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Abstract. The Alpine chain in western and central Europe is a complex orogen developed as a result of the African-Adriatic
plate convergence towards the European continent and the closure of several Tethys oceanic branches. Seismic tomography
studies detected high-wavespeed slabs plunging beneath the orogen to variable depths and a potential change in subduction
polarity beneath the Central Alps. Alpine subduction is expected to leave a significant imprint on the surrounding mantle
fabrics, although deformation associated with the Hercynian Orogeny which affected Europe prior to the collision with Adria
may have also been preserved in the European lithosphere. Here we estimate SKS anisotropy beneath the central and greater
Alpine region at 113 broadband seismic stations from the AlpArray experiment as well as permanent networks from Italy,
Switzerland, Austria, Germany, and France. We compare the new improved dataset with previous studies of anisotropy,
mantle tomography, lithospheric thickness, and absolute plate motion, and carry out Fresnel analysis to place constraints on

the depth and origin of anisotropy. Most SKS directions parallel the orogen strike and the orientation of the Alpine slabs, ro-

tating clockwise from west to east along the chain, from -45° to 90° over a ~700 km distance. No significant changes are
recorded in Central Alps at the location of the putative switch in subduction polarity, although a change in direction variabil -
ity suggests simple asthenospheric flow or coupled deformation in the Central Swiss Alps transitions into more complex
structures beneath the Eastern Alps. SKS fast axes follow the trend of high seismic anomalies across the Alpine Front, far
from the present-day boundary, suggesting slabs act as flow-barriers to the ambient mantle surrounding them for hundreds of
km. Further north across the foreland, SKS fast axes parallel Hercynian geological structures and are orthogonal to the Rhine
Graben and crustal extension. However, large splitting delay times (>1.4s) are incompatible with a purely lithospheric contri-
bution, but rather represent asthenospheric flow not related to past deformational events. West of the Rhine Graben, in north-
eastern France, anisotropy directions are spatially variable in the proximity of a strong positive seismic anomaly in the upper

mantle, perhaps perturbing the flow-field guided by the nearby Alpine slabs.

1 Introduction

The Alpine tectonic region is a complex orogenic system formed as a result of the interaction between Africa and Europe
throughout the Cenozoic era. The northward convergence of Adria led to the closure of several Tethys oceanic branches gen-
erating the arcuate Alpine-Dinaride-Carpathian orogenic system and the circum-Alpine rifts in Central and Western Europe
(Figure 1, Schmid et al., 2004; Handy et al., 2010). While several geologic and geophysical studies suggest that Adria is the
upper plate beneath the Western and Central Alps (the latter considered here to include Switzerland, westernmost Austria
and Northern Italy), the origin of the eastern Alpine slab is the subject of ongoing debate. Several tomography studies show
seismically fast subducted bodies down to 250-300 km beneath the Alps (e.g. Lippitsch et al., 2003; Piromallo and Morelli,
2003; Giacomuzzi et al., 2011; Zhu et al., 2015; Zhao et al., 2016), but their geometry, extent and orientation remain contro-
versial (e.g. Lippitsch et al., 2003; Mitterbauer et al., 2011; Piromallo and Faccenna, 2004), with some studies further sug-
gesting that the subduction direction changes polarity beneath the Central to Eastern Alps (e.g. Lippitsch et al., 2003; Schmid
et al., 2004; Handy et al., 2015).
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The collision between Adria and Europe is thought to have caused orogen-parallel asthenospheric flow (Barruol et al., 2011;
Bokelmann et al., 2013; Salimbeni et al., 2018) and extrusion of the Eastern Alps towards the Pannonian Basin (Kummerow
et al., 2006; Bokelmann et al., 2013). In the Eastern Alps, Qorbani et al. (2015) also suggested that mantle flows above a
deeper detached slab. Anisotropy studies in the Mediterranean suggested toroidal flow is likely induced by subducting and/or
retreating slabs (e.g. Civello and Margheriti, 2004; Lucente et al., 2006; Baccheschi et al., 2007; Salimbeni et al., 2008;
Buontempo et al., 2008; Diaz et al., 2010) and that trench-normal directions in the back-arc side may reorient to trench-par -
allel on the other side of the slab (Margheriti et al., 2003). While stations located in the high-topography Western Alps are
likely in correspondence of a forearc setting (Barruol et al., 2011), the uncertain origin and extent of the slab in the Eastern
Alps (Lippitsch et al., 2003; Piromallo and Faccenna, 2004; Mitterbauer et al., 2011; Zhao et al., 2016) may place the sta-
tions in a hinterland setting, changing the way mantle flow can be interpreted with respect to the plunging Alpine slab. North
of the Alpine Front, the European lithosphere which has been shaped by pre-Alpine Hercynian orogeny, experienced litho-
spheric thermal thinning due to Cenozoic rifting and possible mantle plume activity (e.g. Goes et al., 1999; D ézes et al.,
2004). It is thus uncertain how far north and northwest collision-related asthenospheric flow may be extrapolated below the
European foreland. Significant debate exists concerning the nature of the observed seismic anisotropy, with interpretations
ranging from frozen-in pre-Hercynian paleo-subduction systems (Babtska and Plomerova, 2001), lithospheric deformation
imprinted by the opening of the Rhine Graben (Walther et al., 2013), to a combination of basal drag due to plate motion and
lithosphere-asthenosphere boundary topography influencing the mantle flow beneath (Bormann et al., 1996).

With the advent of the AlpArray project (Hetényi et al., 2018), seismic station density significantly increased in Europe, pro-
viding an unparalleled wealth of seismic data and excellent opportunity to probe the continental interior in the greater Alpine
tectonic area. To help determine the past and present plate deformation and place constraints on the geodynamic controver-
sies concerning slab geometries and the extent of collision-related asthenospheric flow, we determine upper mantle seismic
anisotropy using SKS splitting analysis at both permanent and AlpArray seismic stations located across the Po Basin, the
Central and Eastern Alps, the Rhine Graben, and the Molasse Basin (Figure 2). SKS are core-refracted shear waves radiated
by distant earthquakes that split in the presence of anisotropy, generally associated with strain-induced mineral alignment in
the lithosphere and asthenosphere (Savage, 1999; Fouch and Rondenay, 2006; Long and Becker, 2010). SKS analysis thus
yields direct observations of azimuthal anisotropy in the upper mantle, offering the possibility to passively probe the defor-
mation of continents and mantle geodynamics (Silver, 1996). The broad and uniform coverage of the new AlpArray network
allows mapping the anisotropy with unprecedented density, providing fundamental insights on the distribution of deforma-

tion in the upper mantle.

2 Tectonic and geodynamic setting

The geological history of the Alps and the Mediterranean includes the sequential opening and closure of multiple Tethys and

neo-Tethys oceanic branches throughout the Mesozoic, whose remnants were obducted on the southern margin of Europe
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(Figure 1). After the collision between Adria and Europe started 35 Ma ago, the Adria indenter fuelled by the continued
northward push of Africa rotated counter-clockwise with respect to Europe, thrusting over Europe towards W-NE (Coward
and Dietrich, 1989, Froitzheim et al., 2008; Handy et al., 2010). Slab break-off was initiated, although time estimates vary
between studies: 35-25 Ma (e.g. Piromallo and Faccenna, 2004) to 32-30 Ma (Sinclair, 1997) and may have migrated later-
ally, beneath the Eastern Alps and further into the Carpathians before 20 Ma (Ustaszewski et al., 2008) .

Geographically, the Alps comprise the Eastern Alps, lithologically linked to the Adria passive continental margin, and the
Western Alps, comprising European terrains and ophiolite-bearing nappes. The Southern Alps, the northern continental mar -
gin of Adria unaffected by Alpine metamorphism, are separated from the Central and Eastern Alps by the EW oriented In-
subric Fault, marking the suture between Adria and Europe, and the Periadriatic Fault (Figure 1) which accommodated short-
ening between Adria and Europe and post-collisional orogen-parallel extension (e.g. Schmid et al., 1989; Rosenberg et al.,
2015). In this paper, we refer to the Central Alps as the approximate region comprising the limit between the Western and
Eastern Alps in Switzerland, west Austria and Northern Italy (Figure 1). Two major syn-orogenic basins flank the north and
south of the Alpine orogen: the northern Molasse Basin, a typical foreland sedimentary basin, and the Po Basin to the south,
also a foreland basin for the Apennines (Allen et al., 1986). To the north of the Alpine chain, the European foreland compris-
es terranes assembled during the pre-Alpine Hercynian Orogeny (280-380 Ma) along the EW trending Saxothuringian-
Moldanubian suture zone (Figure 1). The interaction between Africa and Eurasia caused the development of a synorogenic
intra-continental foreland rift system which cross-cuts Hercynian paleo-boundaries (Ziegler, 1992). This system includes the
Rhine Graben, an Eocene-Oligocene passive rift that may have been generated along preexisting planes of weakness in re-
sponse to the Alpine and Pyrenean collisional phases (Schumacher, 2002; Dézes et al., 2004). During the Miocene, the Euro-
pean foreland lithosphere suffered thermal weakening due to the activation of a mantle plume system beneath western and
central Europe, coeval with the Northeast Atlantic plumes (e.g. Goes et al., 1999; Ritter et al., 2001).

Tomographic images of the upper mantle structure beneath the Alpine region generally show slow seismic anomalies be -
neath part of the Western Alps (WA), the Molasse Basin (MB), and the eastern Po Basin. Fast seismic anomalies generally
associated with the Alpine slab (Figure 1) are present beneath the western Po Basin, the Southern Alps (SA), and the Eastern
Alps (EA) (e.g. Lippitsch et al., 2003; Piromallo and Morelli, 2003; Giacomuzzi et al., 2011; Zhu et al., 2015; Zhao et al.,
2016).The outline and internal properties of these anomalies are variable between studies, casting doubt on their lateral and
depth extent, dipping direction or even whether they are continuous beneath the Alps. Although the general consensus re-
gards the fast anomaly beneath the Western Alps as a south-southeastward subducted oceanic margin of Europe, the eastern
segment may dip slightly towards the north and may be attached to Adria (Lippitsch et al., 2003; Handy et al., 2015). Fur-
thermore, while the high seismic wavespeed Alpine “root” is present down to 250-300 km depth, at least beneath the West-
ern Alps (Piromallo and Faccenna, 2004, Zhao et al., 2016), a deeper slab, possibly the remnant Alpine Tethys (Figure 1),
extends down to the bottom of the transition zone beneath the Eastern Alps (Piromallo and Faccenna, 2004; Mitterbauer et

al., 2011).
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3 Methods and data

SKS waves are excellent tools to study the anisotropy of the upper mantle beneath individual stations (e.g. Savage, 1999;
Long et al., 2017). They are S waves excited by distant earthquake that refracted through the Earth’s outer core as P waves
and re-converted to S waves upon entering the mantle. When entering an anisotropic medium, SKS splits into two orthogo-
nally polarized waves that propagate at different speeds. The direction of the fast wave, ¢, is generally parallel to the az-
imuthal anisotropy axis and the time delay, 6t, can suggest the depth and/or strength of the anisotropy. Since anisotropy is
thought to be weak in the lower mantle (Niu and Perez, 2004) and in the transition zone (e.g. Tommasi et al., 2004), SKS
waves are generally associated with upper mantle anisotropy, thought to be induced by the alignment of olivine crystals in
the maximum strain direction(Ribe, 1989; Savage, 1999; Mainprice et al., 2000).

When SKS splitting occurs, energy is present on both radial and tangential components of the seismogram, resulting in an el-
liptical particle motion (Figure 3). If no energy is present on the tangential, the particle motion is linear and the SKS splitting
measurement is declared null (e.g. Wiistefeld and Bokelmann, 2007; Long and Silver, 2009). Several situations can result in
a null SKS split, the presence of multiple anisotropic layers whose combined signal destructively interferes (e.g. Barruol and
Hoffmann, 1999) or the azimuth of the incoming SKS wave corresponds to the anisotropy orientation or to a direction per-
pendicular to it. To determine the ¢ and dt parameters, we rotated the horizontal seismogram components in the great circle
arc reference frame and linearised the particle motion in the window encompassing the SKS arrival (Figure 3), by minimiz-
ing the energy on the tangential component (Silver and Chan, 1991). To avoid spurious results potentially introduced by low-
er mantle anomalies (Restivo and Helffrich, 2006), we only kept measurements where the difference between the source po-
larization of the SKS phase and its back-azimuth was found less than 20°.

We used data from 113 permanent and temporary seismic stations, including 65 stations from the temporary AlpArray net-
work (Hetenyi et al., 2018), operational since 2015, and 48 stations from multiple permanent networks (Figure 2): 6 stations
from Province Sudtirol Network (SI), 6 Italian National Seismic Network stations (IV), 20 Swiss Seismological Network sta-
tions (CH), 8 German Regional Seismic Network stations (GR) and 8 French National Seismic Network stations (FR). We
selected 542 earthquakes that occurred between 2015 and 2019, with magnitudes Mw > 5.8 and epicentral distances in the
range of 85°-130°, recorded at 113 broadband seismic stations (Figure 2). Data were filtered with a zero-phase Butterworth
bandpass filter between 0.04 Hz and 0.3 Hz and were manually selected for further analysis. After initial inspection of raw
three-component seismograms and post-analysis splitting quality control, we obtained between 3 and 35 viable solutions per
station, including null measurements (see Table 2SM, in Supplementary Material). Average SKS directions were computed
using the standard circular mean of fast axis back-azimuth angles and average delay time using standard linear mean. How -
ever, since this technique may not work well in cases when single-station circular distributions are too scattered, we also car -
ry out misfit surface stacking from individual non-null SKS splitting solutions, weighted by their signal to noise ratio (Resti-
vo and Hellfrich 1999). Since high back-azimuthal variations may yield high differences between the two averages (see Ta-

ble 3SM, in Supplementary Material), we compare them to assess single-station measurements heterogeneity (Figure 3).
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4 Results

In Figure 4 all measurements are shown (see Supplementary Material, Table 1SM and 2SM). Most of the SKS fast axes fol-
low a general NE-SW trend, especially those located in the higher Alpine elevation region (Figure 4a). In the Western Alps
and north of the Alpine Front (within the Molasse Basin) some N-S directions are also recorded. In the Southern Alps and
Eastern Alps, anisotropy measurements progressively orient along an E-W direction, following a large-scale clockwise rota-
tion of the fast axes along the chain. North of the Alpine Front, the Rhine Graben marks the transition between two different
data distributions: the NE-SW observations in Germany change to a E-W average on the western side, in France. Here, mea-
surements are more spatially heterogeneous: neighbouring stations record ¢ axes almost 90° different (Figure 4a). South of

the Alpine Chain, in the Po Basin, SKS directions differ between west and east: fast axes display dominantly N-S orienta-

tions in the western part of the basin, where the doubly-verging Adriatic slabs meet the European slab. East of ~10°
longitude, ¢ directions become more scattered around the main NE-SW direction and tend to parallel the present-day plate
boundary (Figure 1). Delay time distributions do not have a particular pattern: higher values are located in the French part of
the Western Alps and in South Germany but also in the transition between Western-Central Alps and the Po Basin. Local ar-
eas with dt lower than 2 s are present in Central Germany at the Moldanubian-Saxothuringian transition and parts of the Po
Basin.

Null measurements provide additional valuable information on the nature and distribution of anisotropy beneath the Alps.
Figure 4b shows the percentage value from the total number of viable SKS measurements at each station, as well as the di-
rection of the incoming null SKS waves and their back-azimuthal coverage. Generally, stations with a small percentage of
null measurements also yielded a large number of high-quality results and are mostly located in the Western Alps, Central
Alps in their upper front, and the eastern Po Basin. Stations with a higher null percentage (between 50 to 100%) are located
in northern Switzerland (southwestern Molasse Basin) and in Central Germany, at the Moldanubian-Saxothuringian contact.
At lower latitude (south and southeast of the Alpine Front) the amount of nulls decreases to lower than 50%. The Alpine
Front also marks a change in the dominant direction of the un-split SKS waves coming from the SW and NE in the northern
region and dominantly NW south of the Front. Events coming from N or E generally yield less null measurements (Figure 4b
inset).

Distributions of ¢ directions with respect to the back-azimuth of their corresponding earthquake also reveal a few emerging
patterns across the region (Figure 4¢). Most teleseismic events come from the SW and NE quadrants, yielding the most high-
quality results in the western and central part of the study region. Projecting SKS fast axes at their 150 km piercing point
depth would be expected to offset contrasting directions, if anisotropy was distributed laterally. However, in the French part
of the Western Alps and west of the Rhine Graben, large single-station ¢ variations belong to events coming from the same
quadrant. In the Central Alps and part of Central Germany, directions are more laterally coherent, closely following the NE-

SW trend, irrespective of the event back-azimuth. The N-S ¢ distribution is a secondary trend emerging in the Molasse Basin
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and is yielded by events coming from the SW (Figure 4c). A smaller subset of SE and NW events are better recorded in the
Eastern Alps but yield scattered ¢ directions, including NE-SW, E-W, and NW-SE.

To better visualise the distribution of fast axes with respect to the event back-azimuth for stations located in different geo -
graphical positions, we plot examples of three representative high-quality station data (Figure 4d). Station A061A, located in
the Central Swiss Alps, yields a homogeneous ¢ distribution over the entire event back-azimuthal range, resulting in a small
difference between the average circular value and the value obtained by misfit surface stacking (Figure 4d). Station A037A
is located at the transition between the Central and the Eastern Alps, in western Austria and yields a bimodal ¢ distribution
along a dominant NE-SW axis and a secondary E-W direction. In this case a more evident difference in the mean values in-
dicates a greater dispersion in the results. Station A300A, representative for the eastern Po Basin, yields high-quality mea-
surements from events in the 45—100° and 250-310° back-azimuthal range, with the most frequent ¢ along NE-SW. The av-
erage value calculated from circular statistics is different from that calculated with the stacking procedure, supporting an
emerging trend of anisotropy heterogeneity towards the eastern part of the network.

Trends visualised in maps are even more evident in sections. Results from this study are averaged along with measurements
from previous studies in 50 km by 50 km, along- and off-plane distances, respectively. Variations of splitting parameters in

the section quasi-parallel to the Alpine Chain confirm the large-scale clockwise rotation of ¢ axes from west to east , from

-45° to 90° over a ~700 km distance (Figure 5, section D). Sections perpendicular to the Alpine Chain indicate more vari-

ability in ¢ and dt. Section A crosses the Alps from SE to NW, starting from the northern termination of the Apennines,

where ¢ directions are ~ -30° and dt ranges between 1-2.5s. Across the western Po Basin two distinct distributions emerge,
yielding a similar mean ¢ value to the Apennines and variable df values. In the Southern and Central Alps, separated by the

Insubric Fault (Figure 1), ¢ directions are more homogenous, following the main NE-SW direction and d is between 0.5-1.5

s. Across the European-Alpine Front and the Molasse Basin, ¢ axes rotate from ~50° to ~30° and df increases above 1.5 s.
Stations in the Jura Mountains have more dispersed ¢ values averaging around 45° and dt between 1-2 s and measurements
become strongly scattered beneath the European Foreland in France. Sections B and C are both perpendicular to the Alpine
Chain, crossing the Po Basin, Southern and Central Alps, the Molasse Basin into Southern Germany. A common feature is

that the distribution of fast axes is more coherent when entering the European foreland (EF) from the south, where the aver-

age value stabilises around 45° (section B) and ~60° (section C). The onset of homogeneity, however, starts below the Cen-
tral Alps in section B, while further east along section C, the Periadriatic Fault (Figure 1) marks the transition from complex
anisotropy to simple coherent measurements. In section C, ¢ in the European Foreland rotates from ~60° beneath the Mo-

lasse Basin to almost 90° in South Germany, across the Moldanubian and Saxothuringian terranes (Figure 5).
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5. Discussion

5.1 Comparison with previous SKS-splitting studies

Our measurements of ¢ and dt are generally coherent, similar in magnitude and direction with previous studies of SKS an-
isotropy at neighbouring stations and provide a smooth spatial continuity in the previously irregular measurement coverage
(Figures 5 and 6a). The average clockwise rotation of ¢ directions from the Western to the Central Alps are in agreement
with results from Salimbeni et al. (2018) and Barruol et al. (2011), although more significant single station heterogeneity is
displayed by stations located in the French Western Alps, implying more complex anisotropic structure in the deformed fore -
land European lithosphere than measurements in the Swiss Central Alps. Around 10° longitude, the secondary E-W trending ¢

pattern becomes more evident in the Central-Eastern Alps transition, as also noticed by Bokelmann et al. (2013) and Qorbani

et al. (2015), although a more abrupt change was considered to occur at ~13°, across the Tauren window in Austria. The
ENE-SSW average measurements are also in agreement with the studies of Kummerow et al. (2006) and Bokelmann et al.
(2013).

In the eastern Alpine region, in Austria and NE Italy, more heterogeneous ¢ directions (Figure 4) are similar to previous
measurements (Salimbeni et al., 2013; Qorbani et al., 2015), where multilayer modelling suggested an interference between
eastward directed flow above a deeper detached Tethyan slab with intrinsic anisotropy (Qorbani et al., 2015). A secondary
E-W fast anisotropy trend is also present in the eastern Southern Alps and the eastern Po Basin, similar to measurements of
Salimbeni et al. (2013), who suggested that the juxtaposition of the Alpine and Dinaric mantle deformational fields may play
arole in the detected ¢ variations.

North of the Alpine Front, in the Molasse Basin and in the underlying Hercynian-aged Saxothuringian-Moldanubian struc-
tures, our measurements are generally consistent both in ¢ direction and delay times with the SKS parameters estimated at
permanent and temporary stations in Germany (Bormann et al., 1996; Plenefisch et al., 2001; Walther et al., 2013). While the
ESE-WNE direction is dominant, a progressive change in ¢ directions across the Molasse Basin and the underlying
Saxothuringian-Moldanubian terranes, evident especially in section C (Figure 5), has also been pointed out by Plenefisch et
al. (2001). Some stations in the Saxothuringian-Moldanubian transition yielded only null measurements (Figure 5), and a
secondary N-S trend also develops in the Molasse Basin, similar to one station analysed near the Rhine Graben by Walther et

al. (2013).

5.2 Depth and source of SKS anisotropy in the Alpine region

A first-order indication of the depth of anisotropy or the path of the anisotropic SKS phase is the splitting delay time. The
continental crust typically accounts for only 0.1-0.3 s (Silver, 1996) or 0.1-0.5 s (Barruol and Mainprice, 1993) contribution
to the observed SKS splitting delay, which are incomparably smaller than our 8t values with a mean of 1.4 s, requiring a

mantle contribution. Furthermore, we can estimate the thickness of an anisotropic layer using the average dt as L = dtxp/k
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(Silver and Chan, 1988; Helffrich, 1995), where B is the shear velocity (4.48 km/s in the upper mantle Kennett et al., 1995)

and k is the average anisotropy percentage (4% average in the upper 200km, Savage, 1999), yielding ~160 km of possible
anisotropic path length. This estimate exceeds the crustal or even lithospheric depths proposed in the Alps (between 80 and
110 km, Miller and Agostinetti, 2012; Geissler et al., 2010; Bianchi et al., 2014), suggesting that the SKS signal may either
represent asthenospheric flow beneath the orogen, or it is a combination of lithospheric deformation and underlying mantle
flow.

Most collisional orogenic systems are characterised by anisotropy that aligns with the structural grain of the belt and has of-
ten been considered to reflect asthenospheric flow due to collision (e.g. Meissner et al., 2002) or a signature of combined as -
thenospheric origin and vertically coherent deformation within the lithosphere (Wang et al., 2008; Chang et al., 2015; Kuo et
al., 2018). To better constrain the depth and eventually the vertical coherency of the anisotropy sampled by SKS, we com-
pare our measurements with the direction of the anisotropy described by the Pn phase (Diaz et al., 2012), which propagates
along the Moho interface and is indicative of subcrustal anisotropic properties (Figure 6). SKS fast axis directions are some -

where similar to Pn anisotropy in the Central (Swiss) Alps, Southern and Eastern Alps, and partially in the Molasse Basin,

but disagree quite completely with it north of ~48° latitude and in northeast France. In addition, an ambient noise study of
azimuthal anisotropy in the Swiss Alps (Fry et al., 2010), detected a change in anisotropy orientation from orogen-parallel

within the crust to orogen-perpendicular directions at lower crustal depths. If the equivalent anisotropic layer thickness is

~160 km and lithospheric thickness is ~80 km in the area, at least part of the SKS anisotropic path must reside in the litho-
sphere. However, at least in the Central (Swiss) Alpine region, the lack of back azimuthal variation in SKS observations at
single stations (Figure 4) is not consistent with multiple layers of anisotropy, but rather indicative of simple asthenospheric
flow or/and a coupled lithosphere-asthenosphere deformation, with an unchanged anisotropy with depth.

The approximate source depth of anisotropy can also be estimated by evaluating the possible overlap of SKS Fresnel zones
at a certain range of depths (Alsina and Snieder, 1995). The radius of the Fresnel zone Rf, can be estimated from the main
period of the SKS phase, T, the S-wave velocity v at depth h, and the angle of incidence 6 as Rf = sqrt[(Tvh/2cos(0)] (e.g.
Pearce and Mittleman, 2002; Margheriti et al., 2003). The depth at which Fresnel zones of SKS phases coming from oppo-
site directions overlap is usually interpreted to show an upper bound for the anisotropy source. Figure 6b shows examples of

Fresnel zones for three AlpArray stations that show anomalous SKS observations with respect to the surrounding stations.

Fresnel analysis at both stations shows that Fresnel zones for two opposite SKS waves intersect at least down to ~200 km,
suggesting that different anisotropic sources must reside below this depth. At station A288A, in the Southern Alps, south of

the Insubric Fault, the geological suture between Europe and Adria, Fresnel zones at 200 km still partially overlap, suggest -

ing an even deeper source in this region. Here, estimates of the LAB depth show a lithospheric thickness of ~140 km (Miller
and Agostinetti, 2012) at the approximate location of A288A. In contrast, LAB depths at the station A037A are shallower,
with estimates between 70-90 km (Bianchi et al., 2014) and 100-120 km (Geissler et al., 2010). In both sites we can infer a

lateral variation in the anisotropy pattern below LAB.
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5.3 Comparison with tomography: relationships with slabs and circum-Alpine seismic anomalies

To understand how deeper upper-mantle structure may be connected with SKS observations, we also test for correspondence
between our measurements and 3D seismic heterogeneities (Figure 7). A high-Vp anomaly, often interpreted as the south-

ward plunging European slab, lies beneath the Alpine chain obliquely (Figure 1), extending under the western Po-Basin,

Southern, Central, and Eastern Alps, down to ~300 km (Lippitsch et al., 2003; Piromallo and Morelli, 2003; Giacomuzzi et
al., 2011; Zhu et al., 2015; Zhao et al., 2016). Stations in the Western Alps, part of the Central Alps, and the Molasse Basin
are underlain by negative Vp anomalies and are usually interpreted to be located on the fore-arc side of the southward plung -
ing European slab. SKS parallel the trend of the positive anomaly and do not seem to change directions across its boundaries.
We chose to interpret our observations in relation to the most recent seismic tomography of Europe (Zhu et al., 2015), espe-
cially because the model incorporates azimuthal anisotropy parameters. Purely isotropic velocity models are prone to con-
tamination with artefact anomalies, where anisotropy has not been taken into account (e.g. Bezada et al., 2016).

Surveys of crustal structure and upper-mantle tomography images of the Alpine chain led to a different interpretation for the
origin of the Alpine slab beneath the Eastern Alps, suggesting that a lithospheric fragment lithologically linked to the Adria
plate dips northward beneath the eastern section of the orogen (Lippitsch et al., 2003; Handy et al., 2015). A switch in sub -
duction polarity is thus expected at the transition between the Western and Eastern Alps, around 10°-11°E. However, there is
no marked change in SKS anisotropy at that longitude, except for a progressive clockwise reorientation of the SKS axes
(Figure 5), which broadly follow the orogenic trend and parallel the strike of the positive seismic velocity anomalies. The
secondary E-W ¢ distribution (Figure 4) appears at stations located east of 10° longitude, at the border between Switzerland,
Austria, and NE Italy. Bokelmann et al. (2013) also identifies a change in SKS directions although the onset of this trend is
placed more eastward, across the Tauern window, where the Adriatic indenter is known to act towards the N-NE (Bus et al.,
2009), actively causing tectonic escape of the Eastern Alpine units (Kummerow et al., 2006). While SKS patterns are not
sufficient evidence to support a hypothetical switch in subduction polarity at 10-11°, the subtle change in single station indi-
vidual SKS ¢ patterns imply a change in mantle deformation styles at this longitude, either due to escape mechanisms or the
influence of a more complex slab structure beneath.

In the western Po Basin, multiple positive seismic velocity anomalies coalesce (Figure 7), likely the signature of the complex
interaction between the subducted northwestern segment of Adria and the southeastward plunging European lithosphere.
Here, measurements are more heterogeneous (Figure 4), probably indicating complex flow patterns due to the presence of
multiple subductions. ¢ directions show a transition from the typical central Alpine NE-SW trend towards a N-S orientation
that continues into the Apennines (Figure 5). In the eastern Po Basin, low negative seismic anomalies, coupled with high
subsidence rates and isostasy imbalance estimates, pointed out a possible asthenospheric downwelling mechanism (Faccenna
et al., 2014). However, vertical movement of mantle material would have a significant effect on SKS measurements (e.g.
Xue and Allen, 2005; Levin et al., 2018, Petrescu et al. 2020). Vertically-oriented deformation in the upper mantle would be

transparent to the nearly vertical propagation path of SKS phases, whose particle motion samples the horizontal azimuthal
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anisotropy. Our SKS measurements in the eastern Po Basin are especially devoid of null-measurements (Figure 4b) and thus
do not support this hypothesis, but it is worth to note that further south Salimbeni et al. (2008) found an increasing amount of

null measurements that could be indicative of a downwelling mechanism.

5.4 Extent of asthenospheric flow in response to collision north of the Alpine Front

Most SKS observations from the high-topography region south of the Alpine Front are interpreted as collision-related as-
thenospheric flow (Barruol et al., 2011; Bokelmann et al., 2013; Qorbani et al., 2015). While this explanation may be justi-
fied in a region of recent orogenic activity, the similarity between SKS measurements north of the Alpine Front and those
south of it (Figure 5) beg the question whether anisotropy beneath stable Europe is still related to the Alpine orogeny and the
vertically plun

ging slabs act as flow-barriers. North and northwest of the Alpine Front, the European lithosphere suffered pre-Alpine defor-
mation during the Hercynian Orogeny with remnant sutures trending along an approximate WSW-ENE direction (Figure 1).
The most recent phases of extension affecting the Rhine Graben follow the same orientation as the Hercynian surface geo-
logic trends (e.g. Schumacher, 2002), raising the possibility that anisotropy measurements here also record more recent litho -
spheric extension, as also proposed by Walther et al. (2013).

North of the Alpine Front, our measured SKS fast axis directions parallel both surface geological structures (Figure 4) and
absolute plate motion direction in a no-net rotation frame (25.68 mm/yr speed, 50° azimuth from N, Kreemer et al., 2014)
and are perpendicular to maximum horizontal stress (oriented mostly NNW-SSE, Heidbach et al., 2018). However, LAB
depths beneath the Molasse Basin are too shallow (80-100 km, Geissler et al., 2010) compared to the anisotropic layer thick-

ness estimated from delay times (~170 km) to justify a purely lithospheric contribution to the observed anisotropy. Fresnel
arguments support that the strongest anisotropy may be located below ~200 km depth, where it varies laterally. The slow
speed plate motion may be insufficient to induce coherent basal drag mineral fabrics (Debayle and Ricard, 2013), so we can
discard the influence of absolute plate movement as well. Moreover, the crustal contribution is too small to be taken into
consideration (Barruol and Mainprice, 1993) and the discrepancy between Pn anisotropy mostly sensitive to lower-crustal
and sub-Moho depth ranges and our SKS measurements (Figure 6) further supports a deeper source for the latter. Therefore
anisotropy beneath the circum-Alpine region has a clear sub-lithospheric contribution and most probably reflects the effect
of Alpine collision, suggesting the presence of vertical slabs beneath the Alps control asthenospheric flow for a few hundred
km beneath the European foreland. The change in SKS fast polarisations across the Alpine Front is, however, more signifi-
cant further west in Profile A (Figure 5), where homogeneously distributed anisotropy observations in the Swiss Alps switch
into the less coherent directions estimated at stations west of the Rhine Graben (Figure 4). Up to 90° ¢ changes occur in the
proximity of a fast seismic anomaly that develops in north-east France (Figure 7). This upper-mantle anomaly, possibly a
remnant Hercynian lithospheric root, may be affecting the surrounding flow, interacting with the barrier flow-field created

by the Alpine slabs.
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Further north in central Germany, across the Moldanubian-Saxothuringian boundary, average SKS directions rotate clock-

wise by ~40° (Figure 5, profile C). Plenefisch et al. (2001) also observed a rotation in fast axes across the Moldanubian to
Saxothuringian terranes, interpreting it as an evidence that their boundary extends to lithospheric depths. At this distance,

SKS observations can partially contain a lithospheric paleo-deformational signature (e.g. Babuska and Plomerova, 2006).

However, LAB depths here are ~100-120 km (Geissler et al., 2010; Plomerova and Babuiska, 2010), indicating a 60-80 km
mantle lithosphere, assuming an average crustal thickness of 40 km. This is still too small to account for the observed split-
ting delay times (Figure 4), suggesting SKS anisotropy has a clear asthenospheric contribution, perhaps not related to Alpine
or Hercynian deformation. As Bormann et al. (1996) also pointed out, seismically estimated temperatures at lithospheric
depths may be too high to allow the development and long-time preservation of fossil anisotropy. The European lithosphere
suffered thermal thinning due to Cenozoic rifting and possible mantle plume activity connected to the Atlantic plume system

(e.g. Goes et al., 1999; Dézes et al., 2004), whose far-field influence may start to be manifested here.

6 Conclusions

To place constraints on the mantle deformation beneath the Central Alps and the greater Alpine region, we analyse SKS
splitting at 113 new broadband seismic stations belonging to the AlpArray seismic experiment and permanent stations in
Italy, Austria, Switzerland, France, and Germany. SKS directions are mostly parallel to the orogenic strike and the trend of

the subducted slabs beneath the Alpine Chain, rotating clockwise from -45° to 90° from west to east. Splitting delay times

average to ~1.4 s and are mainly representative of active asthenospheric flow around the plunging Alpine slabs. There is no
large scale change in SKS directions or delay times at the location of a putative subduction polarity switch beneath the Cen -
tral Alps, although we note a certain subtle change in anisotropy complexity. Simple flow or a coupled lithosphere-astheno -
sphere deformation may dominate the mantle beneath the Central Swiss Alps, where directions follow a consistent NE-SW
trend, while more complex structures develop beneath the Eastern Alps, in agreement with previous studies on this region

and further east. In the Po Basin SKS directions differ between west and east: fast axes have prevailing N-S orientations in

the western part beneath which opposite Adriatic flanks meet the European slab. East of ~10° longitude, SKS directions be-
come more scattered around the main NE-SW trend and do not support a presumed asthenospheric downwelling related to
the subduction of Adria. North of the Alpine Front, orogen-parallel anisotropy persists, implying that the effect of the Alpine
slabs acting as flow-barriers extends far beneath the foreland. At the contact between the Moldanubian and Saxothuringian
terranes, sutured during the Hercynian Orogeny, directions experience an almost 40° rotation. However, the thin lithosphere
beneath the region is insufficient to account for the observed splitting delay time. Therefore, we interpret anisotropy there as
asthenospheric and that may start to feel the influence of mantle processes unrelated to past Hercynian deformation, crustal

extension, or the indentation of Adria. To the west of the Rhine Graben, in northeast France, a strong positive seismic anom -
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aly is located at upper-mantle depths and SKS anisotropy measurements are highly variable in its proximity, suggesting a lo -

cal perturbation in the flow-field in the greater Alpine region.
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Figure 1: Geographical units of the Alpine Chain and surrounding regions. Coloured areas represent the main geological regions
are based on Schmid et al. (2008) and mark the Eastern Alps (EA, yellow), the Southern Alps (SA, brown), and the Western Alps
(WA, light and dark blue). TW: Tauern Window. Dashed pink line marks the probable outline of the Alpine slab, after Mitter -
bauer et al. (2011). Left: Plate tectonic reconstruction snapshots of the region for the past 67 Ma, according to Handy et al. (2010).
Right: Time-lapse of probable trench migration and slab break-off beneath the Alps for the past 70 Ma, after Piromallo and Fac-
cenna (2004). The section showing the Alpine slab (pink), attached to the European lithosphere (cyan), may only be applicable to
the Western and Central Alps. In the Eastern Alps, the slab may be attached to Adria (yellow and brown).
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Figure 3: Examples of SKS analysis procedure for a successful SKS splitting measurement (a) and a situation where no energy is
575  present on the tangential component, referred to as a null measurement (b). i. Three-component seismograms recorded at station

A061A, with the region comprising the SKS phase highlighted. ii. The radial and tangential component seismograms, after rota-

tion to the great circle arc (top two) and after the SKS splitting correction (bottom two). iii. Top: Windows of the SKS phase from

the radial (black line) and tangential component (dashed line) before and after the correction. Bottom: Particle motion before and

after correction. iv. Misfit contour surface showing the best solution pair of df and ¢ (cross) and the 1-sigma uncertainty surface
580  (highlighted region).
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yielded null measurements. Inset: histogram of high-quality earthquakes analysed in this study (black bars) and the number of
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from the NW, NE, SW, and SE, respectively. d) Results at stations from different regions: A061A (Swiss Alps), A037A (Central
Alps) and A300A (Eastern Po Basin). Left: Plots of the SKS fast axis measurements versus back-azimuth. Right: Normalised rose
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Figure 5: Sections of SKS splitting parameters across and along the Alpine orogen. Top right: Map of western and central Europe

595  showing past SKS results (yellow lines) and observations from this study (black lines). The green lines mark the location of chosen
sections. Left: Sections across the orogen showing average SKS fast axes direction variation for profiles A, B and C. On top of each
section topography is reported and the location of major geological units: SA (Southern Alps), CA (Central Alps), WA (Western
Alps), PF (Periadriatic Fault), IF (Insubric Fault), AF (Alpine Front). Black squares are average ¢ direction along the profile in 50
km distance intervals.
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Figure 6: a. Comparison between our SKS measurements (red bars), Pn anisotropy axes, and previous SKS measurements (Diaz et
al., 2012, and references therein). b. Single station Fresnel analysis of SKS observations at three AlpArray seismic stations from
two earthquakes from opposing directions. Coloured circles show the approximate Fresnel zone for the SKS wave at different
depths: 50 km (yellow), 100 km (green), 150 km (magenta), and 200 km (cyan). Black lines show the SKS fast axis direction pro-
jected at its 150 km piercing point. The inset is a cross-section of the Fresnel zones of two incoming SKS waves from opposing di-
rections and the depth where these zones overlap (after Alsina and Snieder, 1995).
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Figure 7: a. Comparison of SKS results with the seismic tomography model of Zhu et al. (2015) at 100 km and 200 km. Magenta
lines are SKS fast axes and delay times obtained in this study, while white bars are previous measurements (Salimbeni et al., 2008,
2013; Barruol et al., 2011; Kummerow et al., 2006; Bokelmann et al., 2013; Qorbani et al., 2016). b. Comparison of SKS results

615  from this study and previous measurements with azimuthal anisotropy percentages (black bars) estimated by Zhu et al. (2015) at
100 km and 200 km, respectively.
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