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A B S T R A C T

The European lithosphere is highly heterogeneous, with significant velocity contrasts across the continent. 
Despite its complexity, much of its detailed structure remains unexplored. We present azimuthally anisotropic 
phase-velocity maps of Rayleigh waves in the period range 4–40 s for Europe, derived from two years 
(2011− 2012) of continuous waveform data from the Virtual European Broadband Seismic Network (VEBSN) and 
various temporary arrays. Using ambient-noise cross-correlation, we compute two-station dispersion measure
ments and integrate them into a tomographic inversion, simultaneously solving for isotropic and anisotropic 
structures through a least-squares approach. Our thorough suite of tests optimizes regularization and evaluates 
the resolution and trade-offs between isotropic and anisotropic anomalies. The phase-velocity maps at shorter 
periods reveal detailed images of major sedimentary basins, with the lowest velocities detected beneath the 
North German Basin, North Sea Basin, Rhone Basin, Po Plain, Pannonian Basin, and the Bay of Biscay. At longer 
periods, low-velocity anomalies are prominent beneath the Alps, Northern Apennines, Dinarides, and Anatolian 
Peninsula. Azimuthal anisotropy is also mapped in the shallow lithosphere, with fast axes in Southern Europe 
aligned parallel to mountain ranges such as the Pyrenees and Alpine-Apennine system. In Central Europe, the 
Tornquist-Teisseyre suture zone marks a transition between two domains of different anisotropic structures, 
suggesting “frozen-in” fabrics originated before the continental collision. The level of detail of these new phase- 
velocity maps makes them suitable for joint inversion with different types of geophysical data and as starting 
models for other imaging methods such as full-waveform inversion.

1. Introduction

Rayleigh and Love surface waves are well-suited for constraining the 
crustal and uppermost mantle structure of continents and oceans 
(Bensen et al., 2008; Ekström, 2011; Ritzwoller and Levshin, 1998). 
Because they propagate within the uppermost layers of the Earth, these 
waves typically are more sensitive to the shallow structure than body 
waves. Over the past two decades, surface-wave tomography using 
ambient seismic noise—commonly known as ambient-noise tomography 
(ANT)—has revolutionized seismic imaging across various scales by 
enabling the estimation of group and phase velocities (e.g., Bao et al., 
2020; Bensen et al., 2009; Cho et al., 2007; Lin et al., 2013; Malory et al., 
2022; Shapiro et al., 2005; Stehly et al., 2009).

Empirical Green’s functions between two points can be estimated 
through the cross-correlation of the diffuse wavefield recorded at the 
two locations when noise sources are well distributed (Malcolm et al., 
2004; Shapiro and Campillo, 2004; Snieder, 2004). This method excels 

at producing accurate 2D phase-velocity maps at different periods on 
regional and global scales. With high horizontal resolution (often 100 
km or less, depending on interstation spacing), ANT-generated disper
sion maps offer detailed insights into surface-wave behavior and are 
strongly correlated with underlying tectonic structures.

Surface waves sample varying depths based on their period, and 
phase velocity variations over a broad range can help constrain seismic 
anisotropy with depth (Montagner and Nataf, 1986). Azimuthal 
anisotropy affects the speed of seismic waves in the horizontal plane, 
causing directional dependence. In the upper crust, anisotropy is mainly 
due to aligned cracks or layering (shape-preferred orientation, SPO) 
from tectonic stress (Crampin and Peacock, 2008; McNamara and 
Owens, 1993), while in the middle-to-lower crust, it arises from strain- 
induced lattice preferred orientation (LPO) of minerals like amphibole 
(Barruol and Mainprice, 1993; Lloyd et al., 2009). In the upper mantle, 
LPO of minerals, particularly olivine, is the dominant source of anisot
ropy (Zhang and Karato, 1995). These anisotropic patterns can result 
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from both past and ongoing deformation processes within the litho
sphere and are influenced by absolute plate motions. Also, seismic 
anisotropy measurements may provide new constraints on mantle cir
culation patterns, as olivine-rich aggregates cause the a-axes of olivine 
crystals to align with the direction of mantle flow (Ribe, 1989). Exam
ining the strength and orientation of fast anisotropic directions provides 
key insights into historical and present-day deformation in the crust and 
upper mantle (e.g., Babuska and Cara, 1991; Crampin, 1984; Long and 
Silver, 2008; Vinnik et al., 1992).

The European continent features a complex tectonic setting, largely 
driven by the convergence of the Eurasian and African plates. This 
compression led to the closure and subduction of the Tethys Ocean, 
forming fragmented plate boundaries and arcuate mountain belts such 
as the Alps, Pyrenees, Apennines, Dinarides, Hellenides, and Carpa
thians (Dewey et al., 1989). Backarc extension in regions like the Algero- 
Provençal Sea, Tyrrhenian Sea, Pannonian Basin, and Aegean Sea 
resulted from oceanic lithosphere subduction, with slab rollback and 
trench retreat still active under the Calabrian and Hellenic Arcs (Wortel 
and Spakman, 2000). In the Eastern Mediterranean, the Arabian Plate’s 
northward movement results in collision with Eurasia, contributing to 
the counterclockwise rotation of the Anatolian block (Le Pichon et al., 
1995). To the north, the East European Craton (EEC), including the 
Baltic and Ukrainian Shields and the East European Platform, represents 
a stable Precambrian region. The Tornquist-Tesseyre Suture Zone 
(TTSZ) marks its transition to Phanerozoic Europe to the west (Zielhuis 
and Nolet, 1994). During the Paleozoic, Central and Western Europe 
were mainly shaped by the Caledonian and Variscan orogenies, creating 
mountain belts currently distributed along the western coast of Scan
dinavia, the British Isles, Germany, and France (Pharaoh, 1999). Further 
south, the European Rift System has been associated with extension 
during the Cenozoic. This activity has played a role in the development 
of structures such as the Massif Central, the Rhine Graben, and the Eifel 
region, where the origin of the rift-related volcanism may involve both 
passive and active processes, potentially including plume-related con
tributions (e.g., Goes et al., 1999; Michon et al., 2003; Ziegler, 1992). 

Key tectonic structures, including sedimentary basins, mountain ranges, 
and sutures, are shown in Fig. 1.

A significant number of surface-wave tomographic studies at 
different scales focus on constraining the driving forces of the tectonic 
processes occurring in the European lithosphere (e.g., El-Sharkawy 
et al., 2020; Legendre et al., 2012; Lu et al., 2018; Meier et al., 2016; Nita 
et al., 2016; Panza and Mueller, 1980; Ritzwoller and Levshin, 1998; 
Soomro et al., 2016; Zhu and Tromp, 2013). However, the fine-scale 
seismic structure remains inconsistently resolved in some parts of the 
continent due to a lack of data and thus a broader scale picture is 
missing. The rapid growth of seismic experiments across all of Europe 
has yielded a significant increase in the sampling making this region an 
excellent laboratory to search for contributions of lithospheric defor
mation and hence to improve the understanding of the tectonic evolu
tion of the region.

In this study, we use seismic ambient noise phase dispersion data 
from a dense network of stations across Europe to produce azimuthally 
anisotropic Rayleigh-wave phase-velocity maps for the crust and up
permost mantle. Our new maps show a strong correlation between 
shear-wave speeds and major geological features of the continent. The 
fast orientations of seismic anisotropy reveal a complex pattern, influ
enced by regional tectonics, with notable differences from southern to 
northern Europe. By mapping lateral changes of anisotropy, we are able 
to constrain lithospheric blocks with different orientations of fabrics and 
identify domain boundaries and sutures.

2. Seismic data and method

2.1. Data processing and phase-velocity measurements

In this study, we use data from 831 seismic stations, including both 
permanent stations from the Virtual European Broadband Seismic 
Network (VEBSN) (Van Eck et al., 2004) and temporary stations from 
various experiments such as IberArray (Díaz et al., 2009), PICASSO 
(Platt et al., 2008), WILAS (Custódio et al., 2014), and PYROPE (Chevrot 

Fig. 1. Simplified tectonic map of the European region. Brown lines with filled ticks denote the main orogenic frontal zones. The names of the orogens and sutures 
are indicated in brown, and the names of the other features are in black. TTSZ: Tornquist-Teisseyre Suture Zone, RS: Rheic Suture. Plate boundaries from Bird (2003) 
are shown in white. The age of the oceanic lithosphere derived from magnetic and other geophysical data is taken from (Müller et al., 2008). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2014). The dataset covers a period of 24 months between 2011 
and 2012 (Fig. 2). Detailed station information, including network 
codes, station names, and coordinates, can be found in Table T1 of the 
Supporting Information. This results in dense regional coverage, 
although the path lengths between station pairs are highly variable, 
ranging from under a kilometer to over 10,000 km.

We process continuous vertical-component seismic data using the 
well-established ANT approach (Bensen et al., 2007; Shapiro et al., 
2005), which is briefly summarized here. Prior to the correlations, we 
apply standard pre-processing to the continuous data that includes 
eliminating the mean and trend, removing the instrument response, 
applying a zero-phase bandpass filter between 1 and 150 s, converting 
the data to displacement, and downsampling them to 1 Hz. Cross- 
correlation is performed in the frequency domain using 4-h windows. 
After stacking the cross-correlograms for each station pair, we average 
the causal and acausal parts, which can be interpreted as the Rayleigh- 
wave component of the empirical Green’s function, under the assump
tion that ambient noise wavefields are random and uniformly distrib
uted (Lin et al., 2008; Udías, 2009).

The phase velocity dispersion of the fundamental Rayleigh mode for 
each stacked cross-correlogram is extracted using the multiple-filter 
technique (e.g., Meier et al., 2004), carried out using an automated 

implementation frequency-time analysis (FTAN), followed by strict 
quality control (Bensen et al., 2007). The automated procedure, applied 
to all station pairs, measures dispersion between 2 and 100 s. However, 
we then pick up dispersion measurements between 4 and 40 s, as this is 
the period range in which the signal-to-noise ratio (SNR) is large enough 
to be considered reliable (Lin et al., 2008; Ritzwoller and Levshin, 
1998). Only cross-correlations with an SNR > 10 are retained. Disper
sion measurements with interstation spacing of less than 3 complete 
wavelengths at each period are discarded. The number of measurements 
for each period is shown in Fig. 3. The azimuthal path coverage is 
comprehensive except near the edges of the study area.

2.2. Inversion for Rayleigh-wave phase-velocity maps

The dispersion curves for the 84,380 interstation paths and their 
average are calculated at each period, and the results are shown in 
Fig. 3. The average dispersion curve lies below that derived from the 
global reference model AK135 (Kennett et al., 1995) for all periods and 
also below PREM (Dziewonski and Anderson, 1981) from ~12 to 40 s.

After deriving the dispersion measurements, we then invert them for 
both isotropic and anisotropic (2ψ and 4ψ components) Rayleigh-wave 
phase-velocity maps, all parameterized at the knots of the same 

Fig. 2. a) Map of seismic stations used in this study colour-coded according to the number of phase-velocity dispersion curves; b) map of the triangular grid knot 
points used to parametrize the tomographic inversion. The key regions where we focus our interpretation are indicated with boxes of different colors: 1. orange, the 
Iberian Peninsula; 2. green, the Alpine-Apennines region; 3. yellow, North-Central Europe. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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triangular grid with a nearly-uniform spacing of around 100 km 
(Fig. 2b). The inter-station dispersion measurements from cross- 
correlations are used to invert for the Rayleigh-wave phase-velocity 
maps using the method described in Darbyshire and Lebedev (2009). 
The inversion was performed using the LSQR algorithm of Paige and 

Saunders (1982), applying smoothing and slight norm damping 
(Lebedev and Van Der Hilst, 2008; Zhang et al., 2009). The effect of 
smoothing is illustrated in Figs. S1-S3 for three highly sampled regions 
in Europe (Iberia, the Italian Peninsula, and North-Central Europe). 
With minimal smoothing, the model is dominated by noise due to 
insufficient data coverage to resolve small-scale structures. Conversely, 
applying extremely strong smoothing eliminates lateral structural het
erogeneities. A moderately strong degree of smoothing is then chosen for 
the isotropic component. Anisotropy patterns can be reliably resolved 
only at spatial scales larger than those of isotropic heterogeneity 
(Darbyshire and Lebedev, 2009; Polat et al., 2012). Consequently, both 
the 2ψ and 4ψ anisotropy patterns were smoothed more strongly than 
the isotropic phase-velocity variations. In order to minimize the impact 
of errors in the measurements on phase-velocity maps, we exploit the 
data redundancy of the dataset and select only the mutually consistent 
data through an a–posteriori outlier rejection procedure. At every period, 
we use the first-iteration phase-velocity map to compute synthetic data. 
We then compare the synthetic and real data and discard the measure
ments with the largest misfit. In our study, we keep a selected, most 
mutually consistent 70 % of the initial dataset and compute the final 
phase-velocity maps with these “de-noised” data.

Depth resolution is controlled by the sensitivity kernels of the Ray
leigh waves, which suggests that the period range covered by our 
measurements (4–40 s) corresponds approximately to a depth range that 
spans the crust and shallow upper mantle (Fig. 4). At the shortest periods 
(<10 s), phase velocities are primarily sensitive to shear velocities at 
shallow depths (sedimentary basins and upper crust). As the seismic 
velocities in the sediments are low, short-period low-velocity anomalies 
are a good indicator of sedimentary basins. At longer periods (25–40 s), 
Rayleigh waves sample both the lower crust and uppermost mantle. The 
phase velocities in this range vary approximately inversely with the 
crustal thickness (high velocities in regions with a thin crust and low 
velocities in regions with a thick crust).

Data coverage is not uniform across the continent. To visualize the 
coverage, we use the sums of the columns of the sensitivity matrix (in 
percentage). The column sums reflect, for each grid node, the amount of 
data sampling each model parameter (Bonadio et al., 2021). Data 
coverage is shown in Fig. 5 for the 6, 10, 14, 20, 25, 30, 35, and 40 s 
measurements and is highest in Western and Central Europe whereas it 
gradually degrades, as expected, towards the edges of the study region.

3. Resolution analysis

The resolution of isotropic velocity variations is tested using a series 
of synthetic models with the attempt to recover the structure using the 
path distribution of the whole European dataset. The NE–SW gradient in 
isotropic phase velocity over the study region is retrieved to a satisfac
tory level (Supplementary Fig. S4) with the transition from slow (red 
shade) to fast velocities (blue shade) occurring in the correct location. 
The amplitude recovery of velocity anomalies is generally good. Reso
lution is better in Western Europe compared to the northeastern part of 
the continent.

We then run a spike test using 14 negative anomalies of amplitude 
− 2.5 % distributed across Europe (Fig. 6). The ability to recover spike 
patterns varies based on their position relative to areas with dense or 
sparse path coverage. Most anomaly patterns are well-resolved, partic
ularly in Western and Central Europe. For example, the spikes in Eastern 
Europe and Iceland are largely poorly resolved as the path coverage is 
not particularly dense. This test indicates that the path coverage and the 
parameterization of the inversion are sufficient to provide an adequate 
recovery of phase-velocity anomalies of ~150–200 km in width across 
most of the study area.

To investigate the degree of leakage between isotropic and aniso
tropic heterogeneities in the models, we took the phase-velocity maps 
derived from our surface-wave dataset, we rotated the 2ψ anisotropy 
bars through 90◦ putting the 4ψ anisotropy values to zero and we then 

Fig. 3. Upper panel: number of measurements at each period (4, 6, 8, 10, 12, 
14, 16, 18, 20, 25, 30, 35, and 40 s). Middle panel: density distribution of the 
total dispersion curves. Bottom panel: All the dispersion curves computed 
(grey) and the average curve (red) in the period range 4–40 s. Light blue and 
dark green lines show the PREM and AK135 reference curves, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 4. Depth sensitivity kernels of surface waves at four periods (6, 12, 25, and 
40 s). The sensitivity curves are the Fréchet derivatives of the phase velocities of 
the fundamental-mode Rayleigh phase waves with respect to S-wave velocities.
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Fig. 5. Plot of the sums of the columns of the sensitivity matrix at six selected periods (6, 10, 16, 20, 30, 35, and 40 s). Dark green regions indicate zero sampling 
while dark red regions represent the most sampled regions. Column sums are a-dimensional; here they are plotted in percentage with respect to the maximum value 
at each period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Resolution tests for isotropic low-velocity spike anomalies placed in 14 different regions of Europe. The magnitude of the spikes has been normalized. No 
random noise has been added to the synthetic dataset. Panel a) shows the input spikes; panels b), c), and d) are the output spike anomalies at 10, 20, and 40 s, 
respectively. Note that the resolution is higher in Western and Central Europe compared to the eastern part of the continent where the coverage is decreased.
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re-inverted the resulting synthetic model. A noticeable shift in the fast 
direction of the recovered model would suggest that the original dataset 
had unacceptable leakage between isotropic and anisotropic anomalies, 
or that spurious anisotropy was introduced due to path biases. We show 
the results of the test in Figs. 7–9 (the same sub-regions used before to 
investigate the effect of smoothing). The output images indicate a good 
recovery of the fast directions of the rotated 2ψ anisotropy bars and 
some leakage into 4ψ anisotropy, in particular on the edges of the three 
regions, such as the Mediterranean Sea (Figs. 7 and 8), Atlantic Ocean 
(Fig. 7) and towards Eastern Europe (Fig. 9). The amplitude observed in 
the spurious 4ψ anisotropy output has an average of 0.016 km/s for T =
20 s and 0.013 km/s for T = 40 s compared to 2ψ averaging 0.022 km/s 
and 0.017 km/s, respectively. The test shows that the mapped fast di
rections of anisotropy are robust in most of the continental domain.

Overall, these tests confirm that the resolution of phase-velocity 
anomalies and azimuthal anisotropy is robust across much of Europe, 
though some leakage occurs close to the model’s borders.

4. Preferred tomographic model

Lateral phase-velocity variations at different periods reflect struc
tural heterogeneity within the lithosphere across the continent (Fig. 10). 
Overall, the inversions reveal the same dominant regional velocity 
anomalies as previous tomography studies (e.g., El-Sharkawy et al., 
2024; El-Sharkawy et al., 2020; Lu et al., 2018; Nita et al., 2016; Soomro 
et al., 2016; Verbeke et al., 2012), confirming that our data samples 
these patterns accurately. Notably, the model consistently images key 
features observed in earlier studies, including prominent low-velocity 
anomalies beneath the Gibraltar Arc System and major orogenic belts 
such as the Alps-Apennines, Dinarides, Hellenides, and Carpathians. 
Additionally, the high-velocity anomaly beneath the Ligurian/Tyr
rhenian Sea is clearly reproduced. Our phase-velocity maps also reveal 
low-velocity anomalies beneath the Anatolian Plateau at periods greater 
than 15 s, in agreement with previously published models. These cor
respondences underscore the robustness of our inversion approach and 
its capability to accurately reflect regional tectonic structures. Never
theless, the increase in the data sampling allows us to better constrain 
the pattern of the isotropic variations due to the higher resolution of the 
lithospheric structure beneath Western and Central Europe. To guide 
assessment, Fig. 11 shows a map of sediment thickness and crustal 
thickness CRUST1.0 (Laske et al., 2013) and the LAB depth taken from 
the global model of Fullea et al. (2021). We include the thickness of the 
sediments and the crust from the model EuCRUST-07 (Tesauro et al., 
2008) in Supplementary Fig. S5 to see if our surface-wave tomography is 
consistent with the integrated results from seismic reflection, refraction, 
and receiver function studies. We also show in Supplementary Fig. S6 
the LAB depths at 18 discrete locations, recently determined through 
thermochemical inversion using Rayleigh and Love wave phase veloc
ities, heat flow, rock densities, and thermochemical conditions (El- 
Sharkawy et al., 2024).

In the Western Mediterranean, the most prominent low-velocity 
features at short periods (4 to 20 s) are associated with the Guadalqui
vir Basin (SE Spain), the flysch units of the Gibraltar Strait, and the thick 
sediment layer of the Gulf of Cadiz. Figs. 11A and S5A provide a com
parison with sedimentary cover maps. High-velocity anomalies are 
imaged beneath Western Iberia, the Moroccan Meseta, and the Western 
Alboran Sea, in line with the fast velocities found in many tomography 
models of the Ibero-Maghrebian crust (Arroucau et al., 2021; Pedreira 

et al., 2003; Souriau et al., 2008). Moving towards Central Europe, 
strong low-velocity anomalies at the shortest periods are linked to 
sedimentary basins like the Paris Basin (Northern France), the North Sea 
and North German Basins (Germany and offshore), the Pannonian Basin 
(Hungary, Slovakia), the Po Basin (Northern Italy), the Rhone Basin 
(Southern France), and the Adriatic Sea. At longer periods (25 to 40 s), 
velocities become increasingly sensitive to crustal thicknesses. The 
phase-velocity maps exhibit prominent low-velocity anomalies beneath 
the orogens including the Betics, the Cantabrian-Pyrenees, the Alps, the 
Apennines, the Carpathians, the Dinarides, and the Hellenides. These 
features are due to the deeper crustal roots beneath mountain chains 
reaching depths of over 50 km (Fig. 11B and Fig. S5, Tesauro et al., 
2008). Anatolia, at the edge of our resolved domain, shows very strong 
low-velocity anomalies at long periods, suggesting higher than usual 
temperatures. This is consistent with the flow of hot asthenospheric 
material coming from the Afro-Arabian rift system (Civiero et al., 2023; 
Civiero et al., 2022) and channeling through corridors where the lith
osphere is thinned (70–80 km; Fullea et al., 2021; see Fig. 11C, or 60–70 
km; El-Sharkawy et al., 2024; see Fig. S6). To the north-west, at the 
longest periods (>30 s) small-scale low-velocity anomalies are visible in 
areas with Cenozoic volcanic centres, such as those above the Eifel 
Hotspot and the Pannonian Basin (Wilson and Downes, 2006). These 
anomalies correspond to a shallow asthenosphere, with the LAB depth 
being less than 80 km and 60 km, respectively (see Fig. 11C and Fig. S6). 
Low velocities are also imaged below Iceland, probably associated with 
the presence of mantle material upwelling from deeper depths (e.g., 
Celli et al., 2021), with the LAB being located at depths shallower than 
80 km. The abrupt change in Rayleigh wave velocity from negative to 
positive anomalies in the eastern part of the 30–40 s phase-velocity maps 
is associated with a change in lithospheric properties of the East Euro
pean Platform and Baltic Shield. These regions are characterized by a 
cold, depleted cratonic lithosphere that extends beyond the maximum 
depth resolution of the surface waves in this study, with the LAB 
reaching depths greater than 180 km (see two locations of the Platform 
in Fig. S6), and in certain areas, exceeding 200 km (Fig. 11).

In summary, our maps reveal clear regional variations in phase ve
locities across Europe, with prominent low-velocity anomalies corre
lating with sedimentary basins and orogenic belts. The deeper 
lithospheric structures, such as thickened crust in mountain chains and 
hot asthenospheric material beneath thin-lithosphere corridors, are well 
constrained, offering new insights into the tectonic evolution of these 
regions.

5. Azimuthally anisotropic structures

In response to shear strain, crustal and mantle minerals can develop 
some specific fabrics that result in seismic anisotropy (Mainprice et al., 
2010; Ribe, 1992). The direction of fast propagation is interpreted as the 
direction of maximum deformation (Christensen, 1984). The intrinsic 
anisotropy can be mapped seismically, from the azimuthal and polari
zation dependence of wave speeds. Here, we estimate and discuss the 
azimuth and the amplitude of the fast directions of anisotropy using the 
computed Rayleigh phase-velocity curves with the aim of examining the 
dominant, region-scale patterns of deformation. We show the aniso
tropic maps of all Europe in Fig. 12. To better discriminate between a 
possible coupling between the anisotropy and the stress field, we also 
provide the map of the stress field in Europe in Supplementary Fig. S7 
taken from the World Stress Map (WSM) compilation (Heidbach et al., 

Fig. 7. Results of anisotropy leakage test focused on Iberia in which the starting model is taken from the original phase-velocity map but with 2ψ anisotropy di
rections rotated by 90◦ and 4ψ anisotropy set to zero. The anisotropy is plotted with green sticks. (a) Original phase-velocity map at 20 s; (b) Original phase-velocity 
map at 40 s; (c) map at 20 s with rotated anisotropy used as input; (d) map at 40 s with rotated anisotropy used as input; (e) and (f) results of inversion for isotropic 
phase velocity plus 2ψ anisotropy values at 20 s (e) and 40 s (f). The input anisotropy sticks are plotted with a thinner black line below the output anisotropy values; 
(g) and (h) results of inversion for isotropic phase velocity plus 4ψ anisotropy values at 20 s (g) and 40 s (h). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Same as Fig. 7 but focused on the Italian Peninsula and Alpine region.
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Fig. 9. Same as Fig. 7 but focused on North-Central Europe.
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Fig. 10. Phase-velocity maps at six selected periods (same periods as in Fig. 5). The orogenic frontal zones are plotted in brown. Plate boundaries are shown in green. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2018). Overall, we found that our anisotropic patterns, in particular 
beneath the Euro-Mediterranean region, are in good agreement with 
those imaged at the continental scale in previous shear-wave splitting 
analyses (e.g, Link and Rümpker, 2023; Schmid et al., 2004; Wüstefeld 
et al., 2009) and tomography models (Becker et al., 2012; Díaz et al., 
2013; Nita et al., 2016; Zhu and Tromp, 2013). Specifically, our findings 
mirror previously reported features such as the orogen-parallel anisot
ropy beneath the Alps and Apennines (Díaz et al., 2013; Link and 
Rümpker, 2023), the anisotropic patterns beneath the Pyrenees (Nita 
et al., 2016; Díaz et al., 2013), and the W–E oriented anisotropy sur
rounding the Gibraltar slab (Díaz et al., 2013). These consistent obser
vations further validate the reliability of our model in capturing the 
complex anisotropic characteristics of the region. It is important to note 
here that the current phase velocity maps primarily sample structure 
and anisotropy to uppermost mantle depths, while shear-wave splitting 
measurements integrate anisotropy from the core-mantle boundary to 
the surface, often representing the combined effects of the crust, litho
spheric mantle, and asthenosphere. The good agreement observed be
tween the shear-wave splitting measurements and our results may 
reflect similar uppermost-mantle processes but may not fully capture 
deeper anisotropic features that the shear-wave splitting data do.

Although robust anisotropy patterns are observed across the conti
nent, we focus on three sub-regions (shown in Fig. 2b) where data 
sampling is highest. These regions have also been carefully tested for 
leakage between isotropic and anisotropic phase-velocity heterogene
ities (see Figs. 7–9): 1) the Iberian Peninsula; 2) the Alpine-Apennines 
system; and 3) North-Central Europe. In particular, we assess if the 
fast directions of anisotropy –and, by inference, the frozen-in directions 
of shear– are parallel to ancient sutures or reflect simple shear observed 
today in tectonically active regions.

5.1. Iberian Peninsula

Iberia is the far western end of the Alpine orogenic belt. To the north 
of the peninsula, the Pyrenean-Cantabrian range marks the tectonic 
boundary between Eurasia and Iberia. This mountain range was built at 
~84 Ma as the result of the convergence between the African and 
Eurasian plates and involved the inversion of pre-existing rift zones 
(Teixell et al., 2018). Continued African-Eurasian compression trans
mitted the plate margin stress fields towards the interior and created the 
Iberian Chain, oriented NW–SE. The Iberian Massif, in the western half 
of Iberia, is the result of the Variscan orogeny during the Devonian and 
Carboniferous (Gibbons and Moreno, 2002). Further south, the Betic-Rif 
belt constitutes the westernmost end of the Alpine orogeny. It comprises 
the Gibraltar Arc and surrounds the extensional Alboran Basin. In 

between the Alpine orogens, four foreland basins filled with a thick 
sedimentary cover –the Ebro, Duero, Tajo, and Guadalquivir Basins– are 
formed (Vergés and Fernàndez, 2012).

The Iberian Peninsula has been the target of several surface-wave 
investigations. Using two-station dispersion measurements, Corchete 
et al. (1995) obtained the first shear-wave model of the Iberian litho
sphere and asthenosphere. The shallow structure has also been studied 
using short-period Rayleigh waves from small earthquakes and explo
sions for different parts of Iberia (Chourak et al., 2005). Villaseñor et al. 
(2007) computed group-velocity maps of Rayleigh waves at periods 
from 8 to 25 s across the peninsula, which reveal the main structural 
elements of the Iberian upper crust, including the Iberian Massif, Alpine 
orogens, and major sedimentary basins. The subsequent models of the 
Iberian lithospheric structure tend to converge on the distribution of the 
isotropic heterogeneities below the peninsula (e.g., Corchete and 
Chourak, 2011; Feng and Diaz, 2023; Macquet et al., 2014; Palomeras 
Thurner et al., 2014; Palomeras et al., 2017; Silveira et al., 2022; Silveira 
et al., 2013). Surface-wave studies on seismic anisotropy are fewer and 
often limited to a relatively small region (e.g., Acevedo et al., 2020; 
Marone et al., 2004; Paulssen et al., 1990). Feng and Díaz (2022)
revealed that fast directions of anisotropy align parallel to the strike of 
the mountain belts in the crust and are predominantly close to E–W at 
lithospheric mantle depths in the rest of the peninsula.

In our azimuthally anisotropic phase-velocity maps, the fast di
rections align sub-parallel to the strike of the Pyrenees and the Canta
brian Mountains (and to the Hercynian preexisting faults) at the shortest 
periods shifting to a more northerly orientation at periods >25 s 
(Fig. 13). These patterns suggest the presence of a layer of anisotropy 
primarily related to frozen-in structures in the shallow crust (e.g., 
extensional shearing related to the opening of the Bay of Biscay) and an 
additional weak anisotropic layer below, which does not align with 
surface features and may be related to a previous stage of the collision 
during the Variscan orogeny. Also, as observed by Acevedo et al. (2020), 
the NW–SE oriented fast directions in the western Cantabrian belt may 
depict the trend of the main Variscan thrusts in the area.

In the Betics, weak anisotropy is observed at periods <20 s with fast 
directions following the topography of the belt until the Strait of 
Gibraltar. However, no clear evidence of anisotropy is seen at longer 
periods beneath the belt. Anisotropy is stronger offshore, in the western 
part of the Alboran Sea and between the Balearic Islands and the coast of 
Africa. Here, the fast directions are in a NE–SW orientation similar to 
what was found by Díaz et al. (2013), likely reflecting the westward 
escape of the Alboran block and its extension-related tectonics (Alpert 
et al., 2013). In line with Feng and Díaz (2022), the anisotropy in the 
Gibraltar Arc System is strong, with fast directions mostly in the W–E 

Fig. 11. Maps of the sediment thickness taken from CRUST1.0 (A), crustal thickness from CRUST1.0 (Laske et al., 2013) (B), and LAB depth (C) from the WINTERC-G 
model (Fullea et al., 2021) of Europe. Plate boundaries are shown in green. The locations of geological units discussed in the text are marked with numbers in each 
panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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orientation. The pattern supports hypotheses invoking a retreating slab 
in the area (e.g., Bokelmann et al., 2011; Civiero et al., 2020; Díaz et al., 
2010). A predominantly NW–SE-oriented pattern is well resolved 
northerly in the Iberian Chain and Meseta and is likely related to the 
Variscan trend in the area (Díaz et al., 1998).

5.2. Alpine-Apennines domain

The Alpine tectonic domain includes an orogenic system formed by 
the convergence of the Adriatic and European plates. The Adriatic plate 
is a microplate of oceanic and continental origin and its interaction with 
the European and African converging plates has given rise to the arcuate 

Alpine-Mediterranean mountain belt (Dewey et al., 1989; Faccenna and 
Becker, 2010). The arc reflects multiple episodes of slab retreat since 85 
Ma, which occurred in the Alps, Apennines, and Carpathians. These 
processes have contributed to the complex subduction geometries seen 
today (e.g., Király et al., 2018). The Adriatic block is the upper plate in 
the Western-Central Alps and the Western Carpathians but it represents 
the lower plate in the Apennines and the Dinarides (Handy et al., 2015; 
Spakman and Wortel, 2004).

Due to their tectonically complex setting, the Alpine and Apennines 
mountain ranges have been the subject of numerous surface-wave 
studies (e.g., Boschi et al., 2004; Calcagnile, 1990; El-Sharkawy et al., 
2024; Kästle et al., 2018; Magrini et al., 2022; Molinari et al., 2015; 

Fig. 12. Azimuthally anisotropic phase-velocity maps for the study region, showing isotropic phase-velocity anomaly and 2ψ anisotropy (same periods as in Fig. 5). 
In each case, the isotropic phase velocity is plotted relative to the average phase velocity for the given period (labelled on each panel). Anisotropy results are shown 
only where azimuthal path coverage is sufficient for the results to be robust. Plate boundaries are shown in green. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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Schivardi and Morelli, 2009). Several studies using ambient noise in the 
Alps and the Apennines agree in mapping similar large-scale isotropic 
structures (Alder et al., 2021; Fry et al., 2010; Li et al., 2010; Nouibat 
et al., 2023; Soergel et al., 2023; Stehly et al., 2009; Verbeke et al., 
2012). The presence and trend of azimuthal anisotropy in the litho
sphere is more debated (e.g., Díaz et al., 2013; Fry et al., 2010; Mele 
et al., 1998; Pondrelli et al., 2023; Salimbeni et al., 2013; Schmid et al., 
2004). Babuska and Plomerová (1992) and Plomerová (1997) identified 
high-velocity foliation planes E-dipping in the Alpine mantle litho
sphere, and high velocities dipping consistently to the SW in the sub
lithosphere below the Apennines. Mele et al. (1998) found that Pn 
velocity fast directions follow the strike of the Northern Apennines and 
the Calabrian arcs. The tomography model of Díaz et al. (2013) shows 
anisotropy parameters with fast directions following the trends of the 
Alps and Northern Apennines but shifting to NNE–SSW in the Adria 
region and a large E–W component beneath Tuscany. A regional 
ambient-noise study reveals that the fast direction of the anisotropy 
beneath the Central Alps is orogen-parallel above ~30 km but strongly 
orogen-perpendicular at deeper depths between 30 and 70 km (Fry 
et al., 2010). They attribute this opposite pattern to the presence of 
distinct fabrics within the central Alpine lithosphere, each with different 
geodynamic origins: the orogen-parallel anisotropy is the LPO of crustal 
minerals, such as amphibole and biotite, resulting from compression 
while the orogen-perpendicular anisotropy may be attributed to the LPO 
of olivine, driven by the southward bending and flow of the European 
lithospheric mantle. It is clear that disagreements over the explanation 
of anisotropy remain and a conclusive determination of the anisotropic 
fabric at lithospheric depths can help us to reconstruct the current and 
past deformation pattern in these orogens.

In the Alps, our anisotropic results at periods <30 s reveal an arc- 
shaped azimuthal pattern of fast-polarization directions. These range 
from a dominant WNW–ESE orientation in the Western Alps, to a NE–SW 
orientation in the Central Alps, and an E–W trend in the Eastern Alps 
(Fig. 14). At the longest periods, the anisotropy is much weaker and 
limits tectonic interpretation. In the adjacent Dinarides, the anisotropy 
aligns with the strike of the range, showing a dominant NW–SE 
orientation.

Southward, the anisotropy is less well-resolved. Along the Northern 
Apennine orogen, the fast axes directions are characterized by a pattern 
with roughly NW–SE orientations. In the Tyrrhenian Basin, the anisot
ropy is resolved only at periods >25 s showing a moderate E–W fast 
direction orientation, similar to that retrieved from the tomography 
model of Díaz et al. (2013). At shorter periods, anisotropy is barely 
resolved due to the low resolution of the phase-velocity maps (see 
Fig. 8). This trend can be related to the oblique trench retreat of the 
Northern Apennines occurring since 5 Ma (Malinverno and Ryan, 1986; 
Rosenbaum et al., 2002).

Moving towards the Ligurian-Provençal Basin, the anisotropy is 
higher with an NW–SE trend, likely reflecting the 30◦ counter-clockwise 
rotation of the Corsica-Sardinia block from NE Spain in Late Oligoce
ne–Early Miocene (Auzende et al., 1973; Carminati et al., 1998; Maf
fione et al., 2008). Along the Calabrian Arc, at longer periods (T > 25 s) 
the anisotropy, while weak, exhibits a NE–SW orientation that mirrors 
the curvature of the arc itself. This implies that a minor influence of the 
Calabrian slab on the anisotropy exists although the signal is likely 
dominated by the mantle wedge or the asthenosphere, as suggested by 
Baccheschi et al. (2011).

Overall, our findings in this region of interest are in line with recent 

compilations of the present-day crustal tectonic stress (Heidbach et al., 
2018) and strain-rate directions (Palano, 2015) in the region.

5.3. North-Central Europe

The lithosphere of North-Central Europe was shaped by a series of 
continent-continent collisions involving Gondwana-derived microplates 
during the Caledonian and Variscan orogenic cycles (Matte, 2001; 
Pharaoh, 1999). These tectonic processes resulted in the closure of 
several oceanic basins, including the Iapetus, Tornquist, Rheic, and 
Galicia-Southern Brittany Basins (Winchester et al., 2002). The Avalonia 
microcontinent rifted off from Gondwana during the Ordovician and 
made contact with Baltica, thus closing the Iapetus Ocean and producing 
the Caledonian tectonic belt (Cocks, 2000). The western boundary of 
this orogenic belt, known as the Caledonian Front, marks the transition 
between regions affected by Caledonian mountain-building and those 
that remained geologically unaffected (Ziegler, 1982). One of the most 
significant lithospheric boundaries in Central Europe is the TTSZ, which 
cuts through the Polish Trough. This suture separates the tectonically 
active Phanerozoic lithosphere of Western Europe from the stable Pre
cambrian Eastern European Craton (EEC), marking a major collision 
zone between these distinct geological domains. Further south, the Mid- 
German Crystalline Rise represents the Rheic suture, formed by the final 
closure of the Rheic Ocean during the collision between Avalonia and 
the micro-terranes of Cadomia/Saxo-Thuringia (Franke, 2000).

Numerous surface-wave studies focused on imaging the crustal and 
mantle lithosphere structure of North-Central Europe (e.g., Meier et al., 
2016; Meier and Malischewsky, 1997; Roux et al., 2011a; Snieder, 1988; 
Soomro et al., 2016; Yang et al., 2007; Zhu and Tromp, 2013). The 
phase-velocity maps of Soomro et al. (2016) show in detail the corre
lation between the low-velocity anomalies at the shortest periods with 
the thick sedimentary basins of the North German Basin, North Sea 
Basin, and the Polish Trough as well as the regions of the Cenozoic 
volcanism. The properties of the lithosphere around the TTSZ are also 
clearly imaged in all the most recent surface-wave models (El-Sharkawy 
et al., 2024; Legendre et al., 2012; Soomro et al., 2016). As for the rest of 
Europe, the regional anisotropic fabric at crustal and lithospheric mantle 
depths is less explored. A map of the azimuthal anisotropy at 50 km 
depth in Central Europe is provided by the tomography model of Zhu 
and Tromp (2013) and shows how some features are well correlated 
with historical tectonic events in this region, but the shallower-depth 
anisotropic structure is unknown.

In our phase-velocity maps, the anisotropy in North-Central Europe 
exhibits a general NE–SW trend, sub-parallel to the strike of the Variscan 
Front and Rheic Suture at a 10 s period and greater, reflecting the 
alignment of rock fabric in response to tectonic compression (Fig. 15). 
This is in line with the results of a joint inversion of magnetotelluric and 
surface-wave data beneath a small region in Central Germany that in
dicates the presence of an anisotropic layer with a NE–SW fast- 
propagation direction at lower-crustal/upper-lithospheric depths 
(Roux et al., 2011b). Earlier shear-wave splitting and travel-times ana
lyses agree in finding the same layer of the fast direction close to NE–SW 
in the sub-crustal lithosphere (Babuska and Plomerová, 1992; Bamford, 
1977; Vinnik et al., 1994).

At the TTSZ block boundary, a shift in the anisotropy direction is 
observed. At the shortest periods (< 10 s), the fast directions show a 
weak NW–SE orientation. At intermediate and longer periods, the 
anisotropy shifts to a weaker E–W trend. This evidence is in agreement 

Fig. 13. Azimuthally anisotropic maps of Rayleigh-wave phase velocities in the Iberian Peninsula at periods of 6, 10, 14, 20, 25, 30, and 40 s. The first panel shows 
the topography and the main features discussed in the text. The Cenozoic volcanic fields (Legendre et al., 2012) are indicated with yellow triangles. The crustal faults 
are taken from the European Fault-Source Model 2020 (EFSM20, https://seismofaults.eu/efsm20). The APM motion in the HS3-Nuvel1A fixed hotspot frame (Gripp 
and Gordon, 2002) is indicated with a thick black arrow. Green sticks indicate the fast-propagation directions and strength of azimuthal anisotropy 2Ψ. Anisotropy 
results are shown only where azimuthal path coverage is sufficient for the results to be robust (threshold at 30 %, which means that if the anisotropy bends back to its 
original position more than 30 %, it does not pass the anisotropy test). GS: Gibraltar Strait. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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Fig. 14. Same as Fig. 13 for the Alpine-Apennines region. The first panel shows the topography and the main features discussed in the text. The Cenozoic volcanic 
fields are indicated with yellow triangles. The APM motion in the HS3-Nuvel1A fixed hotspot frame is shown with a thick black arrow. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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with the results of Babuška and Plomerová (2006), which found 
consistent fossil fabric within different lithospheric blocks created 
before the assembly of the European landmass.

Overall, the observed anisotropy patterns shed light on both ancient 
and active tectonic processes, highlighting the complex interplay be
tween past deformation and current stress fields across Europe.

6. Conclusions

To better understand European tectonics and its implications, this 
study uses sets of two-station Rayleigh wave dispersion curves at periods 
ranging between 4 and 40 s to tomographically image variations in both 
seismic velocity and seismic anisotropy in the crust and uppermost 
mantle beneath the continent.

Fig. 15. Same as Fig. 14 for North-Central Europe. The first panel shows the topography and the main features discussed in the text. The Cenozoic volcanic fields are 
indicated with yellow triangles. The APM motion in the HS3-Nuvel1A fixed hotspot frame is shown with a thick black arrow. TTSZ: Tornquist-Teisseyre Suture Zone; 
EEC: East European Craton, RS: Rheic Suture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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The lithospheric structure is interpreted in three target regions (the 
Iberian Peninsula, the Alps-Apennines system, and North-Central 
Europe) where the data coverage is optimal, and the mapping of 
anisotropy is unlikely to be biased by either velocity variations or non- 
comprehensive azimuthal path coverage. The main results are the 
following: 

1) The isotropic shear wave speeds show numerous structures corre
lated with the geology of the region. The most prominent low- 
velocity anomalies in the shortest-period maps (<20 s) coincide 
with the major Cenozoic sedimentary cover. At longer periods, ve
locity patterns reveal variations in crustal thickness with low- 
velocity features imaged beneath thickened crust (mountain belts). 
In some regions of thin lithosphere—where the LAB is shallower than 
80 km depth (e.g., Eifel, Massif Central, East Anatolia)—low-velocity 
anomalies can indicate the presence of mantle upwellings. High ve
locities have been found under cratonic regions (e.g., EEC, Baltic 
Shield) indicating a cold, depleted lithosphere.

2) At short periods, crustal-level anisotropy shows fast directions that 
align with the major mountain ranges of southern Europe (e.g., 
Betics, Pyrenees, Apennines, Dinarides, Alps), suggesting significant 
shear deformation in the crust.

3) At longer periods, anisotropy in the shallow lithospheric mantle is 
weak and exhibits a complex pattern, especially in North-Central 
Europe. Notably, the Tornquist-Teisseyre suture zone separates the 
NE-oriented anisotropic fabric of the Western European domain 
(sub-parallel to the Variscan Front) from the E-W trend of the East 
European cratonic core.

These findings provide new insights into the tectonic evolution and 
deformation processes shaping the lithosphere of Europe.

CRediT authorship contribution statement

Chiara Civiero: Writing – original draft, Visualization, Software, 
Project administration, Methodology, Investigation, Funding acquisi
tion, Formal analysis, Conceptualization. Raffaele Bonadio: Writing – 
original draft, Software, Methodology, Investigation, Conceptualization. 
Antonio Villaseñor: Writing – original draft, Software, Methodology, 
Investigation, Data curation.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

The authors thank the Editor and two anonymous reviewers for 
valuable suggestions. We are grateful to the operators of seismic net
works and arrays who have created and made available the broadband 
seismic data that was used in the original measurements. We thank all 
the data centers for providing the waveform data used. This work ac
knowledges the ‘Severo Ochoa Centre of Excellence’ accreditation 
CEX2019-000928-S funded by AEI 10.13039/501100011033 and it has 
been completed in the framework of the Program for Young Researchers 
“Rita Levi Montalcini” (grant D86-RALMI23CIVIE_01 awarded by the 
Italian Ministry of University and Research). CC and RB were supported 
by the Science Foundation Ireland (SFI) grant 16/IA/4598, co-funded by 
the Geological Survey of Ireland and the Marine Institute, UK Natural 
Environment Research Council (grant NE/X000060/1), Project Inner
Space (https://projectinnerspace.org/) and the project 4D Dynamic 
Earth, funded by ESA (4000140327/23/NL/SD) as part of EXPRO+. We 
thank Sergei Lebedev for the helpful discussions and for providing the 
code for inversion. All the maps were generated using Generic Mapping 

Tools (GMT) (Wessel et al., 2013).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.tecto.2025.230788.

Data availability

Data will be made available on request.

References

Acevedo, J., Fernández-Viejo, G., Llana-Fúnez, S., López-Fernández, C., 2020. Upper- 
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