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Abstract We investigate the upper mantle discontinuities in the central Mediterranean region by
applying the P and S receiver function techniques on waveforms recorded at broadband stations located
around the Tyrrhenian basin. P and S wave velocity profiles (down to 300‐km depth) are calculated with
joint inversion of P and S receiver functions. We could identify the Moho, lithosphere‐asthenosphere
boundary, and an underlying low‐velocity layer between ~60‐ and ~200‐km depth. The low‐velocity layer is
interpreted as asthenospheric material, and its lower boundary is identified below the western Ionian and
Tyrrhenian basins as a sharp Lehmann discontinuity. Although the stations are located on different
lithospheric domains we find a strong correlation between Moho and the lithosphere‐asthenosphere
boundary depths, which suggests ubiquitous coupling of the crust and lithospheric mantle, consistently
with the southward opening of the Tyrrhenian basin. The Tyrrhenian and western Ionian basins present
thinning of the transition zone of ~14 km, as inferred from a reduced P660s‐P410s differential time. Below
the southern Apennines we observe a standard differential time that implies an average mantle transition
zone thickness. We explain these mantle transition zone thickness variations as due to temperature
heterogeneity linked to the area's subduction history. Finally, under central Europe (the location of the deep
S‐to‐P conversion points) two strong signals from nonstandard discontinuities within the mantle transition
zone are observed. These signals can be explained as being generated at the boundaries of high seismic
velocity layers that are spatially correlated with stagnant slabs in the transition zone detected by
seismic tomography.

Plain Language Summary The structure and composition of the Earth can lead to understanding
its geological evolution. In this study, we use a method called the receiver function technique to
understand the evolution of the central Mediterranean. This technique uses seismometer data to explore the
interfaces (discontinuities) that separate the layers of the Earth. From shallowest to deepest, the
discontinuities are the Moho, which separates crust and mantle, the lithosphere‐asthenosphere boundary,
which separates the lithosphere and asthenosphere and the 410‐ and 660‐km discontinuities which
together separate the upper and lower mantle. The discontinuities in the central Mediterranean area are
particularly interesting. We found a strong correlation between theMoho and the lithosphere‐asthenosphere
boundary depths throughout the Tyrrhenian region despite the fact that this area includes different
tectonic plates. The finding suggests that a single mechanism controlled both crust and lithosphere thickness
in this area during its evolution. At 400–600‐km depth, we found a thinning of the transition zone, which
suggests that mantle temperatures are higher than the global average. Finally, we detected two
discontinuities beneath central Europe, which testify to the existence of tectonic plates that sunk during past
subduction (a process in which one plate moves under another) in the transition zone.

1. Introduction

The central Mediterranean region (Figure 1) that lies between Africa and Eurasia plates has been shaped in
the last 100 Myr by plate collision, subduction, and slab roll‐back (Faccenna et al., 2014). The study area
includes Adriatic and Tyrrhenian basins, Corsica‐Sardinia block and Sicily, Italian peninsula, Carpathian‐
Pannonian region, and Dinarides‐Hellenic arc. In this highly heterogeneous region the occurrence of
subduction (active and extinct), slab roll‐back, and extension with production of new oceanic crust and wide-
spread volcanism is testified by large variations of geophysical quantities. Surface heat flow is highly variable
and can reach values >200 mW/m2 in the Tyrrhenian basin (e.g., Cloetingh et al., 2010). Crustal thickness
varies from 8 to 10 km under the Tyrrhenian basin to 50–60 km beneath the Alps (e.g., Grad et al., 2009;
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Hetényi et al., 2018; Molinari & Morelli, 2011). Thickness of the lithosphere, continental and oceanic, varies
between 20 and 190 km (Babuška & Plomerova, 1988; Belinić et al., 2018; Calcagnile & Panza, 1981; Geissler
et al., 2010; Pontevivo & Panza, 2006). These significant lateral changes are characterized by strong seismic
velocity anomalies reported in tomography studies: high‐velocity slabs and lithospheric fragments in the
uppermost mantle in subduction regions (Calabrian arc, Pannonia‐Carpathian region, Alpine‐Apennine
region, and Hellenic arc) and low‐velocity anomalies in the topmost 200–300 km below the Western
Mediterranean Basin (Algero‐Provencal and Tyrrhenian Sea). Low‐velocity anomalies are a result of back‐
arc extension associated with slab roll‐back (e.g., Koulakov et al., 2009; Piromallo & Morelli, 2003; Ren
et al., 2012; Wortel & Spakman, 2000; Zhu et al., 2015). The pervasive high seismic velocity material
ponding in the mantle transition zone (MTZ) is interpreted as oceanic lithosphere subducted since the
Miocene (e.g., Wortel & Spakman, 2000).

The receiver function (RF) technique, based on the conversion of P (PRF) and S (SRF) teleseismic phases, is a
powerful tool to investigate crustal and mantle seismic velocity discontinuities. The most common disconti-
nuities in the upper mantle that have been detected with receiver functions are: crust‐mantle boundary
(Moho), lithosphere‐asthenosphere boundary (LAB; see Fischer et al., 2010 for a review), and transition zone
boundaries at 410‐ and 660‐km depth. Other, nonstandard, discontinuities are observed in some regions. The
Lehmann discontinuity (Lehmann, 1961)—also known as L or 220‐km discontinuity—is interpreted as the
bottom of a low‐velocity zone (Gu et al., 2001; Vinnik et al., 2005; Vinnik et al., 2016). The L discontinuity

Figure 1. Study area. Green triangles = seismic stations. IBLEE combines five stations (HAVL, HLNI, HAGA, HBSP,
HVZN). NA = Northern Apennines, SA = Southern Apennines, Co = Corsica, Sd = Sardinia, Si = Sicily,
Ca = Calabria, Ap = Apulia. Tectonic map courtesy of A. Argnani.
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has been also linked to a variation in seismic anisotropy (e.g., Gaherty & Jordan, 1995), although Vinnik et al.
(2005) exclude anisotropy as a first‐order effect. The midlithospheric discontinuity (e.g., Rychert & Shearer,
2009; Selway et al., 2015), and the sublithospheric discontinuity (Kind et al., 2017), have been observed in
cratonic regions. At greater depths, receiver function studies identified the 350‐km discontinuity, interpreted
as the top of a low‐velocity layer overlying the 410, below several Pre‐Cambrian platforms (linked to
Mesozoic and Cenozoic volcanism; e.g., Vinnik & Farra, 2002) and also in California (linked to the Baja
Guadalupe hot spot; Vinnik et al., 2010).

Deeper nonstandard discontinuities exist in the mantle transition zone in different geodynamic settings. A
discontinuity at 520‐km depth was first detected in some areas with SS precursors (e.g., Shearer, 1990) and
with Pds phases (Chevrot et al., 1999), and explained as due to the β‐spinel to γ‐spinel phase transformation.
The 520‐km discontinuity has been also observed in hot spot regions and explained as the base of a low‐
velocity layer in the mantle transition zone (Kraft et al., 2018; Vinnik et al., 2004; Vinnik et al., 2005;
Vinnik et al., 2012) associated to melting in presence of high temperatures (Vinnik & Farra, 2006). Finally,
a discontinuity at 630‐km depth, associated to a seismic velocity reduction, was observed in several regions
and interpreted as due to subducted oceanic crust above the 660‐km discontinuity (e.g., Shen & Blum, 2003).

In the central Mediterranean area a number of RF studies have focused on the crust (Amato et al., 2014;
Piana Agostinetti & Amato, 2009; van der Meijde et al., 2003) and the lithosphere‐asthenosphere boundary
(Belinić et al., 2018; Bianchi et al., 2014; Geissler et al., 2010; Miller & Piana Agostinetti, 2011; Miller & Piana
Agostinetti, 2012). Several PRF studies investigated the upper mantle down to the transition zone (Cottaar &
Deuss, 2016; Liu et al., 2018; Lombardi et al., 2009; van derMeijde et al., 2003; van derMeijde et al., 2005) and
a very recent SRF work focused on the sublithospheric discontinuities (midlithospheric discontinuity and
sublithospheric discontinuity) below central Europe (Kind et al., 2017). All these studies highlight a strong
top‐to‐bottom and lateral heterogeneity in this area, where depth, topography of the discontinuities, and
the character of the converted phase pulses appear to correlate with the different tectonic regions and the
complexity of the various subduction zones. Piana Agostinetti and Amato (2009) observe a Moho topography
that from the shallow values of the peri‐Tyrrhenian area (20–25 km), deepens below the Apennines belt
(reaching 50 km), and suddenly dips in the Ionian subduction. The continental lithospheric thickness as
detected by SRFs varies between 60 and 170 km along the Italian peninsula (Miller & Piana Agostinetti,
2011, 2012).

Thickening of the MTZ by 10 to 40 km, mainly due to depression of the 660‐km discontinuity with no
correlated anomalous topography of the 410, has been observed beneath the Pannonian Basin‐central
Europe (Cottaar & Deuss, 2016; Hetényi et al., 2009), south of the Alps and western Alps (Cottaar &
Deuss, 2016; Lombardi et al., 2009), in regions affected by past subductions. This increase in MTZ thick-
ness has been considered of thermal origin, and unanimously related to the accumulation of cold sub-
ducted lithosphere presently ponding above 660‐km depth, although compositional effects could also be
involved (Cottaar & Deuss, 2016). In southern Italy (Calabria) van der Meijde, Van Der Lee, and
Giardini (2003) observed an uplifted 410 and a thickened MTZ, and explained it as caused by the ongoing
subduction of the Calabrian slab.

A first objective of this work is to resolve the seismic velocity structure of the crust and uppermost mantle
around the Tyrrhenian basin, by applying, for the first time, a joint inversion of P and S RF to calculate
Vp, Vs, and Vp/Vs profiles down to about 300‐km depth. A second objective is to study the MTZ discontinu-
ities below the central Mediterranean region by separate analysis of the P and S RF. To our knowledge this is
the first study of the mantle transition zone of this area based on the S receiver function technique.

2. Data Selection and Processing

Our approach is alternative to automated receiver function calculation as it is based on careful manual pro-
cessing of thousands of P and S receiver functions. The RFs are calculated on waveforms from permanent
broadband stations located around the Tyrrhenian Sea (Figure 1 and Table S1) part of INGV Italian network
(RSNC), and one in Corsica part of the French network (RESIF). For all stations, except VSL, we considered
teleseismic events (M ≥ 6) recorded within the years 2005–2018. VSL was the first station considered, withM
≥ 5.6, used as test case given that it is known to be a very good quality station.
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In general, the amount of recordings we could use for stacking in our nonautomated procedure is greatly
reduced from the initial data set by the selection procedure. This depends on the requirements necessary
to obtain reliable signals to be used in the stacks: (1) accurate calibration of the three components of a broad-
band station, (2) several years of good quality recordings available, and (3) acceptable S/N to detect the sig-
nals. In the study area both microseismic (near the coast and on islands) and signal generated noise are very
strong and misidentification of phases on the stacks is quite possible if appropriate selection is not per-
formed. We tried to use several other stations in the area but due to requirements (1)–(3) not enough data
were available at the end of the selection procedure. Finally, we check for the effects of lateral heterogeneity
by calculating the RF stacks in different azimuthal sectors. We find that for some stations it is necessary to
separate the RFs in two sectors, while in other cases it necessary, when possible, to combine nearby stations
(Table S1 and Figure S1).

On average, for the P receiver functions we selected ~450 events from epicentral distances 30°–100°, while for
the SRF ~250 events from 65° to 90°. Although in the seismic wave ray theory S410p does not exist at epicen-
tral distances smaller than 79°, in actual seismic recordings and in the finite‐frequency synthetics the signal
is observed with a smaller amplitude also at shorter distances (e.g., Vinnik et al., 2010). Given that the Ps and
Sp converted signals are very small and often not visible in the single waveform, many teleseismic events
with a broad range of epicentral distances are needed in the stacking with moveout procedure to enhance
the converted signals while reducing other wave types (e.g., Kind & Vinnik, 1988). To observe the converted
signals we apply a rigorous visual quality control to discard waveforms affected by noise, both random and
signal generated. The PRFs for this area are very noisy due to crustal reverberations. For the SRF, at distances
>83°, care needs to be taken to avoid mixing up the S and SKS phases, and many waveforms are discarded
due to their interference. After a stringent selection procedure about 10% or less of the waveforms are
selected from the initial data set for P and S RF calculation. Noisy P and S RF are eliminated after visual
inspection before the stacking procedure. Furthermore, in the stacking of the S receiver functions, we follow
the method described by Farra and Vinnik (2000) that calculates the level of noise in every SRF in the time
interval of interest and applies weights to the individual RF in the stacking procedure. The receiver functions
with relatively small signal/noise ratio are taken with small weights. Therefore, this procedure suppresses
noisy receiver functions providing the optimum signal/noise ratio in the resulting stack.

To better illustrate the selection procedure we take, as example, station AQU. For AQU we considered the
time frame 2009–2017 that included 1220M ≥ 6 events for all epicentral distances. We could download from
the EIDA site (https://www.orfeus‐eu.org/data/eida/) 1,100 three‐component waveforms. Of the 1,100
events we discarded the ones with the wrong epicentral distances and selected 191 PRF and 81 SRF. At this
stage we need to make sure that we are considering the correct phase for the calculation of the RF, so a care-
ful selection is performed by the analyst. A second selection is performed during the stacking procedure,
where all the RF are viewed together and noisy traces are removed before stacking. Finally, we obtain
57 PRF and 33 SRF.

3. Method
3.1. Receiver Function Technique

In the RFmethod even a single seismic station can be used to probe the structure of the Earth underlying the
receiver (e.g., Owens & Zandt, 1985). The main objective of the RF analysis is to detect weak converted
phases from deep Earth layers and investigate the corresponding seismic discontinuities. There are two com-
plementary types of RFs that can be calculated depending on the type of conversion at a seismic discontinuity
d, that is, Pds and Sdp. To enhance the converted phases observed on a three‐component seismogram, two
different optimal reference frames are used for the P and S RF. For the PRF the reference frame is LQT,
where the Pwave is mainly polarized along the L component and the converted SV phase is observed mainly
on the Q component (Vinnik, 1977). In the calculation of the PRF the Q component is deconvolved by the L
component. Similarly, the SRF is decomposed into P and SV components (Farra & Vinnik, 2000). The SV axis
corresponds to the principal S particle motion direction in the wave propagation plane. The P axis is perpen-
dicular to SV in the same plane and is optimal for detecting the Sp phase.

To optimize S/N, high‐pass (30 s) and low‐pass (default is 6 s for PRF and 8 s for SRF) filtering is performed
by the analyst on the waveform before the RF calculation. This filtering is a deliberate decision: at very high
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frequencies the wavefield may be better described by random wave scattering rather than by regular reflec-
tion and conversion. Then, a spiking filter with a time domain deconvolution (Berkhout, 1977) is applied in
the SeismicHandler software (Stammler, 1993) to calculate the receiver function.

The data segment selected by the analyst for the time deconvolution is wide enough to include the P (for
PRF) or S (for SRF) phase. Finally, the waveforms are stacked with a moveout time correction that is calcu-
lated differently for the two RF techniques. An advantage of the SRF with respect to PRF is that, since the
converted phases from deep discontinuities arrive before the direct (P or S) wave, they are not contaminated
by signal‐generated noise from shallow discontinuities (reverberations). On the other hand, in the PRF the
converted phases arrive in the same time window of the superficial reverberations (for example, crustal mul-
tiples). Signal generated noise can be so strong to completely cover the small converted signals even after the
stacking process has been applied.

Since the waves are mainly sensitive to the (first) Fresnel volume (e.g., Spetzler & Snieder, 2004), the RF gives
information on the area where conversion takes place, described in first approximation by the first Fresnel
radius centered at the piercing point of the Ps or Sp phase. For depths <300 km the Fresnel zones for Ps
and Sp are either adjacent or overlapping (Figure S2) and we can combine them in the inversion. For greater
depths (>300‐km depth) Ps and Sp sample different volumes and we have to analyze them separately: the
PRF piercing points project onto an area closer to the receivers (sampling in our case southern Italy‐
Tyrrhenian‐western Ionian), while the SRF piercing points project at a larger distance from the stations
(below the central‐eastern Euro‐Mediterranean area).

3.2. Inversion Technique

PRF and SRF are complementary, since the Ps and Sp phases at the same epicentral distance sample the
same volume at different incidence angles. For this reason simultaneous inversion of PRF and SRF leads
to a better‐constrained model (Vinnik et al., 2004). In principle the Sp and Ps conversion depend on both
Vp and Vs, so the P and S RF are not independent and a joint inversion is a natural choice. Kiselev et al.
(2008) showed that synthetic data calculated with joint inversion of P and S RF fits more accurately the
observed RFs than applying separate inversion of P or S. Nonlinear joint inversion of P and S RF for the
upper 300 km has been applied previously in a wide variety of geodynamic contexts (e.g., Morais et al.,
2015; Silveira et al., 2010; Vinnik et al., 2012).

Simultaneous inversion of P and S RF is calculated for seven observation points (Figure 1). Synthetic seismo-
grams from plane waves incident on a stack of homogeneous plane layers are calculated with the software
package “Computer Programs in Seismology” (Herrmann, 2013) that uses wave number integration method
(Herrmann & Wang, 1985; Wang & Herrmann, 1980). An Earth flattening correction is applied (Schwab &
Knopoff, 1972). The part of the RF that we are inverting covers the first 30 s and includes signals that might
be converted down to ~300‐km depth. It is assumed that the Earth below each station is laterally homoge-
neous and isotropic in the upper 300 km. For some stations it was necessary to restrict the RF in a specific
azimuthal sector due to lateral heterogeneity (Table S1 and Figure S1).

The RFswere calculated starting from the synthetic seismograms by following the same procedure used in the
calculation of the observed data RFs. Inversion was performed using the ASA code (Adaptive Simulated
Annealing; Ingber, 1993), amethod based on simulated annealing, which we adapted to our specific problem.
ASA has been successfully applied to nonlinear inversion problems in geophysics (e.g., Sen & Stoffa, 1995).
Eight layers of variable thickness, Vp and Vs, compose the input model. At the bottom of themodel the values
ofVp andVs are from the IASP91model (Kennett & Engdahl, 1991). Density is calculated fromVp andVswith
Birch's law. Since the ASA inversion is a global optimization procedure we could let the parameters take
values in a wide range (Table S2). Synthetic P and S RF are calculated for each accepted randomly generated
model, and an energy function is calculated as the difference, in the least squares sense, between synthetic
and observed RFs. The objective is to find a global minimum of the energy function. The parameter space
(24 dimensions) is explored extensively by sampling a number of states in the order of 105.

4. Results

We present the analysis of the PRF and SRF stacks and the models of the uppermost mantle from the
joint inversion.
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4.1. PRF

In the PRF, as a convention we consider signals with positive polarity as coming from a discontinuity separ-
ating two layers in which the deeper layer (farther from the Earth's surface) has higher velocity than the
more superficial layer. Vice versa, a signal with negative polarity comes from a velocity inversion (velocity
decreases with depth).

Generally, the PRFs are contaminated by signal‐generated noise of high amplitude, such as multiple reflec-
tions from superficial layers. Although we have many RFs to stack, for some stations (e.g., SMPL and AQU),
noise makes the identification of converted phases not possible (except for theMoho signal). The signals con-
verted at the Moho, identified with M in Figure 2, will be commented in section 4.3. Arrival times of the
observed converted phases are compared to the standard times predicted by the IASP91 model. Table 1 sum-
marizes the observed PRF signals for the transition zone. A signal for P410s, converted at the 410‐km discon-
tinuity, is observed at VSL at 45 s, 1 s later than standard (Figure 2a), AMUR + NOCI + CUC (Figure 2b) at
44.21 s, near the standard time (44 s), and at IBLEE at 46.5 s, ~2.5 s later than standard (Figure 2c). The signal

for P660s, converted at the 660‐km discontinuity, is observed at VSL
at 67.6 s, and AMUR + NOCI + CUC at 67.2 s, close to standard time
(67.9 s). The differential time TP660s–TP410s is 22.6 s at VSL, 1.3 s
smaller than the standard value (23.9 s) and 23.1 s at AMUR +
NOCI + CUC, a standard value. For IBLEE, P660s is observed at
69.0 s, 1.1 s later than standard, and TP660s–TP410s is 22.6 s, 1.3 s
smaller than the standard value, same as VSL. Figure 2d shows that
the Ps conversions take place at the transition zone boundaries, below
the southern central Mediterranean region. We combined data from
AMUR + NOCI and CUC on the basis of the location of the piercing
points for P410 and P660s.

Figure 2. Stacks with moveout calculated with respect to depth for P receiver functions. (a) VSL. (b) AMUR + NOCI +
CUC. (c) IBLEE (HAVL + HLNI). Signals converted from discontinuities: Moho (M), 410 km (P410s), and 660 km
(P660s). (d) Piercing points for P410s (red symbols) and P660s (blue symbols) for stations VSL (circles), AMUR + NOCI
(diamonds), CUC (stars), and IBLEE (squares). Here and in the following piercing points were calculated with the TauP
Toolkit (Crotwell et al., 1999) in the IASP91 model.

Table 1
Observed PRF Signals and Comparison With Standard Times
(IASP91 Model)

Stations P410s P660s Δt N

VSL 45.0 s 67.6 s 22.6 s 44
AMUR + NOCI + CUC 44.1 s 67.2 s 23.1 s 44
IBLEE 46.6 s 69.1 s 22.5 s 35
Standard times 44.0 s 67.9 s 23.9 s

Note. Δt = difference between P660s and P410s arrivals (TP660s‐TP410s). N =
number of selected traces.
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4.2. SRF

In the SRF, as a convention we consider the signals with negative polarity as coming from a discontinuity
separating two layers in which the deeper layer (farther from the Earth's surface) has greater velocity than
the overlying layer. Vice versa, a signal with positive polarity comes from a velocity inversion in depth.
Signals converted at discontinuities are considered as reliable when they have amplitudes that are greater
or close to 3 times the noise RMS.

The earliest signal that we observe comes from the Moho (Figures 3a–3g). This signal shows strong variation
in the arrival times, from −2 s at USI to −5.8 s at AQU. At USI there is a strong sub‐Moho signal at −8.1 s.
From below the Tyrrhenian basin and western Ionian Sea, a phase with negative polarity, is visible at ~−25 s
for VSL, and−26.5 s for IBLEE, identified as the Lehmann discontinuity. A clear S410p signal (with negative
polarity) is observed at CUC at −50.3 s and AQU at −50.7 s, close to the standard arrival time for S410p in
IASP91 (within 1 s). There is a reliable signal with negative polarity observed at SMPL at −53 s and at
IBLEE at −54 s, about 2–2.5 s slower than the standard time for S410p. This phase, that we label “S450p,”
is observed from below the eastern Alps and the Hellenic arc. Another interesting signal, with positive polar-
ity and amplitude 0.025–0.035, is observed at VSL, USI, AMUR + NOCI, and weaker (2.5 times the noise
RMS) at CUC, between −58 and −66 s. We call this nonstandard phase “S580p.” Table 2 summarizes infor-
mation on the observed SRF signals (Figures 3a–3g). Figure 3h shows where the Sp conversions at the iden-
tified mantle discontinuities take place.

4.3. Joint Inversion of P and S RF

Figure 4 shows the models for Vp, Vs, and Vp/Vs below the seven observation points (Figure 1). The top panels
show heat plots produced by a binning procedure that counts how many times the parameters explored in
the ASA inversion procedure have values that fall in each bin. The hottest colors represent models that better
minimize the misfit between the observed and the synthetic RFs, since these models are more often visited
during the ASA exploration procedure of the parameter space. The median (black curve), calculated on an
ensemble of best fitting models, can be compared with the IASP91 model (white curve). Table S3 shows
the medians of the parameters and their associated errors, that is, the median absolute deviation, a robust
measure of central tendency reported as dashed blue curves in the top panels with the heat plot of the velo-
city profiles (median value ± the median absolute deviation). The bottom panels show the receiver functions
calculated for the ensemble of best fitting models (red curves), the RF calculated on the median of the models
(black curve), and the observed receiver functions (blue curve). From the error analysis one can see that the
Vpmodels are less constrained by the data than the Vsmodels. The errors on the Vp/Vsmodels are calculated
with the uncertainty propagation by Taylor series expansion and dominated by Vp. One should also keep in
mind, when looking at the velocity profiles, that the RFs depend strongly on changes in Vp/Vs, and that the
same profile of Vp/Vsmight be generated by different combinations of Vp and Vs values, so there is a trade‐off
between Vp and Vs. For this reason we do not overinterpret the absolute values of Vp and Vs, focusing instead
more on the velocity jumps and Vp/Vs values.

The main discontinuities are identified with arrows of different colors in the Vs profile: Moho (white) and
LAB (red). In all models, except for CUC, we observe, below the LAB, a low Vs layer (LVL). The signal
observed in the SRF stacks and identified as the Lehmann discontinuity (yellow arrow) marks the bottom
of the LVL below VSL and IBLEE at ~200‐km depth. The inversion for station CUCwas not stable, especially
for the lower part of the model as testified by the large errors (Table S3), although the main discontinuities
(Moho and LAB) were persistent during several tests. We recall that the lateral resolution of the discontinu-
ities is limited by the sensitivity of teleseismic waves (in our case the smallest periods are 6–8 s). At LAB
depth the lateral resolution, described in first approximation by the first Fresnel radius centered at the pier-
cing point of the Ps or Sp phase, is ~100–150 km wide (Figure S2).

5. Discussion

We divide our discussion in two parts, the first on the uppermost mantle and the second on the
transition zone.
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5.1. Uppermost Mantle
5.1.1. Moho and LAB
Our measurements of the Moho and LAB depth derived from the inversion profiles are summarized in
Table 3 and compared to results from previous receiver function studies (in Figure 5). Below Corsica, the
Moho at ~31‐km depth is slightly deeper in comparison to the observation by Piana Agostinetti et al.

Figure 3. Stacks with moveout calculated with respect to differential slowness for S receiver functions. (a) SMPL. (b) VSL.
(c) USI. (d) IBLEE. (e) CUC. (f) AMUR + NOCI. (g) AQU. Signals converted from discontinuities: Moho (M), LAB,
Lehmann (L), 410 km (S410p), ~450 km (S450p), ~580 km (S580p). (h) Piercing points for Lehmann, S410s, S450p,
and S580p. Piercing points for S450p and S580p phases, not expected from ray theory, are approximated from the ones from
S410p.
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(2002) from the analysis of a temporary station (~28 km). In Sardinia the Moho is 29 km deep, close to
previous PRF estimates (Megna et al., 1995; Miller & Piana Agostinetti, 2012; van der Meijde, Marone,
et al., 2003). The LAB is at 86 km for Corsica and at 72 km for Sardinia, in agreement with the SRF
observation by Miller and Piana Agostinetti (2012). Similar Moho and LAB depths for the two islands are
consistent, since Corsica and Sardinia pertain to the same lithospheric block (e.g., Alvarez, 1972).

We provide the first RF measurements of the Moho and LAB depth below Ustica Island (Figure 5), where we
detect the shallowest Moho (24 km) and LAB (59 km) depths of the Tyrrhenian domain. Below southeastern
Sicily our estimate also indicates a shallow Moho depth (26 km). It combines data from five nearby stations
(IBLEE), and is in agreement with Miller and Piana Agostinetti (2012) (station HAVL), but not with Miller
and Piana Agostinetti (2011) (stations HAVL and HVZN). The LAB depth offshore eastern Sicily, below
the oceanic‐continental transition, is at 63 km, a much shallower depth than the estimate by Miller and
Piana Agostinetti (2012). In southern peninsular Italy the Moho is at 27 km below Apulia and deepens to
32 km in Calabria and 37 km in the central Apennines (Figure 5). Our value for Apulia is close to results based
on SRF (Miller & Piana Agostinetti, 2011, 2012) and PRF (Piana Agostinetti & Amato, 2009; Steckler et al.,
2008). Our estimate for the central Apennines agrees with Miller and Piana Agostinetti (2011) and Piana
Agostinetti and Amato (2009) and falls between the value of Megna and Morelli (1994) and the deeper ones
by Miller and Piana Agostinetti (2012) and Mele et al. (2006). Below Apulia, we detect the LAB at 68‐km
depth, an estimate that matches the finding by Miller and Piana Agostinetti (2012), who explain such a thin
lithosphere as a result of thermo‐mechanical erosion produced by toroidal flow around the edge of the
Calabrian slab (Miller & Piana Agostinetti, 2011). The fact that we observe similar depths of the Moho and
LAB below southeastern Sicily and Apulia is very reasonable considering that both areas are part of the
African margin. Below the Apennines going south to north, the LAB increases from 76 km (Calabria) to
109 km (central Italy). Our measurements of the LAB observed at the peri‐Tyrrhenian stations are in rough
agreement with estimates of the lithospheric thickness from surface waves (Calcagnile & Panza, 1981).

The variations of Moho and LAB depth are linearly correlated (Figure 6). Both Moho and LAB depths
become shallower while moving toward the southern Tyrrhenian basin (Figure 7). A north‐to‐south crustal
thinning is documented from active seismic studies and attributed to extension (Locardi & Nicolich, 1988;
Morelli, 1994; Pepe et al., 2000). It is tempting to associate this strong linear correlation between Moho
and LAB depths with the opening of the Tyrrhenian basin (e.g., Faccenna et al., 2001). Although the stations
in our study area are located on different lithospheric domains this strong correlation suggests an ubiquitous
coupling of the crust and lithospheric mantle, and a main mechanism controlling both crust and plate thick-
ness. Coupling is also proposed by Jolivet et al. (2009) from the comparison of stretching and shear directions
in metamorphic core complexes (that show the pattern of deformation at the scale of the middle and lower
crusts) with SKS fast splitting directions (a proxy of the pattern flow lines in the mantle). In this model litho-
spheric mantle and lower‐middle crust are both stretched during slab retreat. Stretching of both crust and
lithospheric mantle can occur in warm back‐arc regions, such as the Tyrrhenian, where the mantle is weaker
(Vauchez et al., 1998). The pattern we observe is consistent with heat flow increasing toward the southern
Tyrrhenian basin (up to 200 mW/m2; Zito et al., 2003). Other mechanisms could explain crustal thinning
and LAB depth. Delamination retreat has been proposed as a way to explain crustal thinning in the northern
Apennines (Chiarabba et al., 2014). For the LAB (and midlithospheric discontinuity) an explanation comes

Table 2
Observed SRF Signals for Standard and Nonstandard Discontinuities: Arrival Times and Normalized Amplitude (in Parentheses)

Stations N Moho Sub‐Moho Lehman S410p “S450p” “S580p” Noise

SMPL 48 −4.4 s X X X −53 s (−0.027) X 0.027
VSL 43 −2.8 s X −25.0 s (−0.02) X X −64 s (0.035) 0.023
IBLEE 32 −2.6 s X −26.5 s (−0.036) X −54 s (−0.032) X 0.023
CUC 34 −4.7 s X X −50.3 s (−0.030) X −62.5 s (0.027) 0.033
AMUR + NOCI 45 −4.2 s X X X X −66.5 s (0.026) 0.020
USI 15 −2.0 s −8.1 s (0.085) X X X −58 s (0.03) 0.031
AQU 33 −5.8 s X X −50.7 s (−0.038) X X 0.03

Note. N = number of traces. Noise = 3 times the noise root mean square (RMS). Signals are selected if their amplitude is equal or greater than noise. The RMS is
calculated in the time window between −60 and −20 s.
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Figure 4. Simultaneous inversion of P and S receiver functions. (a) SMPL. (b) VSL. (c) USI. (d) IBLEE. (e) AMUR+NOCI.
(f) AQU. (g) CUC. (a–g, top panels) Heat plot of the inverted models. Black curve is the median on the ensemble of
models minimizing the cost function. White curve is IASP91 model. Dashed blue lines are the median ± the error curves
(see text). Arrows = Moho (white), LAB (red), Lehmann discontinuity (yellow) observed on the SRF stacks for VSL
and IBLEE. LVL= low‐velocity layer. (a–g, bottom panels) Receiver functions = synthetics calculated for ensamblemodels
(thin red curves), median of the models (thick black curve). Observed receiver function (thick blue curve).
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from the grain‐boundary‐sliding model (Karato et al., 2015; Olugboji et al., 2013), in which the onset of
viscous deformation between mineral grains causes the seismic wave speed drop that seismologists
identify as the LAB. Because grain‐boundary‐sliding can be thermally activated, the seismic LAB can
shallow as the lithosphere warms, without any loss of material from its lower boundary. From Figure 6
we can see that station CUC in Calabria is an outlier, as confirmed from the chi‐square analysis. This
anomalous behavior is probably due to the fact that the area below CUC lies at the edge of the slab. It is
likely that the deep Moho below Calabria is related to doubling and westward deepening due to

Figure 4. (Continued)
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subduction of the Adria plate from the east (Piana Agostinetti &
Amato, 2009). The peculiar behavior of CUC is also confirmed by
the absence of the low‐velocity layer (LVL in Figure 4 and Figure 7).

Common features can be identified across the velocity profiles
(Figure 4) and some discrepancies between Vp and Vs can be
explained with real properties of the Earth we are sampling. In the
range 20–70‐km depth, there is a lid with decreased Vp/Vs, down to
about 1.5, at all stations except below Apulia (AMUR + NOCI). Vp

and Vp/Vs values that are lower than standard (IASP91) are observed
in volcanic areas, where igneous and/or metamorphic rock with low
Vp and Vp/Vs can be expected in the crust (Christensen & Stanley,

2003). The low Vp/Vs layer below the Moho could be explained with the presence of orthopyroxene, which
lowers the Vp about 6% with respect to olivine but has a small effect on Vs (James et al., 2004), as previously
proposed for the Azores in a RF study (Silveira et al., 2010). Low Vp/Vs (down to <1.7) have been observed
with seismic tomography in the fore‐arc mantle of several subduction zones but the origin of such low ratios
has been elusive (Soustelle & Tommasi, 2010). One proposed mechanism is orthopyroxene enrichment by
percolation of Si‐rich fluids/melts (Soustelle et al., 2010), although this effect should not be strong enough
to explain Vp/Vs<1.7 and anisotropy of seismic properties of deformed peridotites has been proposed instead
(Soustelle & Tommasi, 2010).
5.1.2. LVL and Lehmann Discontinuity
The LVL just below the LAB, observed everywhere except Calabria (CUC), can be associated to astheno-
spheric material (Figure 4). For Ustica Island (USI) the LVL is found at shallower depths, where tomographic
models show low‐velocity anomalies interpreted as the mantle wedge of Calabrian arc subduction. Figure 8a
shows the S210p piercing points at 100‐km depth, superimposed on a Vp map obtained by averaging layers
between 100‐ and 200‐km depth (PM0.5 model; Piromallo & Morelli, 2003). It is evident that the waves pro-
pagate through a low seismic velocity anomaly at these depths. The bottom of the LVL is visible in the pro-
files between 160‐ and 200‐km depth (Figure 4), and it is described as the Lehmann (L) discontinuity in the
SRF stacks below Sardinia and Sicily (Figures 3b and 3d). The L discontinuity has been detected in other

Table 3
Summary of Observations From the P and S RF Joint Inversion Profiles
(Figure 4)

Station Moho (km) LAB (km) LVL bottom

SMPL 31 86 184
VSL 29 72 203 (L)
USI 24 59 160
IBLEE 26 63 204 (L)
CUC 32 76 X
AMUR + NOCI 27 68 206
AQU 37 108 165

Figure 5. Moho and LAB depths calculated from the ASA simultaneous inversion of P and S RF (yellow symbols)
compared to estimates from previously published studies.
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parts of the world at 200–250‐km depth (e.g., Lehmann, 1961; Vinnik
et al., 2005), and recently, below central Europe and the Pannonian
basin (Kind et al., 2017). It has been interpreted as the bottom of
the asthenosphere (Lehmann, 1961) or as a boundary separating ani-
sotropic and isotropic media (Gaherty & Jordan, 1995). Vinnik et al.
(2005), however, showed that for North America the Lehmann dis-
continuity is generated at the base of a low‐velocity layer and that
seismic anisotropy is a negligible factor. Recently, Calò et al. (2016)
also associated the L discontinuity to a velocity increase in depth for
North America. In our case this signal could be generated at the bot-
tom of a low Vs layer where there is mantle upwelling associated to
the subduction process (e.g., Faccenna & Becker, 2010). The presence
of low‐velocity and attenuating seismic anomalies in the uppermost
mantle of the central Mediterranean, interpreted as asthenospheric
material overlying the high‐velocity slab, is suggested by other
tomography studies (e.g., Argnani et al., 2016; Giacomuzzi et al.,
2012; Koulakov et al., 2009; Monna & Dahm, 2009; Montuori et al.,
2007; Ren et al., 2012). A contribution of seismic anisotropy is
possible since there is evidence of an anisotropic layer below the
central Mediterranean at ~150‐km depth as inferred from SKS analy-
sis (e.g., Baccheschi et al., 2011; Lucente et al., 2006).

5.2. Mantle Transition Zone

Tomography models show that in the upper mantle of the central
Mediterranean there are high‐velocity anomalies associated to slabs
in various stages of subduction. Pervasive high‐velocity anomalies
in the MTZ have been explained as stagnant subducted slabs
(Koulakov et al., 2009; Piromallo & Morelli, 2003; Schmid et al., 2006;

Figure 6. Linear regression for the Moho and LAB depths. The chi‐square test is
considered for two cases: with (dashed line) and without (continuous line) station
CUC. The errors are calculated as the median value ± MAD (Table S3). The p
value is ~0.04 when station CUC is included and ~0.8 when CUC is excluded.

Figure 7. Summary of the results coming from the ASA inversion. The variation of the velocity discontinuities' depths are
interpolated and shown along three profiles.
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Spakman & Wortel, 2004; Zhu et al., 2012). We use this strong evidence as independent information for the
interpretation of our RF signals.
5.2.1. MTZ Thickness
We consider two different contexts at 400‐km depth (Figure 8b). In the first, below southern Apennines‐
southeastern Tyrrhenian basin, the piercing points for P410s of AMUR + NOCI + CUC fall in a high
seismic velocity anomaly that is associated with the Apennines‐Calabria subduction belt. For this area
we observe standard differential (TP660s–TP410s) time (23.9 s for the IASP91 model), which points to a
normal MTZ thickness. In the second context, the P410s piercing points for VSL and IBLEE fall instead
in a low seismic velocity anomaly below the Tyrrhenian and western Ionian basins. For both regions
the differential time is ~22.6 s, ~1.3 s smaller than standard, which can be explained with a thinning of
the MTZ. P410s is observed with a delay of ~1 s below the Tyrrhenian and 2.6 s below the western
Ionian. The P660s phase arrives at standard time for the Tyrrhenian basin and with 1.2‐s delay for the
western Ionian. The accuracy of differential times calculated with RF has been estimated by bootstrap
re‐sampling to be ~0.2 s (Kraft et al., 2018).

According to the phase diagram of olivine the 410 discontinuity is caused by the olivine to β‐spinel trans-
formation, and the 660 discontinuity by the β‐spinel to γ‐spinel transformation (Bina & Helffrich, 1994,
and references therein). In this diagram the downward replacement of olivine with β‐spinel has positive
Clapeyron slope (dP/dT), so we expect higher P (depression of the 410) with an increase of T.
Conversely, a negative Clapeyron slope represents the change from β‐spinel to γ‐spinel; thus, a decrease
of P (uplift of the 660) is expected with increased T. In synthesis, the changes in topography of the 410
and 660 with variations of T are expected to be anticorrelated. Reduced differential time TP660s–
TP410s usually indicates that the width of the transition zone (difference in depth of the 660‐ and 410‐
km discontinuities) is also reduced. Hence, for the Tyrrhenian basin, the standard time for P660s and
delay of P410s suggests that the reduced differential time can be due to a depression of the 410. The delay
of 1.3 s of the P410s with respect to the IASP91 value corresponds to ~14‐km depression of the 410. If we
consider a Clapeyron slope of 2.9 MPa/°K for the olivine to β‐spinel phase transition (Bina & Helffrich,
1994) then a depression of 14 km corresponds to a pressure variation of ~450 MPa and a temperature
~150°K higher than the global average. For the Ionian basin, in addition to a reduced differential time
we find an extra delay of ~1 s of both P410s and P660s, which can be explained by a low‐velocity layer
in the upper 400 km equally affecting the travel time of both signals. There also could be an additional

Figure 8. (a) Piercing points (grey circles) of the S210p phase at 100‐km depth, plotted on a map view of model PM0.5
(Piromallo & Morelli, 2003) averaged between nodes in 100–200‐km depth range. (b) Piercing points (colored symbols
as in Figure 2d) of the P410s and P660s phases plotted on a layer at 400‐km depth of model PM0.5. Areas of normal
and thinnedMTZ are shown (dashed white curves) together with the delays of the MTZ phases (with respect to the IASP91
arrivals).
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depression of the 410‐ and 660‐km discontinuities, contributing to this extra delay. Cottaar and Deuss
(2016) did find a depressed 660 in the southern tip of Italy.

In the southern central Mediterranean, differently from what is expected from the standard model, we find
that the topography of 660 is unchanged/depressed and correlated with 410 with increasing temperature. A
depressed 410 topography together with flat or depressed 660, was observed in several regions, such as
Iceland (depressed 660 in Jenkins et al. (2016) and flat 660 in Du et al. (2006)), and below the Pacific plate
(Houser &Williams, 2010). The correlated behavior of 410 and 660 was explained as due to the garnet‐system
phase transition (majorite–perovskite) which becomes important at the base of the transition zone in pre-
sence of higher‐than‐average temperatures (Hirose, 2002). In this case the Clapeyron slope is slightly posi-
tive, resulting in a depressed 660 with higher temperatures. Higher‐than‐average temperatures in the
upper mantle are quite plausible also in our study area, which is tectonically young, where there is active vol-
canism, high heat flow, and small‐scale convection in a heterogeneous upper mantle (e.g., Faccenna &
Becker, 2010).

Our observations show that, despite the presence of the cold stagnant slab below the whole region (e.g.,
Faccenna et al., 2004) except the western Ionian basin, the transition zone is normal or thinner than stan-
dard. In general, flat slabs stagnating in the transition zone have a lower internal temperature at 600‐km
depth with respect to other slabs (King et al., 2015). From thermal modeling we know that the slab below
the Tyrrhenian basin has a high thermal parameter (5,830 km; Syracuse et al., 2010), and thus, it exchanges
thermal energy more slowly with respect to other subduction systems with lower thermal parameter. High
thermal parameter (>5,000 km) and low temperature of the slab in the Tyrrhenian‐Apennines system is tes-
tified by the occurrence of deep earthquakes (exceeding 500‐km depth; Kirby et al., 1996; Stein & Stein,
1996). Thermal modeling shows in fact that, for deep earthquakes to occur, slabs have to subduct rapidly
compared to the time needed to warm up by the thermal energy conducted from the surrounding mantle
(Kirby et al., 1996, and references therein). Being a recent subduction (<35 Myr; Malinverno & Ryan,
1986), and given that the Calabrian slab attained its flat shape in the MTZ not earlier than the last 10 Ma
(e.g., Faccenna et al., 2004), it is reasonable to assume that once the slab arrived in the transition zone it
had a limited time to thermally affect the surrounding mantle. Conversely, in the case of the Alps, where
the oceanic part of the European slab reached the mantle transition zone long before 35 Ma (Handy et al.,
2010), a thick MTZ is observed consistently with a cold thermal regime (Liu et al., 2018; Lombardi et al.,
2009). Similarly, Hetényi et al. (2009) find a thick MTZ beneath the Pannonian Basin‐central Europe, and
relate it to the accumulation of cold and dense material supplied from several subduction episodes since
the Cretaceous.

All previous observations can thus be interpreted in a coherent framework in which the MTZ thickness
depends on the collisional‐subduction history of the region. The present thermal state (and possibly
mineral composition) of the transition zone reflects its interaction with the temperature‐dependent het-
erogeneities (slabs). In turn, the amount of interaction depends on the residence time of the slabs in
the transition zone (i.e., the longer the residence time is, the thicker the MTZ is). A thin MTZ below
the Tyrrhenian and western Ionian basins indicates that the transition zone exhibits a thermal regime
that is hotter than the global average temperature. For these basins the temperature variation we infer
for the MTZ at 410 km (~150°K hotter) is within the expected range of temperatures of a laterally hetero-
geneous upper mantle (Anderson, 2000). The residence time of the stagnant slab was not long enough to
lower the temperatures and bring the MTZ to standard thickness. Below the southern Apennines and
southeastern Tyrrhenian basin, where we find standard MTZ thickness, the dipping slab might have
had more time for thermal exchange and thus a stronger (local) cooling effect on the surrounding mantle
at 400‐km depth (Figure 8b).

The interaction between slab and MTZ below the Tyrrhenian area might be more complex than just down-
welling of cold/more dense material and upwelling of warm/less dense material. Where the flattening Japan
slab retreats laterally under NE Asia (Korea region), Liu et al. (2016) detected a LVL above the 410 next to the
slab, suggesting that the MTZ can upwell on shorter length scales near subducting bodies. Furthermore, Liu
et al. (2018) identified a LVL above the 410 km at the outer border of the nearby European Alps, suggesting
that the MTZ upwells at the edges of the downgoing blob of Alpine lithosphere. We do not exclude the exis-
tence of such local‐scale interactions of the slab with the MTZ but we cannot resolve these lateral heteroge-
neities at the scale of our observations.
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5.2.2. Nonstandard Discontinuities
The interesting S‐to‐P signals generated in the transition zone (Table 2) were labeled S450p (SMPL, IBLEE)
and S580p (VSL, USI, CUC, AMUR + NOCI). These signals are converted from below a broad area compris-
ing the Alps, Adriatic basin, Dinarides‐Hellenic arc, and Carpathian‐Pannonian region (Figure 3h). Figure 9
shows two profiles from the model PM0.5 (Piromallo & Morelli, 2003), across areas that include the piercing
points for S450p and S580p. The polarity of the converted phases and the distribution of the piercing points
suggest that the S450p is generated in regions where there is a passage from high to low/average velocity (bot-
tom‐to‐top) at the upper surface of the stagnant slab, while the S580p is generated in regions where there is a
passage from low/average to high velocity at the bottom of the slab. Given the strong evidence that a large
quantity of high seismic velocity material exists in the transition zone, we try to reproduce, with a trial‐
and‐error procedure, the S450p and S580p signals by modifying the IASP91 model with a high‐velocity layer
(the slab). In our modeling we try to reconstruct the two observations with the strongest amplitude: S450p
detected at IBLEE (Figure 10a) and S580p at VSL (Figure 10b). Although there is some trade‐off between
depth and velocity, with this simple type of model we are able to reproduce, in time and amplitude, both sig-
nals. This model is consistent with a stagnant slab ~100 km thick, faster in the middle and near equilibrium
with the surrounding mantle at the edges. In Figures 10a and 10b it is also possible to appreciate the standard
arrival of S410p as predicted by IASP91, earlier than S450p and S580p, and possibly obscured by the sidelobes
of these signals. Figure 10c shows a cartoon depicting the conversion of S450p and S580p at the top and bot-
tom of the slab. Piercing points plotted on the maps of Figure 9 help understand where the S450p (red dots)
and S580p (blue dots) signals could be generated.

The S450p is close in depth to the 520 km, a discontinuity observed in several studies based on reflected and
converted seismic phases, both coming from a downward low‐to‐high‐velocity passage. There is not a unique
explanation of the observed 520 signals and, having been detected in a variety of environments (e.g., subduc-
tion zones and hot spots), they might not have the same nature. The standard explanation of the 520 is that it
is due to a solid‐solid passage from β‐spinel (wadsleite) to γ‐spinel (ringwoodite; e.g., Shearer, 1990). In cold
subduction zones (e.g., Gilbert et al., 2001), the wadsleite to ringwoodite transition might occur in a broader
depth range making the converted signal too small to be observed. In this case, hydration of the overlying
mantle by a stagnating slab in the transition zone has been proposed as, for example, for the
Mediterranean region (Taylor et al., 2019; van der Meijde, Van Der Lee, & Giardini, 2003). Water

Figure 9. Profiles extracted frommodel PM0.5 (Piromallo &Morelli, 2003). Red dots represent the piercing points for S450p, blue dots the piercing points for S580p.
See text for explanation.
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enhances the seismic velocity jump due to the wadsleite‐ringwoodite transformation (Inoue et al., 1998) and
possibly the sharpness of the 520 discontinuity (Collier et al., 2001). In hot spot regions the 520 has been
explained as the base of a low‐velocity region associated to melting in presence of high temperatures (e.g.,
Vinnik et al., 2012 ; Vinnik & Farra, 2006).

A signal similar to S580p has been observed in hot spot regions, such as Iceland, Africa‐Arabia (Vinnik et al.,
2004), Afar, Baja, and Guadalupe (Vinnik & Farra, 2006), Azores (Silveira et al., 2010), and Capo Verde

Figure 10. (a) Reconstruction of the S450p signal at IBLEE (left panel). The negative S450p “bump” is reproduced in time
and amplitude by (right panel) modifying the IASP91 model with a high‐velocity layer. (b) Reconstruction of the S580p
signal observed at VSL (left panel). The positive S580p “bump” is reproduced in time and amplitude by (right panel)
modifying the IASP91 model with a high‐velocity layer. Green continuous curves = IASP91 model. Blue dashed curve
is IASP91 model modified with the high‐velocity layer. In black are the observed SRF. (c) Sketch showing how the S450p
and S580p can be generated at the top and the bottom of the stagnant slab.
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(Vinnik et al., 2012), and in California, where there is both active and extinct subduction (Vinnik et al., 2010).
The signal was explained as being generated at the top of a low‐velocity layer in the transition zone at a depth
between 465 and 510 km. The reduction of the S wave velocity within this layer has been ascribed to an ele-
vated temperature and reduced solidus temperature of mantle rocks (Kraft et al., 2018, and references
therein). Vinnik and Farra (2006) attribute this velocity reduction to enhanced water content of wadsleite.
Shen and Blum (2003) observed a signal with negative PRF polarity from 600‐km depth, and explained it
as due to accumulation at the base of the transition zone of ancient subducted oceanic crust. Shen et al.
(2014), from PRF observations, later proposed that this signal is a global feature generated across a low‐
velocity layer at the base of the transition zone. A negative polarity discontinuity (velocity inversion in depth)
has been observed with PRF in subduction zones at the bottom of the transition zone (Tauzin et al., 2013;
Taylor et al., 2019), but the origin of this feature is uncertain.

Previous investigation therefore shows that nonstandard signals similar to the ones we observe are often gen-
erated in hot spot regions. Although a low‐velocity structure between 660‐ and 2,000‐km depth, representing
a lower mantle upwelling source for central Europe volcanism, was suggested by Goes et al. (1999), several
authors question the existence of a present‐day active plume under central Europe (e.g., Lustrino & Wilson,
2007; Piromallo et al., 2008). Furthermore, below this region there is a large amount of high‐velocity material
in the transition zone that, at the spatial scale of our observations, should be the dominant feature, and a
deep‐seated mantle plume would seem to be inconsistent with a stagnant slab in the MTZ. Piromallo et al.
(2008) propose a model that combines geochemical, petrological, and seismological data together with plate
kinematic considerations, which does not favor the current presence of an active hot spot below the Euro‐
Mediterranean region. If any geochemical plume contamination of the mantle beneath this region exists,
perhaps it has occurred earlier (late Cretaceous) and more likely by the Central Atlantic Plume.

Although the real Earth is certainly more complex, with the proposed simple model, obtained by adding a
high‐velocity layer (suggested by independent evidence) to the IASP91 model, we can reproduce both
S450p and S580p signals. It is noteworthy that a velocity profile similar to ours, based on numerical modeling
of HPHT data, that included a high‐velocity anomaly in the MTZ, was considered to explain the triplication
of P and S waves near the 660 discontinuity and the amplitude of stagnant slab anomalies below eastern
China (Zhang et al., 2013).

6. Conclusions

In this work we focus on the upper mantle discontinuities down to the transition zone below the central
Mediterranean region using the P and S receiver function techniques. Waveforms have been recorded by per-
manent broadband stations located around the Tyrrhenian basin. From the joint inversion of P and S recei-
ver functions we derived a set of Vp, Vs, and Vp/Vs velocity profiles down to ~300‐km depth. We confirm a
varied Moho topography around the Tyrrhenian, from ~37 km in the central Apennines to ~24 km below
Ustica island in the southern Tyrrhenian basin. The depth of the LAB also shows significant variations, from
~110 km below the central Apennines to ~59 km below Ustica. These are the first SRF measurements of the
Moho and LAB below Ustica and of the LAB below Corsica. The variations of Moho and LAB depth are lin-
early correlated. Both Moho and LAB depths become shallower while moving toward the southern
Tyrrhenian basin. Although the stations in our study area are located on different lithospheric domains, this
strong correlation suggests an ubiquitous coupling of the crust and lithospheric mantle and a main mechan-
ism controlling both crust and plate thickness in the area. Sicily and Apulia, both part of the African margin,
have comparable LAB depth. Except for Calabria, the joint inversion yields a low‐velocity layer (LVL) below
the LAB (its base between 160‐ and 200‐km depth). The LVL is consistent with a low‐velocity upper mantle
observed in seismic tomography models. The bottom of the LVL could be identified, in the S receiver func-
tion stacks, as a sharp Lehmann discontinuity at ~200 km below Sardinia and eastern Sicily.

The PRFs sample the mantle transition zone below southern Apennines, Tyrrhenian, and western Ionian
basins. Below both basins a differential time (TP660s‐TP410s) reduced by ~1.3 s implies a thinning of the
mantle transition zone of about ~14 km. According to the standard model of the olivine transformations, this
thinning can be explained with an ~150°K temperature increase with respect to global average. Such a tem-
perature anomaly is quite plausible for this tectonically young area where the slab had a limited time to ther-
mally affect the surrounding mantle transition zone. On the other hand, below the southern Apennines, we
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find a standard differential time that implies a standard mantle transition zone thickness and temperature at
410‐km depth. Seismic tomography shows the Apennines‐Calabria slab at 400‐km depth in this region,
which, we propose, reduced the temperature in this area down to standard values. Temperature does not
seem to affect the 660‐ as much as the 410‐km discontinuity, although some amount of deepening of the
660 km might be possible below the western Ionian basin.

The SRFs sample themantle transition zone below central Europe. We identify two interesting strong signals
(S450p and S580p), converted within the transition zone. By simple modeling, we explain these signals as
being generated at the bottom and the top of subducted lithosphere that lies in the transition zone below cen-
tral Europe. These signals are evidence of a complex layered structure of the transition zone.
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