Dear Editor,

We are pleased to submit the response to reviewer and editor’s comments
of 7 Crustal structures beneath the Eastern and Southern Alps from ambient
noise tomography”. We would like to thank again the editor and reviewer
for their time spent on reviewing the manuscript. The comments were are
valuable and very helpful for revising and improving our manuscript.

Points raised by the reviewer and editor have been carefully taken under
consideration and addressed. In the following we list the reviewer and ed-
itor’s comments in bold face followed by the authors’ response to each of
comments and the author’s changes in manuscript. This letter is followed by
a marked-up version of the revised manuscript in which all changes in the
text have been highlighted.

Sincerely,
Ehsan Qorbani on behalf of the co-authors



Referee’s comments

Comment 1) You have not explained your choice of measuring
group velocities instead of phase velocities. There isn’t much ad-
vantage I can see to use group velocities in this case since you do
not have to worry about the source function.

Response 1) The choice was made for analysis of group velocities in this
study, since our group has already gained experience with that established
technique (e.g. the study of Schippkus et al., 2018 and 2020, to retrieve
the structure of the Vienna basin region, as well as earlier studies). For the
dataset at hand which includes temporary stations, the group velocities are
also easier to measure, especially on the horizontal components where the
correlations tend to be noisier, avoiding additional tests and processing steps
needed to properly remove issues such as 27 jumps or wrong measurements
which are more frequent with noisier data. For the dataset at hand we also
believe that the choice of group or phase velocity is perhaps not the bottle-
neck. We agree with the Referee that the recent attempts to measure phase
velocity are interesting. In future studies, we will probably use group and
phase velocity simultaneously.

Comment 2) The white blanks in Fig. S5 and in Fig. 8 are worri-
some. Please, check what caused them and whether the inversions
need to be rerun with different damping as suggested by the re-
viewer.

Response 2) Even though we have carefully filtered the dispersion measure-
ments in order to use only good quality measurements into the inversion, we
have good ray coverage even at the longer periods (e.g. see Figure 3¢ and
3d). To map the inverted group velocities, we plot the cells that have at
least three rays, which are those that have been used in the depth inversion.
Therefore, the cells that do not meet this criteria are shown in white.

However, we thank the reviewer for the comment on this matter; it en-
couraged us to improve the number of good-quality measurements per cell.
Different parameterizations (damping) have no influence on the appearance
of the white blanks on the obtained group velocity maps, and we made an
effort to increase the grid size in order to allow more rays to contribute to
the inversion. Rerunning the inversion and testing different grid sizes, we



found that increasing the grid size by 33%, from 12 km to 16 km, could sig-
nificantly improve the number of (good-quality) rays per cell without losing
the resolution.

We therefore rerun both the group velocity and depth inversions. The final
group velocity maps now have much less white blanks and also somewhat
better coverage at the edges. We have updated figures 6 to 15, and Figure
supplementary S3 and S5 accordingly. Please note that the new results rep-
resent the same structures as with the smaller 12 km grid size. This indicates
that the velocity measurements are quite stable and sample the structures
well, which is due to using only the good quality dispersion measurements.
In addition, we would also like to mention that some of the white blanks
showing up at the group velocity maps (Figure 8, 9) are because of plotting
interpolation in order to provide readers a smooth view of the velocity con-
trasts. Figure 1 attached to this letter shows an example of group velocity
map for Rayleigh wave at 20 sec with and without plotting interpolation.

Comment 3) reference to Barmin et al., 2001, 2012 are missing

Response 3) Barmin et al. (2001) has been cited in the manuscript (line
168, 198) and is listed in the references. The ”Barmin 2012” mentioned in
our earlier reply to the comments was a typo and mistakenly added. We
apologize for the mistake.
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Figure 1: Example of group velocity map at 20 sec with and without plotting
interpolation. Part of the white blanks appearing in group velocity maps are
due to plotting interpolation.

Editor’s comments

Comment 1) There should be a discussion of the effect of regular-
ization on the inversion and how it may affect the anisotropy dis-
cussion. As you know, if the damping on the Love or the Rayleigh
inversion were to be changed, the effect on the model may strongly

affect the anisotropy results.

Response 1) In this work, we inverted separately the Rayleigh and Love-wave
group velocities which have well-resolved isotropic shear velocity models of
the region. In addition, observing discrepancy between Rayleigh and Love
shear velocity provides a hint to anisotropy.

We fully agree to the editor that inversion parameters can in general affect



the inverted velocity values, therefore, the Love/Rayleigh velocity ratio could
also be affected. We have tested the effect of the different inversion param-
eters on the results. Figure 2 attached to this letter shows the variation of
the Love/Rayleigh velocity ratio against different damping factors and cor-
relation lengths. It shows that in our case inversion parameters have very
little effect on the velocity ratio, which means the Rayleigh Love-wave dis-
crepancy could be related to the presence of anisotropy. Moreover, we have
observed the Rayleigh/Love-wave discrepancy not everywhere, but in certain
areas where this indeed makes sense in terms of crustal tectonics, for instance
to have shear deformation associated with lateral scape of the Alcapa block
(see section 6.4 and Figure 1). However, to fully resolve the anisotropy, one
should invert the Rayleigh and Love-wave dispersions simultaneously in or-
der to obtain an anisotropic model of the region. We thank the editor for
pointing out the effect of inversion regularization on Rayleigh and Love wave
velocities and anisotropy. We have now added sentences mentioning that in-
version parameters have no significant effect on the observed Rayleigh-Love
wave discrepancies (Line 403-405). In addition to the section ”Conclusion”,
we also mentioned in section 6.4 that joint inversion of the Rayleigh- and
Love-wave dispersions is necessary to obtain anisotropic model of the region
(Line 429-432).
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Figure 2: Variation of Love/Rayleigh wave velocity ratio vs inversion param-

eters at different periods, a) damping factor and b) correlation length in km.
This shows that inversion parameters have little effect on the velocity ratio.



Comment 2) FTA is usually called FTAN in the literature. Please,
change it everywhere in the text for consistency (with publications
made over several decades).

Response 2) We have replaced FTA with FTAN in the revised manuscript
(line 139, 141).
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Abstract. We study the crustal structure under the Eastern and Southern Alps using ambient noise tomography. We use cross-
correlations of ambient seismic noise between pairs of 71 permanent stations and 19 stations of the EASI profile to derive new
3-D shear-velocity models for the crust. Continuous records from 2014 and 2015 are cross-correlated to estimate Green’s func-
tions of Rayleigh and Love waves propagating between the station pairs. Group velocities extracted from the cross-correlations
are inverted to obtain isotropic 3-D Rayleigh and Love-wave shear-wave velocity models. Our models image several velocity
anomalies and contrasts and reveal details of the crustal structure. Velocity variations at short periods correlate very closely
with the lithologies of tectonic units at the surface and projected to depth. Low-velocity zones, associated with the Po and Mo-
lasse sedimentary basins, are imaged well to the south and north of the Alps, respectively. We find large high-velocity zones
associated with the crystalline basement that forms the core of the Tauern Window. Small-scale velocity anomalies are also
aligned with geological units of the Austroalpine nappes. Clear velocity contrasts in the Tauern Window along vertical cross-
sections of the velocity model show the depth extent of the tectonic units and their bounding faults. A mid-crustal velocity
contrast is interpreted as a manifestation of intracrustal decoupling in the Eastern Alps that accommodated eastward escape of

the Alcapa block.

1 Introduction

Earth’s crustal structure has been studied with classical regional earthquake tomography and active seismology for decades.
However, gaining information on subsurface structure in seismically quiet areas has been challenging, due to the lack of
earthquake data, their infrequent occurrence, and the high cost of active-source seismology. The emergence of seismic noise
interferometry (e.g. Wapenaar, 2004; Shapiro and Campillo, 2004) has enabled seismologists to overcome these issues and to
obtain more knowledge about Earth structures at various scales (e.g. Nicolson et al., 2012, and reference therein).

In this study, we investigate the crustal structure of the Eastern and Southern Alps (Fig. 1) with ambient-noise tomography.

The European Alps have resulted from N-S convergence of the Adriatic and European plates since the late Cretaceous time and
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Adria-Europe collision since late Eocene to Oligocene time (Schmid et al., 2004; Handy et al., 2010, 2015). The complex, non-
cylindrical structure of the Eastern Alps and eastern Southern Alps (Schmid et al., 2013; Rosenberg et al., 2018) reflects the
interplay between orogen-normal shortening and orogen-parallel motion during oblique indentation of Europe by the Adriatic
microplate in the Miocene time (Scharf et al., 2013; Handy et al., 2015; Favaro et al., 2017). Adria moved to the north and
rotated counterclockwise with respect to Europe (Le Breton et al., 2017) such that indentation was partly accommodated by
NNW-SSE shortening in the eastern Southern Alps (e.g. Schonborn, 1992) and partly by upright folding and eastward tectonic
escape of the Eastern Alpine orogenic crust (Ratschbacher et al., 1991a; Scharf et al., 2013; Schmid et al., 2013). This escaping
orogenic crust is bounded by strike-slip faults (Periadriatic, Salzach—-Ennstal-Mariazell-Puchberg (SEMP), Inn Valley, Mur-
Miirz and Lavant Valley faults (e.g. Linzer et al., 2002; Schmid et al., 2004) and low-angle normal faults (Brenner, Katschberg
faults) at either end of the Tauern Window (Selverstone, 1988; Genser and Neubauer, 1989; Scharf et al., 2013, 2016).

On the lithospheric scale several studies such as seismic tomography, anisotropy, and receiver functions have assessed the
structures and proposed models of slab anomalies and geometry (Lippitsch et al., 2003; Schmid et al., 2004; Kissling et al.,
2006; Mitterbauer et al., 2011; Karousova et al., 2013; Bianchi et al., 2014a; Handy et al., 2015; Qorbani et al., 2015; Hua
etal., 2017; Rosenberg et al., 2018; Hetényi et al., 2018b; Kistle et al., 2019). However, despite wide-angle reflection/refraction
experiments (Bleibinhaus and Gebrande, 2006; Gebrande et al., 2006; Behm et al., 2007a; Briickl et al., 2007, 2010), and local
earthquake tomography ((Diehl, 2008)) targeting the crust, the velocity structure of the Eastern Alps is still not fully understood.
This is due to the low level of seismicity in the region and insufficient local earthquake data to perform traditional tomographic
studies, as well as to the limits of active seismic experiments covering the region. Therefore, ambient-noise tomography appears
to be perfectly suited to study crustal structure in this area.

Prior to this study, parts of the Alps and its surroundings were seismically imaged with noise-based tomography that provided
Rayleigh-wave group-velocity maps (Stehly et al., 2009; Verbeke et al., 2012). These formed a database of surface-wave group
and phase-velocity dispersion curves which were inverted to derive both group and phase-velocity maps of central Europe.
Molinari et al. (2015) used the data base of Verbeke et al. (2012) to derive a 3-D shear-velocity model of the Alpine region
and Italy. The Western Alps have also been studied with ambient-noise tomography (Fry et al., 2010) that yielded isotropic
and anisotropic models of surface-wave phase velocity. Using surface-wave tomography from ambient noise and earthquake
data, Kastle et al. (2018) have presented a shear-velocity model of the Alps. Lu et al. (2018) has also used ambient noise data
to present a shear-velocity model of the European crust and upper mantle. To the east of the Eastern and Southern Alps (ESA),
the crustal structure of the Carpathian-Pannonian region was studied with noise tomography depicted in surface-wave group
velocity and 3-D shear-velocity maps (Ren et al., 2013). Behm et al. (2016) applied ambient-noise tomography to data from
the ALPASS project to study the crust of the Eastern Alps, presenting Rayleigh and Love-wave group-velocity maps and a
shear-velocity model. However, the last two authors’ results are limited to profiles used in those studies.

Although the area of this study is included in the recent two shear velocity models (Kistle et al., 2018; Lu et al., 2018), little
attempt has been made to interpret those velocity models with regard and in comparison to surface geology and smaller scale
features. In this study, we therefore focus on the crustal structures of the Eastern Alps and Southern Alps. We present a local

new high resolution 3-D shear-velocity model of the region using cross-correlation of seismic ambient noise. To augment
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the recent shear-velocity models (e.g. Lu et al., 2018), we derive a (group) velocity map for both Rayleigh and Love-wave
and present separate Shear-velocity models out of Rayleigh and Love-waves velocities for the ESA. We then discuss our new

models for the uppermost 40 km of the crust with respect to the geologic and tectonic features.

2 Data and analysis
2.1 Ambient-noise Data

We used continuous 3-component seismic data recorded at 71 permanent broadband stations in the Eastern and Southern Alps
— from the Seismic Network of Austria (OE, 1987), National Seismic Network of Switzerland (CH, 1983), Italian Seismic
Network (INGV, 2006), Province Siidtirol (SI, 2006), German Regional Seismic Network (GR, 2001), BayernNetz, Germany
(BW, 2001), Slovenian Seismic Network (SL, 2001), Hungarian National Seismological Network (HU, 1992), and Slovak Na-
tional Network of Seismic Station (SK, 2001). In order to improve ray coverage, we completed our dataset with 19 temporary
broadband stations of the AlpArray-EASI project (AlpArray, 2015; Hetényi et al., 2018a). The Eastern Alpine Seismic In-
vestigation (EASI) is a collaborative seismological project that was the first “AlpArray collaborative experiment” between the
Swiss Federal Institute of Technology, University of Vienna (Austria), and the Academy of Sciences of the Czech Republic;
it ran between July 2014 to July 2015. In that project, seismic stations were deployed along a North-South profile, roughly
along longitude 13.5°E, from the internal Bohemian Massif to the Adriatic Sea with inter-station distances between 10-15
km. Using the 19 EASI stations improved station coverage especially in the Central Eastern Alps, where the station density is
relatively low. After applying several selection criteria (see sec. 2.3.) on the computed cross-correlation functions, 79 stations

were selected for the tomography (see Fig. 1).
2.2 Waveform Pre-processing

The first step of any noise-based analysis requires pre-processing of the continuous waveform data, which strongly affects
the quality of cross-correlation functions, dispersion curves, and the resulting velocity maps. Because noise characteristics
and station configuration differ for each study, no universal pre-processing methodology exists. The best methodology and
the various processing steps have to be tested for each dataset and are usually evaluated with basic parameters such as the
symmetry of the cross-correlation function, signal-to-noise ratio, and frequency bandwidth (e.g. Bensen et al., 2007; Poli et al.,
2013). Here, we tested several classical pre-processing methods including windowing (e.g. Seats et al., 2012), whitening (e.g.
Bensen et al., 2007) and one-bit normalization (e.g. Cupillard and Capdeville, 2010). The processing scheme chosen maximises
the signal-to-noise ratio (SNR), defined here as the peak amplitude divided by standard deviation of the noise. Our final pre-
processing methodology follows Zigone et al. (2015) and consists of the following steps: 1) removing the instrument responses,
high-pass filtering at 125 s, and glitch correction by clipping the data at 15 standard deviations. 2) Removal of the transient
signals (e.g., earthquakes) by cutting the daily records into 2-hour segments on which we perform an energy test: when the

energy of a segment is greater than twice the standard deviation of the energy of the 24-hour (daily) record, the 2h segment is
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removed. 3) Ambient noise is not spectrally white which may induce an amplitude bias in the resulting cross-correlations (e.g.
Rhie and Romanowicz, 2004; Bensen et al., 2007). The noise spectrum is therefore normalized using a whitening function by
dividing the amplitude by its absolute value between 1 and 100 s of period, without changing the phase. 4) We also perform a
second clipping step in order to ensure that all the energy from transient sources that were not previously deleted by the energy
test, such as small earthquakes, are properly removed from the waveforms. This is done by clipping amplitudes larger than four

standard deviations of the whitened records. 5) Finally, the data are down-sampled to 4 Hz to reduce computational costs.
2.3 Computing cross-correlation functions

After pre-processing of the waveform, we compute cross-correlation functions for all station pairs, which resulted in 4005
cross-correlations from 90 stations. The cross-correlation for each daily record and each station pair is computed over all
possible combinations of three-component data, vertical (Z), North-South(N), and East-West (E). This yields to nine inter-
components, ZE, ZN, ZZ, EE, EN, EZ, NE, NN, NZ, constituting the correlation tensor. The ambient noise in the microseism
frequency band is dominated by surface waves (Shapiro and Campillo, 2004; Shapiro et al., 2005); using all of these nine inter-
components of cross-correlation enables us to construct both Rayleigh and Love waves from the computed cross-correlation.
The correlation tensor consists of nine inter-components RR, RT, RZ, TR, TT, TZ, ZR, ZT, and ZZ. Rayleigh waves emerge
from the RR, RZ, ZR, and ZZ, and Love waves from the TT. The cross terms (TR, RT, ZT, TZ) also carry some weak diffuse
energy without any clear arrivals, which confirms the quality of the correlation component rotations. The correlation tensor
representing the propagation of surface waves through all station pairs is shown in Supplementary Figure S1.
Cross-correlations are computed in the frequency domain and then returned to the time domain to be stacked over the two
years of data in order to reduce the seasonal effect of the noise source in the cross-correlation. Rotation of the stacked cross-
correlation was then performed based on the azimuth between the station pairs to obtain the cross-correlation on the radial (R),
transverse (T), and vertical (Z) components, which form a nine inter-components correlation tensor including RR, RT, RZ, TR,
TT, TZ, ZR, ZT, and ZZ. In order to select the clearer cross-correlation, we picked those that have signal-to-noise ratio (SNR)
larger than 4. The SNR is calculated as max amplitude of the cross-correlation divided by the standard deviation of a noise
window. We found that the cross-correlation with low SNR can be associated primarily with certain stations, marked in gray
in Figure 1. We, therefore, removed those 11 stations, which resulted in 23% less cross-correlation. Figure 2 shows examples
of two-year (2014-2015) stacked and rotated cross-correlation with the corresponding station-path shown in the top figure.
Examples present long inter-station distances between CEY-DAVOUX and CONA-KNDS, and also short station distances,
FETA-ROSI, and AAE26-AAE31. Only ZZ, ZR, RZ, RR, and TT are shown in the figure as Rayleigh and Love waves are
extracted from these 5 inter-components (Shapiro and Campillo, 2004).

The examples shown in Figure 2 were chosen based on the station geometry and location with respect to the North Atlantic
and the North Sea coastline, which should be the dominant noise source for our study region (e.g. Yang and Ritzwoller, 2008;
Juretzek and Hadziioannou, 2016). We observe that on pairs parallel to the North Sea coastline, the cross-correlations are
slightly asymmetric, with larger amplitudes for propagation directions arriving from north and northeast. This can be seen on
CONA-KNDS (Fig. 2b) and on AAE26-AAE31 (Fig. 2d), for which the surface wave amplitude is larger on the causal side.
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When station pairs are nearly normal to the North Sea coast line, such as CEY-DAVOX (Fig. 2a) and FETA-ROSI (Fig. 2¢), we
obtained strongly asymmetric cross-correlation. The differences between causal and acausal parts in the coast-normal station
pairs is larger than the coast-parallel cases. Propagation directions from the North Sea coastline (from the northwest) result in
large amplitudes, as can be seen on the propagation direction from DAVOX to CEY, and from FETA to ROSI (Fig. 2). This
supports the hypothesis that seismic ambient noise is mainly generated by the interaction of the ocean swells with the seafloor
located north and northwest of Europe. It also suggests that less energy is coming from southerly directions with respect to the

northerly directions.

3 Dispersion measurements

High-quality cross-correlations are mandatory to measure accurate group-velocity dispersion curves. Quality checks of the
cross-correlation based on SNR is one of the key tasks for preparing clear and reliable cross-correlation and to obtain accept-
able empirical Green’s functions (Bensen et al., 2007). That step removes poor-quality cross-correlation which is critical when
using an automatic procedure for dispersion measurement. In order to improve the reliability of the dispersion measurements
we stack the causal and acausal side of the correlation function to obtain a single cross-correlation for each station pairs (Bensen
et al., 2007). Such procedure also broadens the frequency content of the merged cross-correlation by combining the different
frequency content of opposite propagation directions (Yang and Ritzwoller, 2008; Shapiro and Campillo, 2004; Verbeke et al.,
2012), which help the following travel time measurements.

We measured the group-velocity dispersion of the fundamental mode of the Rayleigh and Love waves for periods between
1 to 50 s using frequency-time analysis (FTAN) (Levshin and Keilis-Borok, 1989). To improve the reliability of Rayleigh
wave dispersions measurements we used the redundancy of the correlation tensor by using all components (RR, RZ, ZR, and
77) containing Rayleigh waves. FTAN is first computed for each component 7 independently, to obtain a normalized period-
group velocity diagram N;(7',u), where w is the group velocity and T' the period. Applying a logarithmic stacking in the
period-group-velocity domain (Campillo et al., 1996), as A;(T,u) = [[, N;(T,u), we then combined the four RR, RZ, ZR,
ZZ components and formed a product of these four components for each station pairs, where the amplitude of A, (T, u) is de-
pendent on the standard deviation of the group velocities. We evaluated the final dispersions on a [A4(T, u)]l diagram, which
allows us to obtain normalized period-group velocity diagram with amplitude between 0 and 1. The normalized period-group
velocity diagram makes us able to select good quality dispersion measurements according to the amplitude. Here we selected
the period-velocity values that have the maximum amplitude greater than 0.07. Examples of two period-group velocity dia-
grams are presented in Figure 3, for stations MOSI-SALO and ABTA-CONA. The dispersion curves are shown by the white
line in the figure. The same procedure was applied to get the Love-wave dispersion curves using only the TT component. See
Supplementary Figure S2 for more examples of period-velocity diagrams.

To increase the quality of the velocity measurements, we applied a number of criteria: 1) To avoid high ray-path density in the
central area with respect to other parts of the region, we removed all combinations of temporary-temporary inter-stations and

kept only the temporary-permanent pairs. 2) We removed all paths with inter-station distances smaller than 2 wavelengths at
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each period. 3) We applied a second SNR pass (SNR > 5) for the correlations to pass the velocity measurements, to ensure that
we obtain well-estimated travel times. 4) We exclude velocity measurements which were not in a range within two standard
deviations from the mean velocity for a given period.

Applying those criteria, the dispersion data for each period were extracted, to be inverted to group-velocity maps. Figure 3
shows an example of velocity measurements obtained at 20 s of period for Rayleigh and Love waves. The stations and paths
that satisfied our criteria are shown on the map. The measurements directly show high and low-velocity anomalies which are
spatially stable, and related with the crystalline core zone of the Alps and the sedimentary basins, respectively. Period depen-
dence signal-to-noise ratio (SNR) of the dispersion measurements after applying the above mentioned criteria is represented
in Figure 4. Rayleigh-waves are extracted from the ZZ, RR, ZR, and RZ inter-components, and Love-waves appears on the
TT inter-components. In addition to average SNR for Rayleigh and Love waves for all station pairs, average SNR of those
inter-components are also shown in Figure 4. The number of measurements selected for each period used in the inversions are

presented in Supplementary Table S1.

4 Group-velocity tomography

We used the method of Barmin et al. (2001) to invert the dispersion data and to derive tomographic images of surface-wave
group velocity. The standard forward problem is given in matrix notation as d = Gm, where d = t,45 — 104, defined as the
difference between observed and modeled travel time. The matrix G is travel times in each cell of the initial model for each
path. The goal is to find the group velocity model as m = (u— ug)/uo where ug is the initial velocity and w is the velocity after

the inversion. The method is a damped least-square inversion based on minimization of the below a penalty function,
2 2
(G(m) = d)".(G(m) —d) +a? | F(m))||” + 82 | H (m)]|

which consists of a linear combination of data misfit, model smoothness F’, and magnitude of perturbations. F' is a Gaussian

spatial smoothing function over 2D grids (s), with correlation length o as:

712

‘T’—T

F(m)=m(r)— [ exp(—'=5z=).m(r )dr

With function H defined as H(m) = exp(—Ap)m, where A is a weight factor and p defines the path density. The magnitude
of the model perturbation is controlled by two parameters, defined as A and 5. If the ray coverage is relatively good, these two
parameters do not affect the final model (e.g. Stehly et al., 2009; Poli et al., 2013; Zigone et al., 2015), which is the case for our
study region. Therefore, we fix A and 5 at 0.4 and 3, respectively. The spatial Gaussian smoothing is controlled by a damping
factor (), and the a width of smoothing area (o, also called correlation length in km). These parameters strongly affect the
variance reduction of the final model. Stehly et al. (2009) recommended that the correlation length should be at least equal to
grid size.

Using a grid size of 16 km, we tested several values for the correlation length (o) and damping factor («v), performing an L-curve
analysis (e.g. Hansen and O’Leary, 1993; Stehly et al., 2009). Figure 5 shows variation of variance reduction of the models

with respect to correlation length (o) and damping factor (), for a selection of periods. Based on the variation of the variance
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reduction for each period range, and for Rayleigh and Love waves separately, optimized values for o and o were selected.
These values are between 44 and 50 for damping factor and between 20 to 34 for correlation length (Supplementary Table S2
shows the values selected for o and o for each period range). After selection of our optimized parameters, the inversion for

group velocity was performed using an initial model of the average group velocity at each period.
4.1 Resolution of tomography

We assessed the spatial averaging of the tomography inversion results:

1) Through the path density at each cell used for the inversion. Figure 6 presents the path density map at 8 and 16 s for
both Rayleigh and Love waves (path density map at larger periods are also presented in Supplementary Figure S3). The path
coverage of the region is good for most of the cells with a path density above 20. The path coverage reaches 100 paths per cell
in the Southern Alps and in the Tauern Window, particularly for periods shorter than 15s. At the edges of the study region the
resolution decreases rapidly due to fewer station and ray coverage (see Fig. 6).

2) By quantifying the dependence of the group velocity at each cell on the other cells (Barmin et al., 2001), which gives
an estimation of the correlation length or the size of the averaging spot for each cell of the model. That was done via the
resolution matrix, which depends mainly on the distribution of high-quality velocity measurement (path coverage, Fig. 6) and
on the network geometry. The spatial averaging is evaluated by plotting the correlation length defines here as the distance in
kilometers, for which the value of the resolution matrix decreased to half. As the spatial projection of the individual resolution
matrices for each cell are not symmetric, a best and a worst direction exist. Figure 7 shows the map of the correlation length of
the final velocity model for Rayleigh (left) and Love (right) waves at 20 s. We show the correlation length in the best direction
(Fig. 7a and 7d), the mean correlation length (Fig. 7b and 7e), and the correlation length in the worst direction (Fig. 7c and
7f) for each cell. In the best direction (Fig. 7b), the size of the averaging spots is about 15-20 km for most of the study region.
In the worst direction (Fig. 7¢), the correlation length still reaches 20 km in the center, but increases rapidly above 60 km at the
edges. The mean correlation length is ~20 km in the center of the study region and ~40-50 km at the edges (Fig. 7b). Based
on those analysis, our tomographic inversion will be able to differentiate two different structures that span at least two cells (24
km length) for most of the study area. Although the number of cross-correlations used to reconstruct the Love waves are less
than those for Rayleigh waves, the path density and correlation length obtained for the Love waves remain more-or-less on the

same order as those of the Rayleigh waves, which is sufficient to resolve the expected geological features.
4.2 Group-velocity maps

Figure 8 and 9 show the group-velocity maps at periods 5, 10, 15, and 20 s. In general, both Rayleigh (Fig. 8) and Love waves’
(Fig. 9) group-velocity maps present similar features, and correlate well with surface geology particularly at the upper crustal
depths. To assess the velocity pattern with respect to the geological units, we extracted their borders from the geological map
of Austria (Egger et al., 1999, Supplementary Figure S4) and the tectonic map of the Alps (Fig. 1, Schmid et al., 2004). The
borders are shown as dashed lines in Figure 8 and 9, representing the margins of the two Dolomite units to the South (Southern

Limestone Alps, SLA) and to the north (Carbonates of the Northern Calcareous Alps, NCA), the crystalline core zone of the
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Alps (CZA) in between (Fig. 1), and the Tauern Window (TW) of the Eastern Alps (yellow dashed lines in Fig. 8 and 9). The
CZA is well-marked by the broad high-velocity anomalies extending from the west to the east of the region. The SLA and the
NCA are also marked by low velocities. At 5 and 10 s period, the eastern border of the CZA matches with the group-velocity
contrast (#1 in Fig. 8a). The southern margin of the CZA, particularly its western part is clearly fitted by the edge of the high-
velocity anomaly in that area at 5 to 10 s (#2 in Fig. 8a).

A high-velocity zone is featured in the easternmost part of the CZA, at 5, 10, and 15 s. This feature might be associated with
the Koralpe, Wo6lz high pressure nappe system, the area on both sides of the Lavant Valley transform fault, which consists of
eclogite facies and has the age of the Alpine tectono-metamorphic event of 90-110 Ma (Bousquet et al., 2008). The late Cre-
taceous (Eoalpine) Otztal-Bundschuh and Silvretta metamorphic basement nappes are also perfectly imaged by high-velocity
zones (shown as OTZ on Fig. 8a and b). At periods greater than 10-12 s, the OTZ no longer appears on the group-velocity map,
which may indicate the depth extent of the OTZ. A high-velocity anomaly is observed in the western part of the TW, while its
eastern part shows lower velocities.

Figure 9 shows Love-wave group-velocity maps. As expected, Love wave presents higher velocities than Rayleigh wave, as
noted by the difference between color scales of Figure 8 and 9. Similar to the pattern of the Rayleigh-wave group velocity,
the CZA is well-marked by the Love wave high-velocity anomaly bounded by the two Dolomites provinces (Fig. 9a) to the
north and to the south. The TW is also marked by high-velocity anomalies at most of the periods. However, similar to Rayleigh
waves, the western part of the TW shows higher velocity. There is a velocity increase to the west of the Po-Basin, at ~11°E
(#3 in Fig. 9a) which becomes more pronounced at 10 s period. This might be associated with the depth extent of the magmatic
rocks under the Southern Alpine sediments (Dolomites in the Trentino region, Italy). At 15 s period, a pronounced high-velocity
anomaly occurs in the easternmost part of the NCA (#4 in Fig. 9c). A similar anomaly appears in the velocity model of (Behm
et al., 2016). The Molasse and Po-Basin (Fig. 1) can be clearly located on both Rayleigh and Love group-velocity maps (Fig. 8
and 9). The OTZ metamorphic units are marked partly by the Love waves at 5 s period (Fig. 9a). Further discussion of this

feature will be provided in Section 6 when describing the shear-wave velocity model.

5 Shear-wave velocity inversion

In order to derive a 3-D shear-velocity (Vs) model of the region, we performed Vs depth inversion using the linearized inversion
procedure of Herrmann (2013). We first constructed local dispersion curves from the group-velocity maps at each cell (16x16
km) of the grid. These local dispersion curves are inverted to obtain local 1-D shear-velocity model at each cell which are
finally combined to provide a 3-D shear-velocity model for the region. We excluded the group velocities of periods smaller
than 4 s since measuring group velocity of the fundamental mode of the surface waves at those periods could be easily mistaken
with higher modes. We also did not use periods larger than 42 s because of the lower number of measurements. As the inversion
scheme is linearized, the accuracy of the final model strongly depends on the initial velocity model. To construct a good initial
model, we used a three steps approach: (1) we extracted an average dispersion curve using all cells with more than 5 paths;

(2) The average dispersion curve is inverted using a 1-D starting model proposed by Behm et al. (2007a); (3) Finally, the
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resulting average Vs model is used as starting model for the inversion of the local dispersion curves in each cell of the grid. The
parametrization is made of 30 layers of 2 km thickness above a half space. Shear velocities range from 3 km/s in the top layer
to 4.5 km/s in the half-space. During the inversion, no restriction was applied for Moho depth, and also no layer weighting,
and no fixed velocity was set. The velocity is allowed to take a large range of values as long as the depth variation is smooth.
We performed 30 iterations for the inversion, which was sufficient to achieve reasonable fit. The first two iterations were done
with higher damping in order to not overshoot the model; the other 28 iterations were performed with a lower damping factor.
As discussed below, the inversion results are well-defined solutions given the model parameterization.

Figure 10 shows the average-velocity model obtained from Rayleigh and Love-wave average dispersion curves. We used this
1-D average-velocity models as the initial model to invert the local dispersion curves in order to obtain the best-fitting local
1-D velocity model at each cell. Depth sensitivity kernels for a selection of periods used in the inversion is presented in Figure
10. The kernels are shown for both Rayleigh and Love wave fundamental mode group velocities. The distribution of misfit
between the theoretical and estimated dispersion curves of the models at all periods are also presented in Figure 10, showing
small misfit usually below £0.1 and 40.25 km/s for Rayleigh (Fig. 10c) and Love waves (Fig. 10d) respectively. The depth
resolution of the inversion can be assessed through the normalized resolution matrix of the computed model, which are shown
in Figure 10 for the Rayleigh and Love average models. Both Rayleigh and Love waves allow a good resolution above ~42 km
depth, where the resolution matrices are symmetric (Fig. 10). The final shear-velocity models obtained from Rayleigh-wave

group velocity are presented in Figure 11, and those from Love waves in Figure 12.

6 Results and Discussion

The shear-velocity maps (Fig. 11 and 12) show a number of features that match surface geology and tectonic units. In the
following sections we discuss several interesting features first focusing on the upper crust, and then on the lower crust. We
will approach each feature by first discussing the constraints from Rayleigh-waves Vs model (Fig. 11), and then the ones
from Love-waves Vs model (Fig. 12). To clarify the discussion, a simplified geologic map (Egger et al., 1999) is shown in

Supplementary Figure S4.
6.1 Upper crust; correlation with geology

Similarly to the Rayleigh-wave group-velocity maps, the Rayleigh-wave shear-velocity (hereafter RVs) model (Fig. 11) shows
a large high-velocity zone corresponding at the surface with basement units of the Tauern Window and Austroalpine units
just north of the Periadriatic Fault. The high-velocity area is bounded by two lower-velocity zones at all depth slices which
are associated with surface exposures of Mesozoic carbonates in the nappes of the Northern Calcareous Alps (NCA) and the
Southern Alps (SA). The NCA corresponds to low shear velocities (< 3.1 km/s) down to 10 km depth (Fig. 12). To the south,
the velocity model clearly separates the SLA from the CZA. At 4 to 10 km depth, the Dolomites of the Southern Alps show
velocities of < 3.1 km/s. The northern margin of the SA (dashed line in Fig. 11a, b, c) clearly matches the boundary between

high and low velocities. The same pattern is observed on the Love-wave shear-velocity (hereafter LVs) model (Fig. 12).



285

290

295

300

305

310

315

A low-velocity anomaly (see the position as labelled “I1” in Fig. 11a and 12a) is found under the Molasse Basin, with veloci-
ties for basinal sediments ranging from 2.4 to 2.9 km/s. At depths of > 4 km, this low-velocity zone extends beneath the NCA
in accordance with the occurrence of a south-dipping Northern Alpine thrust fault that emplaced Mesozoic nappes of the NCA
onto Neogene Molasse sediments (e.g. Briickl et al., 2010). The anomaly appears to extend down to 10 km depth, indicating
that the Neogene basinal sediments in the footwall of this fault form a wedge some 8-9 km thick (Steininger and Wessely,
2000; Hamilton et al., 2000). Alternatively, the anomaly extends no deeper than 8 km; the deeper part of this anomaly may be
produced by downward smearing in connection with the prominent low velocity of the Molasse Basin. On the LVs model, the
dominant low-velocity zones associated with the Molasse Basin (Fig. 12) extend down to about 8 km.

Another low-velocity anomaly in the northwestern part of the study area (labelled “I2” in Fig. 11a and 12a) is more pro-
nounced on the LVs model (Fig. 12). At shallow depths, it could be related to the Swiss Molasse Basin. Note that this anomaly
is located at the edge of the study area where the ray coverage is relatively poor, particularly at longer periods. This leads to
a decrease of the lateral resolution and the related Vs values. In addition, the low-velocity zone extends down to 20 to 22 km
depth, which may indicate a smearing effect with low velocity in the lower crust and not necessarily reflecting the structures.
A clear velocity contrast labeled as “I3” in Fig. 11a and 12a, marks the eastern boarder of the CZA, and the transition to the

Styrian basin. However, this is also located at the edged of the study area and care should be taken in interpreting this anomaly.

A low-velocity anomaly in the Southern Alps labelled “II” in Fig. 11a and 12a with values of less than 3 km/s can be seen
down to 10 km depth beneath the Po Basin of northern Italy. This basin contains several kilometers of Mio-Pliocene clastic
sediments derived from the retro-wedge of the Alps and the pro-wedge of the northern Apennines (Merlini et al., 2002). The
Po Basin is also easily identified on the LVs model (Fig. 12) in which the velocity values and depth of the low-velocity zone
are more or less as they are in the RVs model. Even though the low velocity anomalies “I2” and “II”” are matching well with
the location of the Swiss Molasse Basin and the Po Basin, we should consider that the anomalies are located at the edge of our
study region with lower ray path density. This might affect the velocity values and the depth extend of the anomalies.

At the eastern part of the NCA, a small high-velocity anomaly (Anomaly “III” , Fig. 11a and 12a) is observed at 4 and 6
km depth on the RVs model. It shows up along the southern margin of the NCA and might be associated with the eastern
Greywacke zone, consisting primarily of Paleozoic low-grade metamorphic rocks. In the Greywacke zone the model exhibits
velocities of more than 3.5 km/s. Such high velocities are no longer visible at 10 km depth. Similar high velocities have al-
ready been observed by Behm et al. (2016) between the SEMP fault and the Northern Alpine thrust fault and also towards the
Bohemian Massif. They interpreted that feature as a southeastern tip of the Bohemian Massif dipping under the Alps. On the
LVs model, this high-velocity zone is observed in a wider area. It can be traced down to 20 km depths as the anomaly becomes

smaller. Anomaly “III” extends to south at 10 and 14 km depth on RVs and becomes more prominent on LVs.
One of the most notable features of the shear-wave velocity model (Anomaly “IV”. Fig. 11b and 12b) is the higher velocity

in the western part of the Tauern Window compared to the eastern part. The velocity contrast in the TW is more visible in

the LVs model (Fig. 11a, b, ¢). This anomaly is found at depths down to about 10 km in both RVs and LVs models. The TW
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exposes both Penninic basement and underlying Subpenninic units (Schmid et al., 2013), with the latter containing high-grade
basement (Central Gneiss) of the Venediger complex exposed in two domes at the W and E ends of the TW (Fig. S1 Egger
etal., 1999; Schmid et al., 2013). The Western Tauern dome clearly corresponds to high velocities in our model. In contrast, the
eastern Tauern dome exhibits lower velocities. The Central Gneiss is subdivided geologically into subunits such as Granatspitz
in the west and the Hochalm nappes in the east (e.g. Frisch et al., 1998; Schmid et al., 2013). However, it is not yet clear how
such different lithologies could produce different shear-wave velocity in the TW region.

The shear-velocity models illustrate clearly the Silvretta and Otztal-Bundschuh Nappes (OTZ) to the west of the Tauern Win-
dow (Anomaly “V”, Fig. 11a and 12a). These nappes are bounded by the Giudicarie Fault and the Engadin Window at its
eastern and western edges, and by the Inntal and Periadriatic Faults at its northern and southern margins, respectively (see
Fig. 1 for fault locations). Rocks of the Otztal nappe underwent polymetamorphic metamorphism and deformation in Variscan
and pre-Variscan time (e.g. Schuster et al., 2004). High shear velocity observed in this area might be associated with the
Eoalpine high-grade metamorphic nappes, as seen on both Rayleigh and Love-wave shear-velocity models. The high velocity

related to the OTZ is observed down to 6 km depth (Fig. 11b).
6.2 Lower crust

From depths 14-18 km downwards, we observe a clear separation between the high velocity under the TW and the low velocity
beneath the OTZ. The high-velocity zone is cut by the Giudicarie Fault, which sinistrally offsets the Periadriatic Fault System
(Fig 11e). The Giudicarie Fault can be traced down to 40 km, confirming that it affects almost the entire crust (e.g. Pomella
et al., 2011, and references therein). However, the crust-mantle discontinuity (Moho) does not appear to be offset beneath
the Giudicarie Fault (Waldhauser et al., 2002; Spada et al., 2013), suggesting that this fault is a crustal feature that does not
penetrate down to the mantle lithosphere.

Towards the south, the Periadriatic Fault System (PAL) separates the Austroalpine nappes to the north from the Southern Alps,
including the Dolomites, to the south (Schmid et al., 2004). In the upper crust down to depth 14 km, most of the high-velocity
anomalies lie to the north of this fault. The PAL does not seem to separate units with different velocity structures. This may
indicate that units with similar physical properties are located on either side of the fault.

The low velocity associated with the Neogene sediments of the Po Basin is quite clear at 4 and 6 km depth. However, at 10 km
and deeper, the velocity reduction appears to deepen northward and extend to the lower crust (marked by “VI” in Fig. 12h).
Since this feature is not located exactly under the Po-Basin, it is unlikely that we have smearing effect due to the dominant low
velocity of the Po-Basin. Such a smearing effect can also be ruled out because it cannot be observed in such depth away from
the Po-Basin. Beneath the Po Basin, a high-velocity zone at > 22 km depth can be seen on both the RVs model and the LVs
model (marked “VII” in Fig. 11h and 12h). The margins of this high-velocity domain are marked with red lines in Figure 13.
They may show the boundary between intermediate and lower crust. More particularly, the southern margin might indicate

intermediate-lower crust boundary within the transition from thinned Dinaric crust to the Pannonian basin.
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In Figure 13, we show depth slices at 30 and 40 km of our RVs and LVs models in comparison to the Vs model derived
from surface-wave phase velocity using a combination of ambient noise and earthquake data (Késtle et al., 2018), and also a
Rayleigh-wave Vs model derived from ambient noise data (Lu et al., 2018). The anomaly “VII” is observed at 30 and 40 km
is marked by the red lines. It can be also observed on 30 and 40 km of the Kistle et al. (2018), Fig. 13e and 13g. To the south
of the PAL, the pattern of velocity changes of our model (Fig. 13a, b, ¢, d) and Kistle’s model (Fig. 13e, g) are more-or-less
similar, however, they do not show similar pattern to the north of the PAL. Note that the Vs model of Kistle et al. (2018) has
been derived jointly from Rayleigh and Love waves, while that presented here has separate Rayleigh-wave Vs and Love-wave
Vs models. This could explain some discrepancies in pattern of the anomalies between our models and Kistle et al. (2018)
to the north of the PAL. Difference in station geometry could also be considered in regarding some discrepancies between
our model and Kistle et al. (2018). The anomaly “VII” can be somehow seen in the Lu et al. (2018) on the 40 km depth slice
(Fig. 13h). The relatively low-velocity anomaly “VI”, between the PAL and the anomaly “VII” (Fig. 12h), can be also observed
in the Lu’s model (Fig. 13f, h). North of the PAL, our RVs model shows a low-velocity area at 30 and 40 km at the eastern part
of the region. This can be somewhat seen on the Lu et al. (2018) at 30 km. In addition, we see a clear high-velocity anomaly
under the Tauern Window at 40 km depth, while on the Lu et al. (2018) we do observe a broad low-velocity area at 40 km depth.
It seems that to the north of PAL where we have complex structures due to the interplay between orogen-normal shortening and

orogen-parallel motion (e.g. Ratschbacher et al., 1991a), our models resolve better small-scale velocity contrasts and features.
6.3 Cross-sectional view of the Vs model

Figure 14 shows cross-sections of the RVs model presented in Figure 11. Profile AA’ crosses the Austroalpine (Silvretta
and Otztal-Bundschuh) nappe system and the Giudicarie Fault. The high-velocity associated with the Silvretta and Otztal-
Bundschuh basement units is observed down to about 6 km depth, and then a layer of lower velocity anomaly can also be seen
underneath this high-velocity anomaly. Profile CC’ (Fig. 14) crosses the easternmost part of the TW. This profile at longitude
13.3°E is roughly parallel to the EASI profile (AlpArray-EASI, 2014; Hetényi et al., 2018a). South of the Periadriatic Fault in
the Southern Alps, a velocity change at about 20-25 km depth overlies that Moho depth at > 40 km (Behm et al., 2007a; Spada
et al., 2013; Bianchi et al., 2015; Hetényi et al., 2018b). To the north of the TW and under the Molasse basin, the velocity
change is also observed, which may correspond to the boundary between the upper granitic and the lower mafic crust. Profile
DD’ (Fig. 14) crosses from the NCA across the Mur-Miirz fault to the Styrian basin. The high velocity in the vicinity of the
Mur-Miirz fault in the uppermost 6 km seems to not be connected to any structure to the north. We also find a positive velocity
change at about 10-15 km depth along the southern part of the profile. The crust-mantle boundary (Moho) beneath this area is
shallow (Behm et al., 2007a), and becomes shallower to the east, toward the Pannonian basin (Horvith et al., 2006). Previously,
a crustal thinning was proposed for this area (Horvéth et al., 2006, and workers before). Behm et al. (2007b) also suggested a
Moho jump of about 10 km under this area, which results in a Moho depth of 30 km. Such a sharp positive velocity change can
be seen at 25-35 km depth on the DD’ (between 50 and 100 km horizontal distance on the profile), but is not clear enough to
be discussed with regards to a sharp change in the Moho depth along the profile. Profile EE’ (Fig. 14) crosses the length of the
Tauern Window from E to W. The high-velocity zone beneath the TW is probably associated with the European basement and
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can be tracked at depth eastward along the profile. Lower velocity zone under part of the TW is also visible in the uppermost
15 km depth on this profile.

Figure 15 shows profile BB’. It is oriented N-S, coincident with the TRANSALP profile (TRANSALP Working Group, Ge-
brande et al., 2002). Here the basement under the Tauern Window can be imaged as a high-velocity anomaly. A relatively
low-velocity anomaly is observed beneath the Periadriatic Fault Zone at < 15 km depth. A geological interpretation of the
TRANSALP profile (Schmid et al. (2004), see Bousquet et al. (2008)) is also shown in Figure 15. The pattern of the high-
velocity zone associated with the sub-Tauern basement (marked with red dashed line) is in good agreement with the geological
interpretation. A clear velocity contrast is observed at 20 km depth under the Inntal Fault and to the north. This could reflect the
contrast between European upper crust and the lower crust. To the south of Periadriatic Fault, there is a south-dipping velocity
contrast reaching to 20 km depth that cuts across the nappe contacts in the Southern Alps (Fig. 15). We speculate that this may

correspond with a post-nappe metamorphic front that is below the current erosional level.
6.4 Effect of anisotropy

The shear-velocity models extracted from Rayleigh and Love waves correlate well with most crustal geological and tectonic
units down to 20 km. However, we do observe some inconsistencies; for example, in the vicinity of the Mur-Miirz fault the LVs
model shows higher shear velocity than the RVs model at most of the depths (Fig. 11, 12). Since we typically have very good
ray coverage for both Rayleigh and Love waves at lower periods (meaning shallower depths), and therefore greater resolution,
the difference between the Rayleigh and Love waves, especially in the uppermost 20 km of crust, is noteworthy. We have also
assessed the possible effect of inversion parameters on the inverted velocity values and found that it has no significant effect
on the inverted Rayleigh and Love-wave velocities more specifically on the Love/Rayleigh velocity ratio.

As Love and Rayleigh waves are sensitive to shear displacement in different orientations (horizontal versus vertical), differ-
ent velocity anomalies between Rayleigh and Love, and particularly high-velocities of the Love waves may indicate seismic
anisotropy. The observed velocity difference may be attributed to preferred alignment of the main schistosity and shear zones
subparallel to the shearing plane of the Mur-Miirz Fault. The velocity difference between the western and the eastern parts of
the Tauern Window (Anomaly “IV” in Fig. 11 and 12) might be related to the difference in the orientations of the anisotropy.
Structural data from deeply exhumed Penninic and Subpenninic units indicate that the main schistosity strikes NE-SW and is
subvertical in upright, post-nappe folds of the west, whereas it is variably oriented to subhorizontal in folds in the east TW
(Scharf et al., 2013; Rosenberg et al., 2018).

We also found a striking velocity difference in the RVs and LVs models to the east of the Tauern Window at > 20 km depth
(Fig. 12). This occurs in the eastwardly extruded block of orogenic crust (Alcapa) bounded by the aforementioned sinistral
SEMP and dextral Periadriatic Faults. Eastward, orogen-parallel escape of the Alcapa in Miocene time is attributed to a com-
bination of indentation of the Adriatic plate and pull in the upper plate of the retreating Carpathian orogen (e.g. Royden and
Baldi, 1988; Ratschbacher et al., 1991a; Horvéth et al., 2006; Favaro et al., 2017, and references therein). The velocity contrast
at the western margin of the high-velocity domain (yellow line in Fig. 13a) is quite discordant to the trend of Moho depth

contours (Spada et al., 2013) and might represent the boundary between thinned intermediate and lower crust of Alcapa. We
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interpret this velocity contrast as a possible zone of intracrustal decoupling at the base of the laterally eastward extruded Al-
capa unit. The observed velocity difference between Love-wave Vs model and Rayleigh wave model may reflect shear-induced
anisotropy originating from eastward motion of the Alcapa block above the subducting lithosphere during Miocene Adria-
Europe convergence. Such high velocity is not seen in the (Kistle et al., 2018) Vs model, possibly due to the fact that their
model is isotropic and jointly inverted from Rayleigh and Love dispersions. This inversion may have averaged any anisotropic
effects due to contrasting Rayleigh-Love Vs differences. We do observe a slightly low-velocity anomaly to the east of the
TW on the Rayleigh-wave model of Lu et al. (2018). Since they only presented Rayleigh-wave Vs model, it is not possible to
discuss and to compare the anisotropy effect on the RVs and LVs difference from the Lu et al. (2018).

However, here we have separately inverted Rayleigh and Love dispersions, which present well-resolved isotropic shear veloc-
ity models with observed Rayleigh and Love velocity inconsistency in some parts of the region. It may highlight a notable
anisotropy signal but would need a joint inversion of Rayleigh and Love dispersions in order to build an anisotropic velocity

model to confirm this observation.

7 Conclusions

We used two years of ambient noise data recorded at a set of permanent and temporary stations in the Eastern and Southern
Alps with an average station spacing of 232 km in order to perform ambient noise tomography and to derive a local high
resolution Vs model of the crust. As an increment to the previously presented Vs model for the Alps (Kistle et al., 2018), and
for Europe (Lu et al., 2018), we presented here both Rayleigh-wave and Love-wave shear-velocity models. Our high-resolution
3-D shear-velocity models show very good correlation between the velocity contrasts and geology projected to depth from the
surface. The models reveal details of the crustal structure down to a depth of 40 km in higher resolutions that the previous Vs
models (Kistle et al., 2018; Lu et al., 2018) have neither shown nor discussed.

The observed high-velocity anomalies are associated mainly with the crystalline core zone of the Alps, whereas the sediments
of the Northern Calcareous Alps and the Southern Alps generally coincide with low velocities. The Molasse and Po Basins also
correlate with low-velocity anomalies. Individual tectonic units (e.g. Silvretta and Otztal-Bundschuh nappes, Koralpe unit) are
also delimited by velocity contrasts. A velocity contrast at 20-25 km depth found mainly south and north of the TW (profiles
BB’ and CC’, Fig. 14, 15) perhaps represents a boundary between the upper and the lower crust. The high velocity and
velocity contrast observed at depth > 20 km to the east of the TW can be interpreted as an intracrustal decoupling horizon that
accommodated east-directed, orogen-parallel lateral extrusion of orogenic crust above lithospheric subduction during north-
south Adria-Europe convergence.

Presenting separate Rayleigh and Love-wave Vs models made us able to observe a number of discrepancies between the
Rayleigh and Love-wave shear velocities, e.g., around the Mur-Miirz fault. That may be attributed to strain-induced orientation
of the dominant foliation subparallel to the fault planes. Future studies of anisotropy are required to constrain the depth extent
of this anisotropy, for example, by jointly inverting the Rayleigh- and Love-wave dispersions to construct an anisotropic shear-

velocity model of the region.

14



455

460

465

470

475

480

Acknowledgements. We thank R. Schuster, E. Kissling, I. Bianchi, and E. Briickl for helpful discussions and all colleagues from IG Prague,
University of Vienna, and ETH Ziirich involved in the EASI seismic profile. A complete list of people who contributed to the EASI project
is provided at http://www.alparray.ethz.ch/. We also thank the editor C. Beghein and two reviewers (A. Fichtner and Anonymous) for careful
and insightful review, constructive comments, and suggestions that led us to improve the manuscript. We thank B. Bahrami for digitizing
the features and margins of the geological units and velocity anomalies superimposed on the tomographic images, were digitized by QGIS.
This work was partly supported by the Austrian Science Foundation (FWF), projects 26391 and 24218. The authors also thank the Austrian
Agency for International Cooperation in Education & Research (OeAD-GmbH) for funding the Amadée project, FR02/2017. This project
was co-funded by the French Ministry for European & Foreign Affairs and the French Ministry of Higher Education and Research, project
number PHC-AMADEUS 38147QH. Thanks go to the IPGS for its support of D. Zigone via the 2016 IPGS-internal call, and to the German
Science Foundation (DFG) for its support of M.R. Handy (projects Ha 2403/19, 20). We acknowledge the Seismological Networks of Austria
(ZAMG), Switzerland (CH), Italy INGV), Siidtirol (SI), German Regional Seismic Network (BGR), Bavaria (BayernNetz), Germany (BW),
Slovenia (ODC), Hungary (HU), and Slovakia (SK) use of data as made available through the GFZ webdc data center, http://eida.gfz-
potsdam.de/webdc3/. The author thank D. Applbaum for proofreading the manuscript.

Disclaimer. The view expressed herein are those of the authors and do not necessarily reflect the views of the CTBTO Preparatory Commis-

sion.

Data availability. Data from Seismological Networks of Austria (ZAMG), Switzerland (CH), Italy INGV), Stidtirol (SI), German Regional
Seismic Network (BGR), Bavaria (BayernNetz), Germany (BW), Slovenia (ODC), Hungary (HU), and Slovakia (SK) are available through
the GFZ webdc data center, http://eida.gfz-potsdam.de/webdc3/.

AlpArray-EASI Team: Jaroslava Plomerovd, Helena Munzarovd, Ludek Vecsey, Petr Jedlicka, Josef Kotek, G6tz Bokel-
mann, Irene Bianchi, Maria-Theresia Apoloner, Florian Fuchs, Patrick Ott, Ehsan Qorbani, Katalin Gribovszki, Peter Kolinsky,
Peter Jordakiev, Hans Huber, Stefano Solarino, Aladino Govoni, Simone Salimbeni, Lucia Margheriti, Adriano Cavaliere, Edi
Kissling, John Clinton, Roman Racine, Sacha Barman, Robert Tanner, Pascal Graf, Laura Ermert, Anne Obermann, Stefan
Hiemer, Meysam Rezaeifar, Edith Korger, Ludwig Auer, Korbinian Sager, Gyorgy Hetényi, Irene Molinari, Marcus Herrmann,

Saulé Zukauskaité, Paula Koelemeijer, Sascha Winterberg.

Author contributions. EQ performed data preparation, analysis, and velocity inversions. EQ also prepared the manuscript. DZ provided most
of the codes used in the analysis. MH and GB were involved in the geological interpretations. All authors also contributed to reviewing and

editing the manuscript. GB provided the financial support of the work.

Competing interests. The authors declare that they have no conflict of interest.

15



485

490

495

500

505

510

515

References

AlpArray: AlpArray Seismic Network, AlpArray Seismic Network (AASN) temporary component. AlpArray Working Group. Other/Seismic
Network, https://doi.org/10.12686/alparray/z32015, http://data.datacite.org/10.12686/alparray/z3_2015, 2015.

AlpArray-EASI: AlpArray Seismic Network, Eastern Alpine Seismic Investigation (EASI) - AlpArray Complimentary Experiment. Al-
pArray Working Group. Other/Seismic Network, https://doi.org/10.12686/alparray/xt2014, http://data.datacite.org/10.12686/alparray/xt_
2014, 2014.

Barmin, M. P, Ritzwoller, M. H., and Levshin, A. L.: A Fast and Reliable Method for Surface Wave Tomography, Pure Appl. Geophys., 158,
1351-1375, https://doi.org/10.1007/PL00001225, https://doi.org/10.1007/PL00001225, 2001.

Behm, M., Briickl, E., Chwatal, W., and Thybo, H.: Application of stacking and inversion techniques to three-dimensional wide-angle
reflection and refraction seismic data of the Eastern Alps, Geophysical Journal International, 170, 275-298, https://doi.org/10.1111/j.1365-
246X.2007.03393.x, 2007a.

Behm, M., Bruckl, E., Mitterbauer, U., CELEBRATION-2000, W., and ALP-2002, W.: A New Seismic Model of the Eastern Alps and its
Relevance for Geodesy and Geodynamics, Vermessung and Geoinformation, 2, 121-133, 2007b.

Behm, M., Nakata, N., and Bokelmann, G.: Regional Ambient Noise Tomography in the Eastern Alps of Europe, Pure and Applied Geo-
physics, 173, 2813-2840, https://doi.org/10.1007/s00024-016-1314-z, https://doi.org/10.1007/s00024-016-1314-z, 2016.

Bensen, G. D., Ritzwoller, M. H., Barmin, M. P,, Levshin, A. L., Lin, F., Moschetti, M. P., Shapiro, N. M., and Yang, Y.: Processing seismic
ambient noise data to obtain reliable broad-band surface wave dispersion measurements, Geophysical Journal International, 169, 1239—
1260, https://doi.org/10.1111/j.1365-246X.2007.03374.x, http://dx.doi.org/10.1111/j.1365-246X.2007.03374.x, 2007.

Bianchi, 1., Miller, M. S., and Bokelmann, G.: Insights on the upper mantle beneath the Eastern Alps, Earth Planet. Sci. Lett., 403, 199 — 209,
https://doi.org/http://dx.doi.org/10.1016/j.epsl.2014.06.051, 2014a.

Bianchi, 1., Behm, M., Rumpfhuber, E. M., and Bokelmann, G.: A New Seismic Data Set on the Depth of the Moho in the Alps, Pure and
Applied Geophysics, 172, 295-308, https://doi.org/10.1007/s00024-014-0953-1, https://doi.org/10.1007/s00024-014-0953-1, 2015.

Bleibinhaus, F. and Gebrande, H.: Crustal structure of the Eastern Alps along the TRANSALP profile from wide-angle seismic tomography,
Tectonophysics, 414, 51 — 69, https://doi.org/http://dx.doi.org/10.1016/j.tecto.2005.10.028, 2006.

Bousquet, R., Oberhinsli, R., Goffé, B., Wiederkehr, M., Koller, F., Schmid, S., Schuster, R., Engi, M., Berger, A., and Martinotti, G.:
Metamorphic Framework of the Alps, Tech. rep., CCGM-CGMW, 2008.

Briickl, E., Bleibinhaus, F., Gosar, A., Grad, M., Guterch, A., P. Hrubcov4, P., Keller, G., Majdariski, M., Sumanovac, F., Tiira, T., Yliniemi,
J., Hegeddis, E., and Thybo, H.: Crustal structure due to collisional and escape tectonics in the Eastern Alps region based on profiles Alp01
and Alp02 from the ALP 2002 seismic experiment, J. Geophys. Res., 112, https://doi.org/10.1029/2006JB004687, 2007.

Briickl, E., Behm, M., Decker, K., Grad, M., Guterch, A., Keller, G., and Thybo, H.: Crustal Structure and Active Tectonics in the Eastern
Alps, Tectonics, 29, https://doi.org/10.1029/2009TC002491, 2010.

BW: BayernNetz, Department of Earth and Environmental Sciences, Geophysical Observatory, University of Munchen, International Feder-
ation of Digital Seismograph Networks. Other/Seismic Network, https://doi.org/10.7914/SN/BW, 2001.

Campillo, M., Singh, S., Shapiro, N., Pacheco, J., and Herrmann, R.: Crustal structure South of Mexican Volcanic belt based on group
velocity dispersion, Geofisica Intern, 35, 361-370, https://doi.org/10.1016/j.crte.2011.07.007, 1996.

CH: Swiss Seismological Service, National Seismic Networks of Switzerland, Swiss Seismological Service, ETH Ziirich,

https://doi.org/https://doi.org/10.12686/sed/networks/ch, 1983.

16


https://doi.org/10.12686/alparray/z32015
http://data.datacite.org/10.12686/alparray/z3_2015
https://doi.org/10.12686/alparray/xt2014
http://data.datacite.org/10.12686/alparray/xt_2014
http://data.datacite.org/10.12686/alparray/xt_2014
http://data.datacite.org/10.12686/alparray/xt_2014
https://doi.org/10.1007/PL00001225
https://doi.org/10.1007/PL00001225
https://doi.org/10.1111/j.1365-246X.2007.03393.x
https://doi.org/10.1111/j.1365-246X.2007.03393.x
https://doi.org/10.1111/j.1365-246X.2007.03393.x
https://doi.org/10.1007/s00024-016-1314-z
https://doi.org/10.1007/s00024-016-1314-z
https://doi.org/10.1111/j.1365-246X.2007.03374.x
http://dx.doi.org/10.1111/j.1365-246X.2007.03374.x
https://doi.org/http://dx.doi.org/10.1016/j.epsl.2014.06.051
https://doi.org/10.1007/s00024-014-0953-1
https://doi.org/10.1007/s00024-014-0953-1
https://doi.org/http://dx.doi.org/10.1016/j.tecto.2005.10.028
https://doi.org/10.1029/2006JB004687
https://doi.org/10.1029/2009TC002491
https://doi.org/10.7914/SN/BW
https://doi.org/10.1016/j.crte.2011.07.007
https://doi.org/https://doi.org/10.12686/sed/networks/ch

520

525

530

535

540

545

550

5565

Cupillard, P. and Capdeville, Y.: On the amplitude of surface waves obtained by noise correlation and the capability to recover the attenuation:
a numerical approach, Geophys. J. Int., 181, 1687-1700, https://doi.org/10.1111/j.1365-246X.2010.04586.x, +http://dx.doi.org/10.1111/
j-1365-246X.2010.04586.x, 2010.

Diehl, T.: 3-D Seismic Velocity Models of the Alpine Crust from Local Earthquake Tomography, Ph.D. thesis, ETH Zurich,
https://doi.org/10.3929/ethz-a-005691675, 2008.

Egger, H., Krenmayr, H., Mandl, G., Matura, A., Nowotny, A., Pascher, G., Pestal, G., Pistotnik, J., Rockenschaub, M., and Schnabel, W.:
Geological Map of Auastria (1 : 1 500 000), Map, Geological Survey of Austria (GBA), 1999.

Favaro, S., Handy, M. R., Scharf, A., and Schuster, R.: Changing patterns of exhumation and denudation in front of an advancing crustal in-
denter, Tauern Window (Eastern Alps), Tectonics, 36, 1053-1071, https://doi.org/10.1002/2016TC004448, https://agupubs.onlinelibrary.
wiley.com/doi/abs/10.1002/2016TC004448, 2017.

Frisch, W., Kuhleman, J., Dunkl, 1., and Briigel, A.: Palinspastic reconstruction and topographic evolution of the Eastern Alps during late
Tertiary tectonic extrusion, Tectonophysics, 279, 1-15, 1998.

Fry, B., Deschamps, F., Kissling, E., Stehly, L., and Giardini, D.: Layered azimuthal anisotropy of Rayleigh wave phase
velocities in the FEuropean Alpine lithosphere inferred from ambient noise, Earth Planet. Sci. Lett., 297, 95-102,
https://doi.org/http://dx.doi.org/10.1016/].epsl.2010.06.008, 2010.

Gebrande, H., Liischen, E., Bopp, M., Bleibinhaus, F., Lammerer, B., Oncken, O., Stiller, M., Kummerow, J., Kind, R., Millahn, K., Grassl,
H., Neubauer, F., Bertelli, L., Borrini, D., Fantoni, R., Pessina, C., Sella, M., Castellarin, A., Nicolich, R., Mazzotti, A., and Bernabini, M.:
First deep seismic reflection images of the Eastern Alps reveal giant crustal wedges and transcrustal ramps, Geophysical Research Letters,
29, 92-1-92-4, https://doi.org/10.1029/2002GL014911, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2002GL014911, 2002.

Gebrande, H., Castellarin, A., Liischen, E., Millahn, K., Neubauer, F., and Nicolich, R.: TRANSALP—A transect through a young collisional
orogen: Introduction, Tectonophysics, 414, 1 — 7, https://doi.org/https://doi.org/10.1016/j.tecto.2005.10.030, http://www.sciencedirect.
com/science/article/pii/S0040195105004555, tRANSALP, 2006.

Genser, J. and Neubauer, F.: Low angle normal faults at the Eastern margin of the Tauern window (Eastern Alps), Mitt. Osterr. Geol. Ges.,
81, 233-243, 1989.

GR: German Regional Seismic Network, Operated by Seismogisches Zentralobseratorium (GRF), Germany, 2001.

Hamilton, W., Wagner, L., and Wessely, G.: Oil and Gas in Austria, in: Mitteilungen der Osterreichischen Geologischen Gesellschaft, edited
by Neubauer, F. and Hock, V., vol. 92, Wien, 2000.

Handy, M., Ustaszewski, K., and Kissling, E.: Reconstructing the Alps—Carpathians—Dinarides as a key to understanding switches in subduc-
tion polarity, slab gaps and surface motion, International Journal of Earth Sciences, 104, 1-26, https://doi.org/10.1007/s00531-014-1060-3,
2015.

Handy, M. R., Schmid, S. M., Bousquet, R., Kissling, E., and Bernoulli, D.: Reconciling plate-tectonic reconstructions of Alpine
Tethys with the geological-geophysical record of spreading and subduction in the Alps, Earth-Science Rev., 102, 121 — 158,
https://doi.org/10.1016/j.earscirev.2010.06.002, 2010.

Hansen, P. C. and O’Leary, D. P.: The Use of the L-curve in the Regularization of Discrete Ill-posed Problems, SIAM J. Sci. Comput., 14,
1487-1503, https://doi.org/10.1137/0914086, http://dx.doi.org/10.1137/0914086, 1993.

Herrmann, R. B.: Computer Programs in Seismology: An Evolving Tool for Instruction and Research, Seismol. Res. Lett., 84, 1081,

https://doi.org/10.1785/0220110096, +http://dx.doi.org/10.1785/0220110096, 2013.

17


https://doi.org/10.1111/j.1365-246X.2010.04586.x
+ http://dx.doi.org/10.1111/j.1365-246X.2010.04586.x
+ http://dx.doi.org/10.1111/j.1365-246X.2010.04586.x
+ http://dx.doi.org/10.1111/j.1365-246X.2010.04586.x
https://doi.org/10.1002/2016TC004448
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016TC004448
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016TC004448
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016TC004448
https://doi.org/http://dx.doi.org/10.1016/j.epsl.2010.06.008
https://doi.org/10.1029/2002GL014911
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2002GL014911
https://doi.org/https://doi.org/10.1016/j.tecto.2005.10.030
http://www.sciencedirect.com/science/article/pii/S0040195105004555
http://www.sciencedirect.com/science/article/pii/S0040195105004555
http://www.sciencedirect.com/science/article/pii/S0040195105004555
https://doi.org/10.1007/s00531-014-1060-3
https://doi.org/10.1016/j.earscirev.2010.06.002
https://doi.org/10.1137/0914086
http://dx.doi.org/10.1137/0914086
https://doi.org/10.1785/0220110096
+ http://dx.doi.org/10.1785/0220110096

560

565

570

575

580

585

590

Hetényi, G., Molinari, I., Clinton, J., Bokelmann, G., Bonddr, I., Crawford, W. C., Dessa, J.-X., Doubre, C., Friederich, W., Fuchs, F,,
Giardini, D., Griczer, Z., Handy, M. R., Herak, M., Jia, Y., Kissling, E., Kopp, H., Korn, M., Margheriti, L., Meier, T., Mucciarelli, M.,
Paul, A., Pesaresi, D., Piromallo, C., Plenefisch, T., Plomerova, J., Ritter, J., Riimpker, G., §ipka, V., Spallarossa, D., Thomas, C., Tilmann,
E., Wassermann, J., Weber, M., Wéber, Z., Wesztergom, V., Ziv¢ié, M., Abreu, R., Allegretti, 1., Apoloner, M.-T., Aubert, C., Besancon,
S., Bés de Berc, M., Brunel, D., Capello, M., Carman, M., Cavaliere, A., Cheze, J., Chiarabba, C., Cougoulat, G., Cristiano, L., Czifra,
T., D’Alema, E., Danesi, S., Daniel, R., Dannowski, A., Dasovi¢, 1., Deschamps, A., Egdorf, S., Fiket, T., Fischer, K., Funke, S., Govoni,
A., Groschl, G., Heimers, S., Heit, B., Herak, D., Huber, J., Jari¢, D., Jedlicka, P., Jund, H., Klingen, S., Klotz, B., Kolinsky, P., Kotek, J.,
Kiihne, L., Kuk, K., Lange, D., Loos, J., Lovati, S., Malengros, D., Maron, C., Martin, X., Massa, M., Mazzarini, F., Métral, L., Moretti, M.,
Munzarové, H., Nardi, A., Pahor, J., Péquegnat, C., Petersen, F., Piccinini, D., Pondrelli, S., Prevolnik, S., Racine, R., Régnier, M., Reiss,
M., Salimbeni, S., Santulin, M., Scherer, W., Schippkus, S., Schulte-Kortnack, D., Solarino, S., Spieker, K., Stipcevic, J., Strollo, A., Siile,
B., Szanyi, G., Szfics, E., Thorwart, M., Ueding, S., Vallocchia, M., Vecsey, L., Voigt, R., Weidle, C., Weyland, G., Wiemer, S., Wolf, F.,
Wolyniec, D., Zieke, T., Team, A. S. N., Lab, E.-S. E., Crew, A. O. C., and Group, A. W.: The AlpArray Seismic Network: A Large-Scale
European Experiment to Image the Alpine Orogen, Surveys in Geophysics, 39, 1009-1033, https://doi.org/10.1007/s10712-018-9472-4,
https://doi.org/10.1007/s10712-018-9472-4, 2018a.

Hetényi, G., Plomerovd, J., Bianchi, 1., Exnerovd, H. K., Bokelmann, G., Handy, M. R., and Babuska, V.: From mountain summits
to roots: Crustal structure of the Eastern Alps and Bohemian Massif along longitude 13.3°E, Tectonophysics, 744, 239 — 255,
https://doi.org/https://doi.org/10.1016/j.tecto.2018.07.001, http://www.sciencedirect.com/science/article/pii/S0040195118302440, 2018b.

Horvith, F.,, Bada, G., Szafian, P., Tari, G., Addm, A., and Cloetingh, S.: Formation and deformation of the Pannonian Basin: constraints
from observational data, Geological Society, London, Memoirs, 32, 191-206, https://doi.org/10.1144/GSL.MEM.2006.032.01.11, 2006.

HU: Kovesligethy Radé Seismological Observatory, Geodetic and Geophysical Institute, Research Centre for Astronomy and Earth Sciences,
Hungarian Academy of Sciences (MTA CSFK GGI KRSZO), Hungarian National Seismological Network. Deutsches GeoForschungsZen-
trum GFZ. Other/Seismic Network, https://doi.org/10.14470/UH028726, 1992.

Hua, Y., Zhao, D., and Xu, Y.: P wave anisotropic tomography of the Alps, Journal of Geophysical Research: Solid Earth, 122, 4509-4528,
https://doi.org/10.1002/2016JB013831, http://dx.doi.org/10.1002/2016JB013831, 2016JB013831, 2017.

INGV: Seismological Data Centre, Rete Sismica Nazionale (RSN). Istituto Nazionale di Geofisica e Vulcanologia (INGV), Italy,
https://doi.org/https://doi.org/10.13127/sd/x0fxnh7qfy, 2006.

Juretzek, C. and Hadziioannou, C.: Where do ocean microseisms come from? A study of Love-to-Rayleigh wave ratios, J. Geophys. Res.,
121, 6741-6756, https://doi.org/10.1002/2016JB013017, http://dx.doi.org/10.1002/2016JB013017, 2016JB013017, 2016.

Karousovd, H., Plomerova, J., and Babuska, V.: Upper-mantle structure beneath the southern Bohemian Massif and its surroundings imaged
by high-resolution tomography, Geophysical Journal International, 194, 1203-1215, https://doi.org/10.1093/gji/ggt159, 2013.

Kaistle, E. D., El-Sharkawy, A., Boschi, L., Meier, T., Rosenberg, C., Bellahsen, N., Cristiano, L., and Weidle, C.: Surface Wave Tomography
of the Alps Using Ambient-Noise and Earthquake Phase Velocity Measurements, Journal of Geophysical Research: Solid Earth, 123,
1770-1792, https://doi.org/10.1002/2017JB014698, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JB014698, 2018.

Kistle, E. D., Rosenberg, C., Boschi, L., Bellahsen, N., Meier, T., and El-Sharkawy, A.: Slab Break-offs in the Alpine Subduction Zone,
Solid Earth Discussions, 2019, 1-16, https://doi.org/10.5194/se-2019-17, https://www.solid-earth-discuss.net/se-2019-17/, 2019.

Kissling, E., Schmid, S. M., Lippitsch, R., Ansorge, J., and Fugenschuh, B.: Lithosphere structure and tectonic evolution
of the Alpine arc: new evidence from high-resolution teleseismic tomography, Geol. Soc. London. Memoirs, 32, 129-145,

https://doi.org/10.1144/GSL.MEM.2006.032.01.08, 2006.

18


https://doi.org/10.1007/s10712-018-9472-4
https://doi.org/10.1007/s10712-018-9472-4
https://doi.org/https://doi.org/10.1016/j.tecto.2018.07.001
http://www.sciencedirect.com/science/article/pii/S0040195118302440
https://doi.org/10.1144/GSL.MEM.2006.032.01.11
https://doi.org/10.14470/UH028726
https://doi.org/10.1002/2016JB013831
http://dx.doi.org/10.1002/2016JB013831
https://doi.org/https://doi.org/10.13127/sd/x0fxnh7qfy
https://doi.org/10.1002/2016JB013017
http://dx.doi.org/10.1002/2016JB013017
https://doi.org/10.1093/gji/ggt159
https://doi.org/10.1002/2017JB014698
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JB014698
https://doi.org/10.5194/se-2019-17
https://www.solid-earth-discuss.net/se-2019-17/
https://doi.org/10.1144/GSL.MEM.2006.032.01.08

595

600

605

610

615

620

625

630

Le Breton, E., Handy, M. R., Molli, G., and Ustaszewski, K.: Post-20 Ma Motion of the Adriatic Plate: New Constraints From Sur-
rounding Orogens and Implications for Crust-Mantle Decoupling, Tectonics, 36, 3135-3154, https://doi.org/10.1002/2016TC004443,
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016TC004443, 2017.

Levshin, A. L. and Keilis-Borok, V. L.: Seismic surface waves in a laterally inhomogeneous Earth, Kluwer Academic Publishers, Dordrecht
; Boston, //catalog.hathitrust.org/Record/002059413, 1989.

Linzer, H.-G., Decker, K., Peresson, H., Dell’Mour, R., and Frisch, W.: Balancing lateral orogenic float of the Eastern Alps, Tectonophysics,
354,211 — 237, https://doi.org/http://dx.doi.org/10.1016/S0040-1951(02)00337-2, 2002.

Lippitsch, R., Kissling, E., and Ansorge, J.: Upper mantle structure beneath the Alpine orogen from high-resolution tomography, J. Geophys.
Res., 108, 2376, https://doi.org/10.1029/2002JB002016, 2003.

Lu, Y., Stehly, L., Paul, A., and Group, A. W.: High-resolution surface wave tomography of the European crust and uppermost mantle from
ambient seismic noise, Geophysical Journal International, 214, 1136-1150, https://doi.org/10.1093/gji/ggy 188, https://doi.org/10.1093/
gji/ggy 188, 2018.

Merlini, S., Goglioni, C., Fantoni, R., and Ponton, M.: Analisi strutturale lungo un profilo geologico tra la linea Fella-Savae 1’avampaese
adriatico (Friuli Venezia Giulia-Italia), Mem. Soc. Geol. It, pp. 293-300, 2002.

Mitterbauer, U., Behm, M., Briickl, E., Lippitsch, R., Guterch, A., Keller, G., Koslovskaya, E., Rumpthuber, E., and Sumanovac.,
F.: Shape and origin of the East-Alpine slab constrained by the ALPASS teleseismic model, Tectonophysics, 510, 195-206,
https://doi.org/10.1016/j.tecto.2011.07.001, 2011.

Molinari, I., Verbeke, J., Boschi, L., Kissling, E., and Morelli, A.: Italian and Alpine three-dimensional crustal structure imaged by ambient-
noise surface-wave dispersion, Geochemistry, Geophysics, Geosystems, 16, 4405-4421, https://doi.org/10.1002/2015GC006176, http:
//dx.doi.org/10.1002/2015GC006176, 2015.

Nicolson, H., Curtis, A., Baptie, B., and Galetti, E.: Seismic interferometry and ambient noise tomography in the British Isles, Proceedings
of the Geologists’ Association, 123, 74 — 86, https://doi.org/https://doi.org/10.1016/j.pgeola.2011.04.002, http://www.sciencedirect.com/
science/article/pii/S001678781100037X, 2012.

OE: Austrian Seismic Network, Operated by ZAMG - Central Institute for Meteorology and Geodynamics,
https://doi.org/http://www.zamg.ac.at, 1987.

Poli, P, Pedersen, H. A., Campillo;, M., and : Noise directivity and group velocity tomography in a region with small velocity contrasts: the
northern Baltic shield, Geophysical Journal International, 192, 413-424, https://doi.org/10.1093/gji/ggs034, +http://dx.doi.org/10.1093/
gji/ggs034, 2013.

Pomella, H., Klotzli, U., Scholger, R., Stipp, M., and Fiigenschuh, B.: The Northern Giudicarie and the Meran-Mauls fault (Alps, Northern
Italy) in the light of new paleomagnetic and geochronological data from boudinaged Eo-/Oligocene tonalites, International Journal of
Earth Sciences, 100, 1827-1850, https://doi.org/10.1007/s00531-010-0612-4, https://doi.org/10.1007/s00531-010-0612-4, 2011.

Qorbani, E., Bianchi, I., and Bokelmann, G.: Slab detachment under the Eastern Alps seen by seismic anisotropy, Earth Planet. Sci. Lett.,
409, 96 — 108, https://doi.org/http://dx.doi.org/10.1016/j.epsl.2014.10.049, 2015.

Ratschbacher, L., Merle, O., Davy, P., and Cobbold, P.: Lateral extrusion in the eastern Alps, part I: Boundary conditions and experiments
scaled for gravity, Tectonics, 10, 245-256, https://doi.org/10.1029/90TC02622, 1991a.

Ren, Y., Grecu, B., Stuart, G., Houseman, G., Hegediis, E., and : Crustal structure of the Carpathian—Pannonian region from ambient noise

tomography, Geophys. J. Int., 195, 1351-1369, https://doi.org/10.1093/gji/ggt316, +http://dx.doi.org/10.1093/gji/ggt316, 2013.

19


https://doi.org/10.1002/2016TC004443
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016TC004443
//catalog.hathitrust.org/Record/002059413
https://doi.org/http://dx.doi.org/10.1016/S0040-1951(02)00337-2
https://doi.org/10.1029/2002JB002016
https://doi.org/10.1093/gji/ggy188
https://doi.org/10.1093/gji/ggy188
https://doi.org/10.1093/gji/ggy188
https://doi.org/10.1093/gji/ggy188
https://doi.org/10.1016/j.tecto.2011.07.001
https://doi.org/10.1002/2015GC006176
http://dx.doi.org/10.1002/2015GC006176
http://dx.doi.org/10.1002/2015GC006176
http://dx.doi.org/10.1002/2015GC006176
https://doi.org/https://doi.org/10.1016/j.pgeola.2011.04.002
http://www.sciencedirect.com/science/article/pii/S001678781100037X
http://www.sciencedirect.com/science/article/pii/S001678781100037X
http://www.sciencedirect.com/science/article/pii/S001678781100037X
https://doi.org/http://www.zamg.ac.at
https://doi.org/10.1093/gji/ggs034
+ http://dx.doi.org/10.1093/gji/ggs034
+ http://dx.doi.org/10.1093/gji/ggs034
+ http://dx.doi.org/10.1093/gji/ggs034
https://doi.org/10.1007/s00531-010-0612-4
https://doi.org/10.1007/s00531-010-0612-4
https://doi.org/http://dx.doi.org/10.1016/j.epsl.2014.10.049
https://doi.org/10.1029/90TC02622
https://doi.org/10.1093/gji/ggt316
+ http://dx.doi.org/10.1093/gji/ggt316

635

640

645

650

655

660

665

Rhie, J. and Romanowicz, B.: Excitation of Earth’s continuous free oscillations by atmosphere—ocean—seafloor coupling, Nature, 431, 552
EP —, http://dx.doi.org/10.1038/nature02942, 2004.

Rosenberg, C., Schneider, S., Scharf, A., Bertrand, A., Hammerschmidt, K., Rabaute, A., and Brun, J.: Relating collisional kinematics to
exhumation processes in the Eastern Alps, Earth-Science Reviews, 176, 311-344, https://doi.org/10.1016/j.earscirev.2017.10.013, 2018.

Royden, L. and Baldi, T.: Early Cenozoic tectonics and paleogeography of the Pannonain and surrounding regions, in: The Pannonian Basin:
A Study in Basin Evolution, edited by Royden, L. and Horvath, F., vol. 45, pp. 1-16, AAPG Memoir, 1988.

Scharf, A., Handy, M., Favaro, S., Schmid, S., and Bertrand, A.: Modes of orogen-parallel stretching and extensional exhumation in response
to microplate indentation and roll-back subduction (Tauern Window, Eastern Alps), International Journal of Earth Sciences, 102, 1627-
1654, https://doi.org/10.1007/s00531-013-0894-4, 2013.

Scharf, A., Handy, M. R., Schmid, S. M., Favaro, S., Sudo, M., Schuster, R., and Hammerschmidt, K.: Grain-size effects on
the closure temperature of white mica in a crustal-scale extensional shear zone — Implications of in-situ 40Ar/39Ar laser-
ablation of white mica for dating shearing and cooling (Tauern Window, Eastern Alps), Tectonophysics, 674, 210 — 226,
https://doi.org/https://doi.org/10.1016/j.tecto.2016.02.014, http://www.sciencedirect.com/science/article/pii/S0040195116001116, 2016.

Schmid, S., Fugenschuh, B., Kissling, E., and Schuster, R.: Tectonic map and overall architecture of the Alpine orogen, Eclogae Geol. Helv.,
97, 93-117, https://doi.org/10.1007/s00015-004-1113-x, 2004.

Schmid, S., Bernoulli, D., Fiigenschuh, B., Matenco, L., Schefer, S., Schuster, R., Tischler, M., and Ustaszewski, K.: The Alpine-
Carpathian-Dinaridic orogenic system: correlation and evolution of tectonic units, Swiss Journal of Geosciences, 101, 139-183,
https://doi.org/10.1007/s00015-008-1247-3, http://dx.doi.org/10.1007/s00015-008-1247-3, 2008.

Schmid, S., Scharf, A., Handy, M., and Rosenberg, C.: The Tauern Window (Eastern Alps, Austria): a new tectonic map, with cross-sections
and a tectonometamorphic synthesis, Swiss Journal of Geosciences, 106, 1-32, https://doi.org/10.1007/s00015-013-0123-y, 2013.

Schonborn, G.: Alpine tectonics and kinematic models of the central southern Alps, Memorie di Scienze Geologiche, 44, 229-393, 1992.

Schuster, R., Koller, F., Hoeck, V., Hoinkes, G., and Bousquet, R.: Explanatory notes to the map: Metamorphic structure of the Alps -
Metamorphic evolution of the Eastern Alps, Mitteilungen der Osterreichischen Mineralogischen Gesellschaft, 149, 2004.

Seats, K. J., Lawrence, J. F., and Prieto, G. A.: Improved ambient noise correlation functions using Welch’s method, Geophys. J. Int., 188,
513-523, https://doi.org/10.1111/j.1365-246X.2011.05263.x, +http://dx.doi.org/10.1111/j.1365-246X.2011.05263.x, 2012.

Selverstone, J.: Evidence for east-west crustal extension in the Eastern Alps: Implications for the unroofing history of the Tauern window,
Tectonics, 7, 87-105, https://doi.org/10.1029/TC007i1001p00087, 1988.

Shapiro, N. M. and Campillo, M.: Emergence of broadband Rayleigh waves from correlations of the ambient seismic noise, Geophysical
Research Letters, 31, n/a—n/a, https://doi.org/10.1029/2004GL019491, http://dx.doi.org/10.1029/2004GL019491, 107614, 2004.

Shapiro, N. M., Campillo, M., Stehly, L., and Ritzwoller, M. H.: High-Resolution Surface-Wave Tomography from Ambient Seismic Noise,
Science, 307, 1615-1618, https://doi.org/10.1126/science.1108339, http://science.sciencemag.org/content/307/5715/1615, 2005.

SI: Province Siidtirol seismic network, Operated by ZAMG - Central Institute for Meteorology and Geodynamics,
https://doi.org/http://www.zamg.ac.at, 2006.

SK: National Network of Seismic Stations of Slovakia, ESI SAS (Earth Science Institute of the Slovak Academy of Sciences), Deutsches
GeoForschungsZentrum GFZ, https://doi.org/https://doi.org/10.14470/fx099882, 2001.

SL: Slovenian Environment Agency , Seismic Network of the Republic of Slovenia. International Federation of Digital Seismograph Net-

works. Other/Seismic Network, https://doi.org/10.7914/SN/SL, 2001.

20


http://dx.doi.org/10.1038/nature02942
https://doi.org/10.1016/j.earscirev.2017.10.013
https://doi.org/10.1007/s00531-013-0894-4
https://doi.org/https://doi.org/10.1016/j.tecto.2016.02.014
http://www.sciencedirect.com/science/article/pii/S0040195116001116
https://doi.org/10.1007/s00015-004-1113-x
https://doi.org/10.1007/s00015-008-1247-3
http://dx.doi.org/10.1007/s00015-008-1247-3
https://doi.org/10.1007/s00015-013-0123-y
https://doi.org/10.1111/j.1365-246X.2011.05263.x
+ http://dx.doi.org/10.1111/j.1365-246X.2011.05263.x
https://doi.org/10.1029/TC007i001p00087
https://doi.org/10.1029/2004GL019491
http://dx.doi.org/10.1029/2004GL019491
https://doi.org/10.1126/science.1108339
http://science.sciencemag.org/content/307/5715/1615
https://doi.org/http://www.zamg.ac.at
https://doi.org/https://doi.org/10.14470/fx099882
https://doi.org/10.7914/SN/SL

670

675

680

685

Spada, M., Bianchi, L., Kissling, E., Agostinetti, N. P., and Wiemer, S.: Combining controlled-source seismology and receiver function infor-
mation to derive 3-D Moho topography for Italy, Geophysical Journal International, 194, 1050-1068, https://doi.org/10.1093/gji/ggt148,
https://doi.org/10.1093/gji/ggt148, 2013.

Stehly, L., Fry, B., Campillo, M., Shapiro, N. M., Guilbert, J., Boschi, L., and Giardini, D.: Tomography of the Alpine region from observa-
tions of seismic ambient noise, Geophys. J. Int., 178, 338-350, https://doi.org/10.1111/j.1365-246X.2009.04132.x, 2009.

Steininger, F. and Wessely, G.: From the Tethyan Ocean to the Paratethys Sea: Oligocene to Neogene stratigraphy, paleogeography and
paleobiogeography of the circum-Mediterranean region and the Oligocene to Neogene Basin evolution in Austria, in: Mitteilungen der
Osterreichischen Geologischen Gesellschaft, edited by Neubauer, F. and Hock, V., vol. 92, Wien, 2000.

Verbeke, J., Boschi, L., Stehly, L., Kissling, E., and Michelini, A.: High-resolution Rayleigh-wave velocity maps of central Europe from
a dense ambient-noise data set, Geophysical Journal International, 188, 1173-1187, https://doi.org/10.1111/j.1365-246X.2011.05308 .,
http://dx.doi.org/10.1111/j.1365-246X.2011.05308.x, 2012.

Waldhauser, F., Lippitsch, R., Kissling, E., and Ansorge, J.: High-resolution teleseismic tomography of upper-mantle structure using an a pri-
ori three-dimensional crustal model, Geophysical Journal International, 150, 403—414, https://doi.org/10.1046/j.1365-246X.2002.01690.x,
https://doi.org/10.1046/j.1365-246X.2002.01690.x, 2002.

Wapenaar, K.: Retrieving the Elastodynamic Green’s Function of an Arbitrary Inhomogeneous Medium by Cross Correlation, Phys. Rev.
Lett., 93, 254 301, https://doi.org/10.1103/PhysRevLett.93.254301, https://link.aps.org/doi/10.1103/PhysRevLett.93.254301, 2004.

Yang, Y. and Ritzwoller, M. H.: Characteristics of ambient seismic noise as a source for surface wave tomography, Geochemistry, Geophysics,
Geosystems, 9, https://doi.org/10.1029/2007GC001814, q02008, 2008.

Zigone, D., Ben-Zion, Y., Campillo, M., and Roux, P.: Seismic Tomography of the Southern California Plate Boundary Region from Noise-
Based Rayleigh and Love Waves, Pure and Applied Geophysics, 172, 1007-1032, https://doi.org/10.1007/s00024-014-0872-1, 2015.

21


https://doi.org/10.1093/gji/ggt148
https://doi.org/10.1093/gji/ggt148
https://doi.org/10.1111/j.1365-246X.2009.04132.x
https://doi.org/10.1111/j.1365-246X.2011.05308.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05308.x
https://doi.org/10.1046/j.1365-246X.2002.01690.x
https://doi.org/10.1046/j.1365-246X.2002.01690.x
https://doi.org/10.1103/PhysRevLett.93.254301
https://link.aps.org/doi/10.1103/PhysRevLett.93.254301
https://doi.org/10.1029/2007GC001814
https://doi.org/10.1007/s00024-014-0872-1

ISR "
o ; T T | Elevation (m)
- 1 2000 4000
5 oy s
i ‘ WA
AN oS d
N ¥ i
48° RN CONA;
; i N4 ) MM
v ! A 7
e &
. AT (AAE36) PR
SUmWILAZ e WRISEMP 5 Rl
A LIENZ _ DAVA, WTTA! | AAE 38} ARSA! &
[y ko4l fi &
g PLONS} FETA] (425
o i muo! é AN
47 . HoSI Aisi AAEg2 5 Y bz
PANIX]
Paex ABSI ABTA Aae4sf 1O )
os| A myia y ¥
CAAEdE R A
VDL : 20
FUSIO o kos] 2LV Negresy KOGS|
GORS= "o75!
'AAE50'9BS ADS] 57
IL & DoBS}
MABI, CTiLY AL VOUS LG NSHLIU. o
46° MUGIO; Y o $
/ JavsL ! i
Q (]
! GU| o0 == O iss ) b e
. Q el
AL G P 4ROVA] Al # 3
X SKDSLKNDS & GBRS & 50,5
5‘3‘.
, DN

Figure 1. Study region in the Eastern and Southern Alps. Top: Permanent stations are marked in red and grey, and the 19 EASI stations
used are shown in yellow. Main faults of the region are represented by black lines. The faults are indicated as AFT: Northern Alpine
Front Thrust, INN: Inntal, SEMP: Salzach-Emdtal-Mariazell-Puch, MM: Mur-Miirz, LV: Lavant Valley, MO: Molltal, GU: Giudicarie, IL:
Insubric, EN: Engadine, PAL: Periadriatic line. MOL: Molasse basin, PO: Po-basin; PAN: Pannonian basin. DIN: Dinarides mountain belt.
Black arrow shows the convergence vector of the Adriatic Plate (AD) with respect to the European Plate (EU). A white arrow illustrates the
direction of eastward escape of the Alcapa tectonic block (see section 6.4). After the different selection criteria, the stations shown in red
and yellow entered into the inversion (see text). Bottom: Tectonic map of the study region (Schmid et al., 2004, 2008, from http://www.spp-
mountainbuilding.de). Units discussed in the text are labeled on the map. SMB: Swiss Molasse Basin, BR: Brenner fault, KB: Katschberg

fault. Red lines represent the faults.

22



—-200 -100 (] 100 200 -200 -100 (o] 100 200

Time (sec) Time (sec)
FETA-ROSI AAE26-AAE31
IS IO
Y4 Y4

ZR / MZA;WNWMMMWWW

WWMMW
TNW/\/”““—“W\/\MWWW

T ! TT

—-100 -50 0 50 100 —-100 -50 o 50 100
Time (sec) Time (sec)

Figure 2. Examples of stacked and rotated cross-correlations from two years of data (2014-2015). The top figure shows the inter-station

paths and geometry. CEY-DAVOUX, and CONA-KNDS represent long inter-station distance, while FETA-ROSI, and AAE26-AAE31 are in
23

short distance.






