2011). Our negative radial anisotropy in
the upper mantle suggests that the toroidal flow has a vertical component and is concentrated within the SCRZ
(Figures 11 and 13). Mantle upwelling beneath the Sicily Channel and adjacent areas may be related to poloidal
flow from a retrograde slab motion as shown by numeric (e.g., Piromallo et al., 2006) and analog (e.g., Funiciello
et al., 2006) models. The upwelling takes place at the slab edges as mantle material beneath the slab is displaced
flowing laterally around the slab edges. This mechanism may also explain why the onset and peak of the negative
anisotropy beneath the SCRZ are deeper than that of the western Tyrrhenian Sea (Figure 13).

The interplay between poloidal and toroidal fluxes is expected to produce uplift of the overriding plate and
induce volcanism as a result of decompression melting (Faccenna et al., 2011). We look at the regional isostasy,
the relationship of crustal thickness with topography, and compare with the prediction of crustal buoyancy for
continents by Gvirtzman et al. (2016) (Figure 15). The prediction shows that the very thick crust beneath Calabria
has a lower than expected topography in agreement with regional, large-scale dynamic topography models (e.g.,
Faccenna & Becker, 2020; Faccenna et al., 2014). In contrast, the thin crust of Sardinia has a higher than expected
topography. The uplift of Sardinia has been previously determined from volcanic activity (Mariani et al., 2009),
marine dating (Casini et al., 2020), and geomorphological studies (Demurtas et al., 2021). Parts of the SCRZ
too show it is uplifted by a few hundreds of meters. The largest positive residual is located close to Pantelleria,
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Figure 16. Summary of results. Vertical cross section along the Sicily Channel Rift Zone. Red arrows represent crustal
extension inferred from differential GPS vectors at the surface, earthquake focal mechanisms, and from positive crustal radial
anisotropy (Figures 14b and 14c). The crust and lithosphere beneath the SCRZ are thin, as inferred from the 1-D profiles, and
are underlain by a low-velocity zone. The low-velocity zone (LVZ) is a proxy for a hot asthenosphere that facilitates vertical
flow (white arrows), as suggested by the negative radial anisotropy. Bottom horizontal cross-section shows the shear velocity
at 100 km depth from El-Sharkawy et al. (2020). Curved arrow shows the direction of mantle flow as inferred from SKS
splitting (Civello & Margheriti, 2004).

an area that has active volcanism (Cavallaro & Coltelli, 2019; Lodolo et al., 2012; Parello et al., 2000), high
heat flow (Vedova et al., 1995), and positive Bouguer (gravity) anomalies (Morelli et al., 1975). The uplift is
likely a result of dynamic topography from the deflection of the surface due to active mantle flow (Faccenna
& Becker, 2020). Evidence for mantle upwelling is corroborated with measured high concentration of Helium
isotope ratios and high-heat flow originating from deep in the mantle (Caracausi et al., 2005; Civetta et al., 1998;
Parello et al., 2000).

The new constraints from shear velocity and radial anisotropy confirm a more active mantle upwelling process
than previously thought beneath the Sicily Channel. The upwelling is likely eroding, thinning, and stretching
the lithosphere beneath the Channel. However, it remains unclear whether the upwelling is the only mechanism
driving the rifting process or whether active upwelling is taking place simultaneously with shallow regional
extensional forces (Magni et al., 2014). Furthermore, the faith of the SCRZ on how far the rift will extend in the
future and if Sicily will become a separate tectonic microplate from Africa (Cello, 1987; Jongsma et al., 1985)
remains to be seen.

5. Conclusions

We present a new isotropic 3-D shear-velocity and radial anisotropic model of the central Mediterranean, based
on manually selected dispersion curves of fundamental mode Rayleigh and Love surface waves. The data is
from ambient seismic noise recorded on several networks that operated for many years. Our results provide new
constraints on the mantle dynamics in the region, particularly that of the Sicily Channel.

The shallow Vg structures coincide with topographic and tectonic features of the region: slow under high
elevation mountain chains, fast beneath the deep sea. Inferred crustal thicknesses show general correlations
with the elevation: thinnest beneath the deep basin of the Tyrrhenian Sea (~10 km) and thickest beneath the
Apennine-Maghrebian mountain ranges (~50 km). The crust beneath Sardinia is 25-35 km thick, and thicker
beneath Tunisia (35-40 km). Sicily is contrasted by a thick crust beneath the west-northwest mountain region and
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a continental-type crust beneath the southeast (Hyblean Plateau). Across the Sicily Channel, the crustal thickness
varies in the range of 18-25 km; the thinnest is beneath the SCRZ.

The shallow crustal radial anisotropy patterns have a good general agreement with the earthquake focal mech-
anisms, volcanic and tectonic features as well as GPS velocities. Areas experiencing compression (thrust) have
negative anisotropy and subduction-related volcanism; areas experiencing extension have positive anisotropy and
intraplate-related volcanism (Western Sardinia, the Tyrrhenian Sea, and the Sicily Channel). Positive seismic
radial anisotropy highlights the extent of rifting across the Sicily Channel. The crustal radial anisotropy beneath
the Channel is strong (+10%) and is located in an area actively undergoing SW-NE extension perpendicular to
the normal faults and parallel to the extension component of earthquakes.

The lithosphere beneath the SCRZ is thin, underlain by low seismic shear velocities and negative radial aniso-
tropy. The LAB rises from 60 km depth beneath Tunisia to ~33 km beneath the SCRZ (Figure 13). We do not
observe a LVZ or a mantle lid beneath the Tyrrhenian Sea, but a very low sub-Moho isotropic velocities that
increase monotonically with depth. These zones of low shear velocities are a proxy for high temperatures that
facilitate vertical flow, as inferred from the strong negative radial anisotropy (Figure 16). A deeper low shear
velocity beneath the SCRZ (El-Sharkawy et al., 2020, 2021) suggests that upwelling has a mantle origin, possi-
bly from poloidal flow that contributes to the negative radial anisotropy, volcanism, and an elevated residual

topography.

While these results confirm an active upwelling and rifting process, it remains unclear whether the upwelling is
the sole/dominant mechanism that is eroding, thinning, and stretching the lithosphere across the Sicily Channel
or whether active upwelling is taking place simultaneously with shallow regional extensional forces.

Data Availability Statement

The raw seismic waveforms are available from the network repositories: IV (INGV Seismological Data
Centre, 1997) (https://webservices.ingv.it/fdsnws/dataselect/1/), MN (MedNet Project Partner Institutions, 1988)
(https://webservices.ingv.it/fdsnws/dataselect/1/), TT (Institut National de 1a Météorologie, 2008) (https://geofon.
gfz-potsdam.de/fdsnws/dataselect/1/), YF (Suzan van der Lee et al., 1999 (http://service.iris.edu/irisws/fedcata-
log/1/), and GE (GEOFON Data Centre, 1993) (https://geofon.gfz-potsdam.de/fdsnws/dataselect/1/. The software
Obspy (Beyreuther et al., 2010), Geopsy (Wathelet et al., 2020), and SeisLib (Magrini et al., 2022) were used
for the data processing. All figures were made using the Generic Mapping Tools (GMT) software (Agius, 2018;
Wessel et al., 2019).
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