JGR Solid Earth

RESEARCH ARTICLE
10.1029/2023JB027192

Key Points:

e This study presents the first
comprehensive analysis of layered
anisotropy for the entire Alpine range
based on shear-wave splitting

e The anisotropy patterns within the
asthenosphere and lithosphere suggest
a relation to large-scale Mediterranean
tectonic processes

e Our findings allow discrimination
between subduction-controlled
asthenospheric flow and tectonic
deformation of the lithosphere

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

F. Link,
frederik.link @yale.edu

Citation:

Link, F., & Riimpker, G. (2023). Shear-
wave splitting reveals layered-anisotropy
beneath the European Alps in response
to Mediterranean subduction. Journal
of Geophysical Research: Solid Earth,
128, €2023JB027192. https://doi.
0rg/10.1029/2023JB027192

Received 31 MAY 2023
Accepted 2 SEP 2023

Author Contributions:

Conceptualization: F. Link, G. Riimpker
Formal analysis: F. Link

Funding acquisition: G. Riimpker
Investigation: F. Link

Methodology: F. Link, G. Riimpker
Project Administration: G. Riimpker
Supervision: G. Riimpker
Visualization: F. Link

Writing — original draft: F. Link
Writing - review & editing: F. Link, G.
Riimpker

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

ok

Shear-Wave Splitting Reveals Layered-Anisotropy Beneath the
European Alps in Response to Mediterranean Subduction
F. Link!? (¥ and G. Riimpker'*

nstitute of Geosciences, Goethe-University Frankfurt, Frankfurt, Germany, *Department of Planetary Sciences, Yale
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Abstract The European Alps formed at the boundary between the Eurasian plate and Adriatic microplate
within a complex system of collision and subduction. However, the large-scale three-dimensional mantle-
flow field related to the underlying geodynamic processes has not yet been resolved in detail. In this study,
we present the first comprehensive analysis of layered anisotropy for the complete Alpine range from shear-
wave splitting measurements at 591 seismic stations of the AlpArray experiment. Our findings suggest a
combination of asthenospheric and distinct lithospheric contributions to the splitting observations, which

can be seen as a generalization of previously reported models of single-layer anisotropy. The enhanced
vertical resolution exposes the impact of successive Mediterranean tectonic episodes, such as the opening of
the Provencal-Ligurian and Tyrrhenian Basins alongside the Adriatic slab retreat, as well as the Pannonian
Basin opening and the Aegean slab retreat, resulting in deformation of the lithosphere and flow in the
asthenospheric mantle. The dominant role of the larger scale Mediterranean subduction systems on mantle
dynamics becomes evident. The observations provide supporting evidence that the Eurasian slab has broken
off at its boundaries and that the resulting gaps channel flow from the mantle beneath the Eurasian plate to
the Adriatic and Aegean subduction systems. The results provide new constraints on geodynamic processes
involved in forming the European Alps, as previous tectonic episodes are preserved in the anisotropic fabric of
the lithosphere-asthenosphere system. This raises new questions regarding their geochemical and geophysical
conditions, and their larger-scale impact on the formation of the Alpine orogeny.

Plain Language Summary The European Alps are located along the contact of the Eurasian
continental plate to the North and the Adriatic plate to the South. This zone is subject of a complicated history
of their collision, in which the rigid plates are consumed into the more flexible and softer underlying mantle.

In this work, we look at seismic anisotropy which describes the property of rocks to allow body waves to travel
with different speeds when passing through the rock at different directions. This is mostly produced by a flow of
softer rock beneath the rigid outer shell of the Earth. In our analysis of anisotropy, we also allow for its change
with depth. We find that the anisotropy is not only produced by flow, but in part also by separate volumes of the
rigid outer shell. This is a result from a history of deformation. While the location of the Eurasian and Adriatic
plates remains unchanged, heavy parts of the plates descent. As a result, the plates are stretched forming the
thinned Liguro-Provengal and Pannonian Basin. In addition, the descending Eurasian plate is breaking off at its
boundaries, which allows the softer rock at larger depth to flow through the resulting gaps.

1. Introduction

The European Alps were formed as a result of the collision between the Eurasian and African plates, which
began at about 35 Ma with the Adriatic microplate indenting into the former (Dewey et al., 1973, 1989; Handy
et al., 2010, see Figure 1). The uplift of the Alps occurred following the southward subduction of oceanic lith-
osphere beneath the Adriatic plate (Handy et al., 2010; Schmid et al., 2004). Concurrently, the Adriatic plate
plunged eastward beneath the Eurasian plate, giving rise to the Dinarides (Handy et al., 2010, 2015; Kissling
et al., 2006; Lippitsch, 2003; Schmid et al., 2008; Ustaszewski et al., 2008). The subduction and retreat of the
Adriatic microplate at its western edge led to the formation of the Apennines and caused stretching of the Eura-
sian plate beneath the Ligurian and Tyrrhenian Seas, resulting in the formation of back-arc basins (Faccenna
et al.,, 2004; Handy et al., 2015; Laubscher, 1988; Malinverno & Ryan, 1986; Moretti & Royden, 1988;
Royden, 1993; Vignaroli et al., 2008). These tectonic sequences were accompanied by breakoff events, which
may have been a consequence of the continental collision between the Eurasian and African plates that occurred
as the Tethyan oceanic unit was entirely consumed (Kistle et al., 2020).
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Figure 1. Simplified tectonic map highlighting extensional basins in the Mediterranean area (Platt, 2007) and slab anomalies
at 200 km, which we compiled from recent tomographic studies (Késtle et al., 2018, 2020; Koulakov et al., 2009; Paffrath

et al., 2021; Zhao et al., 2016). Important geologic features for this study are labeled with abbreviations EuS—Eurasian Slab,
PAL—Periadriatic Line, GF—Giudicarie Fault, ApS—Adriatic Slab and HeS—Aegean Slab. The stations of the AlpArray
network (AlpArray Seismic Network, 2015; Hetényi et al., 2018) and permanent stations used in this study are indicated by
yellow dots and evenly cover the greater Alpine region marked by a yellow contour.

Such a complex tectonic history would have a considerable impact on the underlying lithosphere—asthenosphere
interactions and the mantle flow field (Faccenna et al., 2014; Long & Becker, 2010). Mantle deformation can
cause seismically anisotropic minerals, such as olivine, to align along the main flow direction (Karato et al., 2008;
Silver, 1996). This large-scale seismic anisotropy causes splitting of a seismic shear wave when it enters an aniso-
tropic medium. The resulting two phases are orthogonally polarized in the fast (¢; measured here clockwise rela-
tive to north) and slow directions, and the velocity difference between these phases in the anisotropic layer causes
a time delay (also called the delay time, 6r) that increases with the extension and strength of anisotropy within the
medium. Analysis of shear-wave splitting of converted (XKS) phases from the core-mantle boundary is a widely
used method for robustly inferring the orientation and magnitude of seismic anisotropy and, thus, the mantle
flow field (Savage, 1999; Silver & Chan, 1991). Present-day flow is responsible for anisotropy in the astheno-
sphere, while the fabrics and lineations frozen in the lithosphere due to previous tectonic events can also produce
anisotropic material properties (Long & Becker, 2010; Savage, 1999). Furthermore, the lithosphere responds to
tectonic strains, which can produce coherent anisotropy across the crust and uppermost mantle (Silver, 1996).

Numerous shear-wave splitting studies have been conducted in the greater Alpine region, suggesting an appar-
ently simple anisotropic pattern which seems to contradict its complex tectonic history. The orogen-parallel fast
directions beneath the Central and Western Alps, as well as the anisotropy in SE France and the Ligurian Sea
have been traditionally associated with a dominant “toroidal” (orogen parallel) asthenospheric flow field where
the flow is more-or-less perpendicular to the direction of compression and exhibits only minor depth variations
(Barruol et al., 2004; Hein et al., 2021; Lucente et al., 2006; Margheriti et al., 1996; Salimbeni et al., 2008). The
studies suggest that this characteristic flow pattern results from the northward retreat of the Eurasian slab and the
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suction caused by the retreating Apenninic subduction. These processes are possibly accompanied by lithospheric
anisotropy produced by the compressional regime of the Alpine orogeny (Vinnik et al., 1994). Another consistent
feature in these studies is the clockwise rotation of ~40° in the fast-axis orientation from the Western and Central
Alps to the Eastern Alps (Bokelmann et al., 2013; Hein et al., 2021; Plenefisch et al., 2001; Qorbani et al., 2015),
suggesting different mantle deformation mechanisms beneath these two regions.

Some previous studies have also reported layered anisotropy in isolated regions of the Alpine arc (Plenefisch
et al., 2001; Qorbani et al., 2015; Salimbeni et al., 2008; Vinnik et al., 1994; Walther et al., 2014). The corre-
sponding orientations and magnitudes were quantified by fitting the characteristic azimuthal variations (Silver
& Savage, 1994) in the measured splitting parameters (¢, 6¢) at individual seismic stations or were derived from
the analysis of characteristics found at station clusters within a localized dense network (Link & Riimpker, 2021).
However, no systematic shear-wave splitting analysis has been conducted to identify multiple layers of anisotropy
and three-dimensional mantle flow for the greater Alpine region. The tectonic implications of such study could
help to reconcile the complex surface structure with the measured anisotropy. To perform a detailed analysis
of the splitting characteristics in the greater Alpine region with high lateral resolution, we utilize the recently
established AlpArray network (AlpArray Seismic Network, 2015; Hetényi et al., 2018) (see Figure 1). The
unprecedented data coverage, in combination with improved constraints on anisotropic layering obtained through
joint shear-wave splitting analysis of all measured events at individual stations (Link et al., 2022), provides new
detailed insights into possible lithosphere—asthenosphere interactions in the vicinity of the European Alps.

2. Methods and Data Analyses
2.1. Data Processing and Single Event Splitting Analysis

We analyzed core-mantle converted phases, for example, SKS, SKKS, SKIKS, PKS, PKKS, and PKIKS, for
shear-wave splitting, that were recorded at 591 permanent (network codes BW, CH, CR, CZ, FR, GE, GR, GU,
HU, IU, IV, MN, NI, OE, OX, RD, RF, SI, SK, SL, ST), ocean bottom seismometers (OBS) and temporary
stations (network code Z3) in the AlpArray network (AlpArray Seismic Network, 2015; Hetényi et al., 2018)
using the automated SplitRacer toolbox (Link et al., 2022). A detailed list of all stations contributing to this study
is provided in the supplements. All data is accessible via the ORFEUS or IRIS data centers. We selected earth-
quakes recorded by each station from their initial deployment until the end of September 2020, providing record-
ing periods ranging from 35 years for some permanent stations to only 9 months for stations of the ocean bottom
experiment. We chose earthquakes above a magnitude threshold of 5.8 and with epicentral distances between
89° and 140°. The data were bandpass-filtered using a second order Butterworth filter with corner periods of 4
and 50 s. Preliminary windows of 100 s are centered around theoretical arrival times for core-mantle converted
phases based on the 1D velocity model iasp91 (Kennett & Engdahl, 1991). In a first quality check, to retain as
much analyzable data as possible while minimizing the computation time, events were discarded if they had a
signal-to-noise ratio of less than 2.5 for permanent stations, 1.8 for temporary stations and 1.2 for OBS stations.
The remaining phases were automatically cut from the preliminarily selected windows based on a time-frequency
analysis (Link et al., 2022). As part of this process, only high-quality phases are kept for analysis as the automatic
algorithm requires significant signal amplitude levels to identify a dominant wavelet. This is tested against an
STA/LTA criterion. The resulting phases are analyzed for their long period polarization (between 15 and 50 s).
This allows to identify and measure station misorientations (see Table S1) as the long-period particle motion is
confined to the great-circle plane connecting source and receiver (see also Riimpker & Silver, 1998). The splitting
analysis in the SplitRacer toolbox is based on the transverse energy minimization technique (Silver & Chan, 1991)
to derive the delay time (6¢) and fast axis direction (¢) for individual XKS phases and categorizes them according
to their quality as “good,” “average,” “poor” and “null-measurement.” The categorization is based on thresholds
for characteristic parameters derived from complementary approaches (Bowman & Ando, 1987; Chevrot, 2000;
Silver & Chan, 1991). We refer the reader to the corresponding publication for a more detailed description (Link
et al., 2022). Considering all available events and stations, we obtained a total of 21709 splitting measurements.
Following the above automated approach, 6453 of the measurements were selected as “good,” and 9568 as “aver-
age” (Link et al., 2022, see Figure 2a). In total, 5688 measurements showed no splitting and were categorized as
“null measurements,” which arise if the backazimuth of an event is aligned (near-) parallel to either the fast or
the slow direction of an anisotropic layer or in the case of isotropy (see Figure S1 in Supporting Information S1).
The lateral distribution of splits is highly diverse due to the nature of the different deployments with permanent
stations providing up to 35 years of data and OBS deployments of less than 9 months recording time.
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Figure 2. (a) All 16021 splitting-measurements from our shear-wave splitting analysis of the individual core-mantle converted phases observed at the 591 stations in
the AlpArray network, plotted at the corresponding station locations. Colored bars are aligned with the fast axis orientations (¢b) for phases exhibiting clear splitting.
The color indicates the delay time (5¢). (b) Variability of the measurements, as represented by the standard deviation (A¢) of the non-null measurements for the fast axis
orientation at each individual station, where more than three measurements are categorized as good or average. (a and b) The background shows the tectonic features of

Figure 1.
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2.2. Joint Analysis for One and Two Anisotropic Layers

In the following, we perform a joint splitting analysis to infer the one- or two-layer anisotropic model that best
explains the splitting observations for multiple events or phases at a single station (see Homuth et al., 2016;
Link et al., 2022; Reiss & Riimpker, 2017; Wolfe & Silver, 1998 for further details). The inclusion of two layers
in our analysis is motivated by previously reported layered anisotropy in the broader Alpine region (Link &
Riimpker, 2021; Plenefisch et al., 2001; Qorbani et al., 2015; Salimbeni et al., 2008; Vinnik et al., 1994; Walther
et al., 2014) and by the observed increase in splitting parameter variation at neighboring stations (see Figure 2b),
which suggests the presence of layered anisotropy. Our approach provides effective splitting parameters valid for
all phases and serves to mitigate effects of noise or small-scale structural heterogeneities. We assume hexagonal
anisotropic media with horizontal fast axes for both layers in our joint splitting analysis, as the near-vertical inci-
dence of the core-mantle converted phases provides limited sensitivity for resolving further complexities. The two
(or four) splitting parameters that characterize the one (or two) anisotropic layer(s) are determined by grid search
over the complete ranges of fast axes and delay times, with the ‘minimization-of-energy’ criterion applied to all
transverse components simultaneously. The results of the single-layer analysis are shown in Figure 4. A discus-
sion of the results is given further below. Shear-wave splitting analyses in terms of two anisotropic layers are
usually based on characteristic (90°-periodicity) back-azimuthal variations of the splitting parameters observed
at a single station. However, the joint analysis of all phases used here employs the waveforms directly and, thus,
makes use of all available information contained in the full waveform.

In both approaches (for one and two layers), we estimate the uncertainty of the splitting parameters using a boot-
strapping approach (Efron, 1979), where we simultaneously minimize the transverse energy for subsets of the
phases recorded at a station. Each step in the bootstrapping produces one possible one- or two-layer result (one
pair and two pairs of parameters for the one layer and two-layer assumptions, respectively). For the two-layer
models, we accept solutions only if the modulo-90° backazimuth values of ¢ in the upper- and lower-layer differ
by at least 25°, while both delay times are larger than 0.4 s, and the solution results in a further reduction of the
transverse-component energy (after correcting for the splitting) compared to the one-layer joint splitting analysis.
The single-layer solution for the station is preferred if no two-layer solution is obtained that improves the data fit.
We ultimately obtain 189 stations that show improvement in data fit with two-layer splitting parameters. Analyses
for layered anisotropy often suffer from ambiguities in the solution (see Riimpker et al., 2023), which we also
observe for parts of our data set. Therefore, the final distribution of the two-layer parameters after bootstrapping
is analyzed for spatial clustering (by comparison with neighboring station) to better constrain these ambiguities
and their respective uncertainties. This is further discussed in the following subsection.

2.3. Resolving Ambiguities in a Multi-Station Approach

The two-layer splitting analysis can produce ambiguous results when focusing on individual stations only. Here,
we resolve this ambiguity with a multi-station approach by comparing the results of neighboring stations and
selecting the smoothest spatial distribution of anisotropic layer parameters. This approach is motivated by the
assumption, that the Fresnel zones of the core-mantle converted phases at neighboring stations overlap (Alsina &
Snieder, 1995) and, therefore, sample similar anisotropic domains, which would result in a rather gradual change
of the observed pattern of splitting parameters at neighboring stations.

For this analysis, we perform a stepwise search that minimizes the variation of the splitting parameters at the
neighboring stations. Here, the variation is calculated as the normalized sum of the difference between the split-

d=%'2‘/2(si_ni,j)2v

where s = (671, sin(2¢1), cos(2h1), 512, sin(2¢hy), cos(2¢p2) ) and 7i; = (8715, sin(2¢1 ), cos(2epi 1), 67,5, sin(2¢b ),
cos(2¢, j)) correspond to the data vectors at the station of interest and the jth station among the N neighboring

ting parameters at neighboring stations:

stations, respectively. The numerical indices in the data vector correspond to the lower and upper layers. We
choose to devide the angular parameter, ¢, into its second order sine and cosine components to accurately account
for the true difference between the two sets of splitting parameters, which may occur at the start and the begin-
ning of an angular cycle. For example, consider an upper layer ¢, = 1" and ;= 179° at a neighboring station.
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Figure 3. Ratio of the transverse energy that remains after applying the correction for the best fitting two-layer model at each
station relative to the one-layer approximation. A positive ratio corresponds to an improvement of the two-layer model versus
the one-layer approximation.

The simple difference would be 178°, while the true angular difference between both solutions is 2°, due to the
180°-periodicity of the fast axis direction. Consequently, the angular components vary between —1 and 1 in the
data vector, while the delay time varies between 0 and 4s. We normalize the variation parameter, d, to the maxi-
mum delay time of 4s to prevent the differences in delay time from exerting a dominating influence.

From several possible (ambiguous) solutions at an individual station, we first select (for all stations) the one that
best minimizes the transverse-component energy. Second, we calculate the variation for each possible solution
at a randomly selected (reference) station with the best solution at the surrounding stations within a radius of 1°.
At the reference station, the solution with the smallest variation is selected. The same procedure is repeated 5000
times for randomly selected stations.

While these stations clearly require the introduction of anisotropic layering to fit the observed shear wave split-
ting, for the remaining data set it is not as obvious due to limited azimuthal coverage and/or poor data quality.
Also note the diversity of the compiled data set containing permanent stations with recordings periods between 2
to more than 30 years of data and temporary stations with recording periods of only 8 months (for OBS stations)
up to 36 months (for regular temporary AlpArray land station) resulting in large differences of azimuthal event
coverage. As mentioned earlier, we expect that the anisotropic properties are not likely to change drastically over
short distances, or that this may not become apparent due to the overlapping Fresnel zones.

Therefore, we also check for the possibility that two anisotropic layers may represent a plausible solution at
stations where we previously identified only one layer. To perform this analysis, we fix the orientations in the
upper and lower layer based on the results at the neighboring stations (from stations that require two anisotropic
layers for optimum data fit) while we allow for variations in delay times of the two layers. We choose to allow for
the variation in delay time as previous studies based on Fresnel zone estimates show that delay-time variations
occur over a wider area compared to variations in fast axis (e.g., Alsina & Snieder, 1995). This requires more
flexibility in the choice of delay time when performing a lateral averaging. We consider the two-layer model as
plausible, if the energy minimization for the best fitting parameters is not degraded compared to the single layer
solution. As a result, we identify 298 stations for which we obtain plausible two-layer solutions (see Figure 5).
The quality of the data fit compared to the single layer models can be estimated from the improvement of the
transverse energy minimization, which is at least 10% at 48.3% of all stations with two-layer solutions (see
Figure 3). We project the results for upper and lower layers on a regular grid with 0.8° spacing (the average station
spacing of the AlpArray network) by calculating the averages of the splitting parameters from the neighboring
splitting parameters weighted by their distance to the grid point. This eliminates outliers and emphasizes the
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Figure 4. Approximated one-layer anisotropy from joint analysis of shear-wave splitting measurements at the 591 stations
of the AlpArray network, plotted at the corresponding station locations. Colored bars denote the fast axis orientations (¢)
for phases exhibiting clear splitting. The length of the colored bar indicates the delay time (6¢) which varies between 0.2 and
2.5 s. The background shows the tectonic features and slab anomalies of Figure 1.

larger-scale anisotropic features (see Figure 6). In this projection, we assign the single layer solutions (at stations
not clearly showing two anisotropic layers) to the lower layer, as the deeper layer is likely to represent the asthe-
nospheric anisotropy for the majority of the stations, which is considered to be the dominant source of anisotropy
in the upper mantle.

3. Results and Discussion
3.1. Average Splitting Parameters and Layered Anisotropy

In this study, we obtained a total of 16021 splitting measurements and 5688 null-measurements from 591 tempo-
rary AlpArray stations, OBS and permanent stations providing a spatially uniform coverage on land and nearby
parts of the Ligurian Sea at dense lateral resolution. Individual splitting measurements are characterized by
an average delay time, &t, of 1.3 + 0.6 s. The fast axis direction shows a considerable degree of variation (see
Figure 2b). The pattern is not consistent for all stations, as the data set is highly diverse, due to different site
and therefore noise conditions, but also due to a large discrepancy in azimuthal coverage resulting from the
large difference in recording period. As reported in previous studies for the Central and Eastern Alps (Link &
Riimpker, 2021; Qorbani et al., 2015), single measurements of ¢ exhibit a characteristic azimuthal variation,
indicative of depth-variations in anisotropy but we also detect significant azimuthal variability in the westernmost
Alps and in the Apenninic orogenic belt.

The one-layer approximation of anisotropy obtained from our joint splitting analysis agrees with previous studies,
but our station coverage is more dense within the greater Alpine region and further includes the Ligurian Sea
(see Figure 4).

Despite the close similarity of the orientation of the splitting and the strike of the mountain chain, the “toroidal”
pattern around the Eurasian slab anomaly from the Central Alps around the Western Alps, previously, has been
attributed to asthenospheric flow introduced by the retreat of the Apenninic slab (Barruol et al., 2004; Bokelmann
etal.,2013; Lucente et al., 2006). The same mechanism was suggested to cause the pattern in the Liguro-Provencal
Basin and SE-France (Barruol et al., 2004; Lucente et al., 2006; Margheriti et al., 1996; Salimbeni et al., 2008).
A more active role of the Alpine slab had been suggested as an alternative model for the Central Alpine area,
producing an evasive flow either due to a retreat or sinking of the slab (Barruol et al., 2011; Petrescu et al., 2020).
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Figure 5. Parameters of the anisotropic layers beneath the Alps and neighboring regions as obtained from a station-based joint splitting analysis for two layers. Bars
denote the fast axis orientations (¢b) in the upper (a) and lower (b) layers; The color indicates the fast axis direction of the final solution and bar length corresponds to
the delay time (67) in that layer. For stations where no two-layer solution was identified, single-layer solutions are assigned to the lower layer. The background shows the
tectonic features and slab anomalies of Figure 1.
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Figure 6. Parameters of the two anisotropic layers beneath the Alps and neighboring regions as obtained from regional averages of our two-layer splitting analysis
(Figure 5). Bars denote the fast axis orientations (¢) in the upper (a) and lower (b) layers for averages on an equally spaced interpolated grid, and bar length corresponds
to the delay time (67) in that layer. The parameters interpreted as corresponding to distinct tectonic processes (as described in the main text) are grouped in the areas
labeled A to G for the upper layer and « to € for the lower layer. The background shows the tectonic features and slab anomalies of Figure 1.
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The transition to the Eastern Alps with a clockwise rotation from EW to about 120° was interpreted as flow
following the extension of the Pannonian Basin (Bokelmann et al., 2013). The anisotropy beneath the Adriatic
plate has been found to be quite complex despite the small volume the patterns occur (Petrescu et al., 2020;
Salimbeni et al., 2013) with an evasive asthenospheric flow behind the Adriatic slab and larger scale NS-flow
rotating into EW-direction in vicinity of the Alpine slab blocking the NS flow.

In summary, most of the overall pattern has been attributed to asthenospheric flow implying that the deformation
caused in the lithosphere produces negligible contribution to the measured shear-wave splitting. However, our
joint splitting analysis for two anisotropic layers throughout the broader Alpine region presents strong evidence
for layered anisotropy. This expands upon the previously reported indications for layered anisotropy (Link &
Riimpker, 2021; Plenefisch et al., 2001; Qorbani et al., 2015; Salimbeni et al., 2008; Vinnik et al., 1994; Walther
et al., 2014) suggesting that additional information about the asthenosphere/lithosphere system can be extracted
from shear-wave splitting. We will discuss the implications further in the following.

3.2. The Role of Asthenospheric Flow and Lithospheric Deformation

From the joint splitting analysis, we find that a considerable number (189) of AlpArray stations exhibit splitting
parameters with clear indication for anisotropic layering as the transverse component energy reduction is signif-
icantly improved by considering two anisotropic layers. The test for plausible two-layer solutions (as described
above) shows that two-layer anisotropy can explain the splitting observations at even more stations (298 of the
591 analyzed, see Figure 5).

To emphasize the larger scale pattern and improve visibility, we project the results to a regular grid of 0.8° spac-
ing, which also serves to eliminate outliers. We group the splitting parameters into seven regions for the upper
layer and five regions for the lower layer that show coherent anisotropic parameters and suggest common tectonic
processes (groups A to G for the upper layer and o to € for the lower layer in Figures 6a and 6b, respectively)
related to the Alpine orogenesis and further tectonic processes in the surrounding areas.

3.2.1. Upper Layer Anisotropy

Upper layer anisotropy of region A and B show parallel fast axis orientation with the strike of the Eurasian and
Adriatic slabs, but also align with the major sutures and faults indicating a lithospheric origin of deep reaching
faults, that connect surface deformation with depth. The parallel orientation has been observed previously for
the Eurasian lithosphere beneath the Alpine orogeny (Link & Riimpker, 2021; Qorbani et al., 2015) as well as
for the Adriatic lithosphere beneath the Apennines (Plomerova et al., 2006). However, this pattern is confined to
the orogenic region and there is lack of evidence, that this fabric continues further North into the Eurasian lith-
osphere. Therefore, a connection of deformation due to collision and the development of the lithospheric fabric
normal to the compression appears likely.

This mechanism has been suggested for the orogen parallel anisotropy beneath the Apennines as well (Margheriti
et al., 1996) with an alignment of anisotropic fabric along strike of the orogenic belt due to the deformation intro-
duced by still active compression within the lithosphere. In addition, a shallow asthenospheric flow within the
mantle wedge might contribute to the measured parallel direction caused by suction of the still ongoing retreat of
the Calabrian slab to the South-East. The Adriatic subduction is characterized by a retreating slab, which causes
the compression within the Adriatic plate, while this retreat results in strong extension at the same time in the
back-arc confining the region C. As suggested, this retreat leads to an alternative scenario for the belt-parallel
anisotropy explaining its close vicinity to the Adriatic slab, as it introduces an evasive mantle flow parallel to its
boundary (Salimbeni et al., 2013). The Liguro-Provencal Basin (southern part of region C) shows an anisotropy,
which is aligned with the direction of extension with close to normal orientation relative to the strike of the
Apennines (Lucente et al., 2006). Interestingly, the pattern of parallel fast axis in the upper layer continues further
to the North-West into the Eurasian lithosphere beneath SE France indicating a continuation of the extensional
stress in the lithosphere. Previous studies suggested a shallow asthenospheric flow into the directions found in the
upper layer for SE France, which is introduced by the retreat of the Adriatic slab (Barruol et al., 2004; Barruol &
Granet, 2002; Lucente et al., 2006). However, the results from our study imply the presence of two distinct aniso-
tropic regions at depth, with the upper layer oriented in extension direction. Developing such vertically distinct
anisotropy within the asthenosphere appears unlikely, while a reorientation of the fabric at shallow levels of the
asthenosphere due to the retreat might very well cause such a layering. Future studies with a more direct way of
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inferring the depth of the anisotropic origin (e.g., Chevrot, 2006; Mondal & Long, 2019) might have the potential
to clarify this uncertainty.

In region D, we find upper layer anisotropy clustered in the vicinity of the Rhine graben and find parallel directions
of the anisotropy with its strike. These observations agree with the recently discovered complexity in the splitting
measurements at station BFO (Ritter et al., 2022). The authors report on indication for layered anisotropy, similar
to our findings, and short-scale lateral variations. Their study underlines the importance of long-term seismic
deployments to reliably recover lithospheric and asthenospheric structures in continental lithosphere, which is also
a significant condition for the successful application of our multi-station approach. However, there is no evidence
for a larger scale impact of this feature to the overall mantle dynamics in the region and no direct connection to
the subduction system. For the interpretation of shear-wave splitting measurements, this lithospheric feature is
important to incorporate in the analysis to recover the mantle flow pattern beneath (see lower layer region y).

Region E coincides with the location of the Pannonian Basin, which developed in the retreat of the Eurasian slab
resulting in the development of the Carpathian orogeny and the extension of the Pannonian Basin (Faccenna
et al., 2014). The fast axis direction parallels the main extension direction similar to the observation beneath the
Liguro-Provengal Basin in region C.

The anisotropic pattern of region F differs from the remaining observations as the fast axis direction shows no
alignment with tectonic features cross-cutting major sutures and the Eurasian slab anomaly beneath the Eastern
Alps. This is a strong indication for a shallow asthenospheric origin. The anisotropic pattern of region F crosscuts
several tectonic features across the Eastern Alps including the Eurasian slab beneath the Eastern Alps, which had
been identified with the location of a possible slab gap in previous studies. The fast axis is oriented NW-SE and
extends to a larger area to the East, which indicates a shallow asthenospheric origin. This zone includes a previ-
ously proposed lateral gap in the Eurasian slab that developed from a break-off event (Kistle et al., 2020; Link
& Riimpker, 2021), enabling a reorientation of (shallow) asthenospheric flow through the gap, which provides
a channel for the flow of mantle material north of the Eurasian slab toward the actively retreating Aegean slab.
The alignment of the upper-layer ¢ with the single-layer solutions farther to the east indicates such a systematic
change in the mechanism causing mantle flow, described as follows. The Aegean subduction zone to the southeast
of the Alpine orogeny may be responsible for the larger-scale fast axis orientation (mostly in the upper layer, but
also continued in the lower layer pattern of region € beneath the Pannonian Basin). The retreat of the Aegean slab
could cause a suction force, thereby dragging mantle material from the Alpine foreland to the southeast. The fast
axis also aligns with the Trans-European Suture Zone, which marks the edge of the Eurasian craton (Pharaoh
et al., 2006), whose thick lithosphere (Geissler et al., 2010; Plomerovd & Babuska, 2010) could guide the flow
driven by the retreating Aegean slab.

Region G crosscuts tectonic sutures similar to region F, which might indicate a shallow asthenospheric contri-
bution as well, possibly indicating an ongoing break-off of the Eurasian slab in the Western Alps similarly to the
further advanced break-off beneath the Eastern Alps.

3.2.2. Lower Layer Anisotropy

The lower layer (Figure 6b) appears to show slightly less clear separation of anisotropic regions with coherent
patterns. This is to be expected, as the area which affects the splitting increases laterally with depth (Riimpker &
Ryberg, 2000). As a result, the measured splitting shows an integrated effect over a larger area, which appears as
a smoothing of the overall pattern observed in the lower layer. Generally, we expect the lower layer to represent
asthenospheric mantle flow, which can be assumed to provide the major contribution to the observed shear-wave
splitting (Long & Becker, 2010; Silver, 1996). It, therefore, seems plausible to assign the single layer anisotropic
parameters to the lower layer in our interpretation.

Regions o and P at the northern and eastern boundary region with larger distance to the slab systems beneath
the Alpine and Apennine suture zones, show a consistent E-W direction of fast axis orientation. This pattern is
interrupted sharply by a parallel orientation of the fast axis shown in region y and y*. An equivalent pattern is
found on both sides of the slab systems considering the parallel fast axis orientation also seen in region & and &*.
The eastern boundary of the study region, €, shows again an interruption of the parallel fast axis with the strike
of the slab system and parallels NW-SE with the fast axis direction of the upper layer of region F indicating a
continuation of the shallow asthenospheric flow at larger depth beneath the Pannonian Basin. The EW directed
mantle flow in region P as well as the transition to a NW-SE directed flow further to the East is to be expected
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as shown from mantle flow models for the greater Mediterranean region (Faccenna et al., 2014). However, from
dynamic modeling, the transition of these directions is expected to be smooth and to occur further East relative to
the sharp transition that we find here. The collocation of the transition with the slab gap beneath the Eastern Alps
indicates an important role of the Eurasian slab as barrier for the expected mantle flow forcing the transition to the
NW-SE oriented flow to its Eastern end (with exception of the channeled flow through a gap beneath the Eastern
Alps, see upper layer anisotropy in region F). For the mantle flow in closer vicinity to the slab system (regions
y and §), the Eurasian slab appears to take a passive role as well, acting as a barrier and channeling the mantle
flow (Barruol et al., 2004). In contrast, the flow is mainly driven by the retreat of the Adriatic slab to its current
position beneath the Apennines (Barruol et al., 2004; Faccenna et al., 2014; Lucente et al., 2006; Margheriti
et al., 1996). This produces a suction force, due to a mass deficit in front of the Apenninic slab, which draws
material from the larger surrounding area toward the front of the Adriatic slab. This manifests as an apparent
toroidal flow around the Western edge of the Eurasian slab (Barruol et al., 2011; Bokelmann et al., 2013; Hein
et al., 2021; Petrescu et al., 2020). The equivalent fast axis orientation behind the Adriatic slab and in front of the
Euasian slab, beneath the Adriatic plate results from the evasive mantle flow driven by the retreating Adriatic slab
as well (Kiraly et al., 2018). As already shown previously (Salimbeni et al., 2013), the anisotropy shows subpar-
allel to oblique directions relative to the strike of the Adriatic slab, while a parallel direction would be expected
for this model. The retreat of the Eurasian slab beneath the Carpathians at an earlier stage and later of the Aegean
slab might introduce an additional force drawing the material beneath the Adriatic plate toward the front of these
slabs. The superposition of these forces could explain the rotation of the fast axis beneath the Adriatic plate that
is observed. The geometry of the Eurasian and Dinaric slab in the South-East forces the mantle to flow in a strong
rotational pattern as seen in region delta from a NS orientation in the South to EW orientation (to NNW-SSE) in
the Central-Western part.

3.3. Sequence of Tectonic Events in the European Alps

Our analysis of two layers of anisotropy based on shear-wave splitting measurements from the AlpArray data
set allows an interpretation of the relevant tectonodynamic processes beneath the European Alps that is signifi-
cantly more detailed than those previously reported. The results further highlight how vertical resolution of aniso-
tropy allows insight into the sequence of the complex tectonic processes in the region. In the following, we relate
the anisotropic patterns to the tectonic processes that occur in the Central Mediterranean region, as described by
Faccenna et al. (2014).

The east-west directed anisotropy in larger distance to the orogeny is sharply interrupted by anisotropic patterns
that can be attributed to specific tectonic processes. Therefore, it is likely that this background flow predates the
Eurasian-Adriatic continental collision at around 35 Ma (see Figure 7a). With the rollback of the Adriatic slab and
the corresponding opening of the Liguro-Provengal Basin (starting ~30-35 Ma) the lithosphere of the Basin expe-
riences strong extensional strain and develops lithospheric anisotropy with a symmetry axis aligning with the strain
direction. Due to the role back, the evasive mantle flow behind the Adriatic slab and the compensational flow behind
the Eurasian slab starts to develop (Figure 7b). As the geometry of the Adriatic subduction changes, compensational
and evasive flows adjust within the dynamic system. Consequently, the mantle flow is channeled by the steep slabs
in the subduction system (see Figures 7b—7f). With the rollback of the easternmost part of the Eurasian slab starting
at around 22 to 20 Ma, the Pannonian Basin as well as the Carpathian orogeny develop, which produce strain in
the lithospheric mantle in the Basin area. This leads, similar to the Liguro-Provencgal Basin, to anisotropy in the
lithosphere parallel to the extension direction (Figure 7c). The eastward retreat of the Eurasian slab beneath the
Carpathians causes segmentation and allows mantle to flow southward toward the Aegean slab, which initiated its
retreat parallel to the Adriatic slab ~30-35 Ma (see Figures 7d and 7b, respectively). It has been suggested, that the
break-off of the eastern Eurasian slab is concurrent with the opening of the Pannonian Basin (Kistle et al., 2020),
which allows shallow asthenospheric flow through a gap in the Eurasian slab toward the Aegean retreating slab. The
retreat of the Adriatic slab and the Aegean slab continue until they reach their present-day geometry.

4. Conclusions

We analyzed the complete Alpine range for evidence of layered seismic anisotropy in the upper mantle using
shear-wave splitting measurements at 591 seismic stations in an area covered by the AlpArray experiment. We
find that layered anisotropy is required to fit the splitting data at 189 of the analyzed stations; layered anisotropy
provides a plausible model for the splitting observations at 289 out of the 591 stations. The distinct coherent
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Figure 7. Model of the tectonic history of the Central Mediterranean system from 35 Ma (a) to present (f), based on Faccenna et al. (2014) and the results from
anisotropic layering presented here. Dashed and solid lines (red and blue) represent anisotropic patterns originating at the depicted location during the time shown in the
panel. Red and blue colors indicate lower- and upper-layer anisotropy, respectively. Solid lines indicate stable anisotropy from its first occurrence to the present, while
dashed lines indicate a dynamic change corresponding to tectonic evolution. The red lines with arrows outline active sections of the trenches. Yellow arrows denote
compression or extensional directions. Green color highlights areas of extension, while light blue areas indicate oceanic lithosphere.

patterns of the layered anisotropy allow us to identify subsequent processes in the Mediterranean tectonics from
which the lithospheric and asthenospheric anisotropy originated.

Our findings suggest that the mantle dynamics exert a strong influence on the tectonism in this region. For example,
east-west mantle flow occurs for the greater area beneath Western Europe, extending into the Alpine-Apenninic
area, while the Aegean slab imposes a drag force on the mantle in the east. The Eurasian slab appears as a strong
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These inferences may also have significant consequences for establishing appropriate boundary conditions in
geodynamic models of the Alpine orogeny.

The inferred layering of the anisotropy in the Alpine area provides clear evidence for lithospheric anisotropy
in the extensional basins, such as the Liguro-Provengal and Pannonian, Basins, the Rhine graben, and in the
compressional regimes of the Alpine and Apenninic orogeny. This indicates that shear wave splitting results not
only from asthenospheric flow, as previously interpreted, but is also influenced by the complex tectonic history
recorded in the lithosphere. However, uncertainty persists regarding the relative allocation of anisotropy between
lithosphere and asthenosphere due to the limited depth resolution of the applied techniques. Further investigations
using more direct methods to infer the depth of anisotropic fabric could potentially clarify this uncertainty (e.g.,
Chevrot, 2006; Mondal & Long, 2019).

We analyzed splitting from SKS- as well as SKKS-phases and found strong splitting in both. In principle, these
phases would allow for an analysis of deep mantle anisotropy based on discrepancies in their splitting parameters
(e.g., Grund & Ritter, 2019; Long & Lynner, 2015; Wolf et al., 2019). A future study aiming on differentiating
between these two phases measured for the same events holds potential to the discovery of deep mantle structure.
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IU: Albuquerque Seismological Laboratory/USGS, 2014; IV: Istituto Nazionale di Geofisica e Vulcanologia
(INGV), 2005; MN: MedNet Project Partner Institutions, 1990; NI: OGS (Istituto Nazionale di Oceanorafia
e di Geofisica Sperimentale) & Universit of Trieste, 2002; OE: ZAMG—Zentralanstalt fiir Meterologie und
Geodynamik, 1987; OX: Istituto Nazionale di Oceanografia e di Geofisica Sperimentale—OGS, 2016; RD:
RESIF, 2018; RF: University of Trieste, 1993; SI: Istituto Nazionale di Geofisica e Vulcanologia (INGV), 2006;
SK: ESI SAS, 2004; SL: Slovenian Environment Agency, 1990; ST: Geological Survey-Provincia Autonoma di
Trento, 1981) can be downloaded from ORFEUS-databases which is part of EIDA, the European Integrated Data
Archive. The automatic version of SplitRacer is a publicly available software package (Link et al., 2022) used for
most parts of the data processing and analysis as described above. The results of the individual splitting as well
as the layered anisotropic model is available alongside this publication as Supporting Information S1. The indi-
vidual and average splitting parameters are further made available in the shear wave splitting database provided
by IRIS and Université de Montpellier, Laboratoire Géosciences (Barruol et al., 2009).
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