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The tectonic evolution of the European Eastern Alps within the Alpine orogeny is still under debate. Open ques-
tions include: the link between surface, crustal and mantle structures; the nature of the Moho gap between the
two plates; the relationship between the Alps, the adjacent foreland basin and the Bohemian Massif lithospheric
Alps blocks. We collected one year of continuous data recorded by ~250 broadband seismic stations -55 of which
Molasse basin installed within the EASI AlpArray complementary experiment— in the Eastern Alpine region. Exploiting surface
Moho wave group velocity from seismic ambient noise, we obtained an high-resolution 3D S-wave crustal model of the
area.

The Rayleigh-wave group-velocity from 3 s to 35 s are inverted to obtain 2-D group velocity maps with a resolution
of ~15 km. From these maps, we determine a set of 1D velocity models via a Neighborhood Algorithm, resulting
in a new 3D model of S-wave velocity with associated uncertainties. The vertical parameterization is a 3-layer
crust with the velocity properties in each layer described by a gradient. Our final model finds high correlation
with specific geological features in the Eastern Alps up to 20 km depth, the deep structure of the Molasse basin
and important variations of crustal thickness and velocities as a result of the Alpine orogeny post-collisional
evolution. The strength of our new information relies on the absolute S-wave crustal velocity and the velocity
gradient unambiguously sampled along the Moho, only limited by the amount and quality distribution of the
data available.

1. Introduction

The Alps and their surrounding regions are the results of a complex
geodynamic evolution resulting from interactions between the large Eu-
ropean plate and the Adriatic microplate. The Alps are characterized
by pronounced along-strike changes in structure, which reflect the com-
plex orogenic processes over time. These processes are mainly controlled
by the southward subduction of the Alpine Tethys oceanic lithosphere
attached to the European plate and the northward migration and an-
ticlockwise rotation of the Adriatic plate (e.g. Serpelloni et al., 2016).
Adria is also involved in westward subduction that eventually split into
today’s rollback subductions beneath Northern Apennines and beneath
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Calabria (e.g. Faccenna et al., 2001). Main questions though relating to
the subduction history, slab rollback (Schlunegger and Kissling, 2015),
subduction polarity reversal in Eastern Alps (Lippitsch et al., 2003;
Briickl et al., 2007; Handy et al., 2015; Rosenberg et al., 2018) and the
evolution and driving mechanisms in the Eastern Alps are still under dis-
cussion. The history of large seismic events during the past 1000 years
(Hetényi et al., 2018a, their Fig. 1), however, documents continued con-
vergence between the two colliding plates and indicates significant dif-
ferences in crustal structure and local strain and stress across and along
the Alps. Seismic activity at present is pronounced in the Southeastern
Alps and their southern foreland (Chiarabba et al., 2005) and also in the
northern foreland with a peculiar deep crustal seismicity mainly at the
longitudes of Switzerland (Singer et al., 2014).
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Fig. 1. a) Topography, station distribution (red triangles) and main sedimentary basins in the region: MB=Molasse Basin; RV: Rhine Valley; BF= Black Forest; VFB=
Venetian-Friuli Basin; VB= Vienna Basin; PB= Pannonian Basin; BM=Bohemian Massif; DI=Dolomites; TBr=Tepla-Barrandian region. Dark green dashed lines follow
the PP and the MB boundaries at the surface. b) Geological setting of the region where red bold lines represent exposed deformation fronts, red thin lines mark
important Neogene faults, while dashed red lins are the subsurface deformation fronts (compilation and simplification after Bigi et al., 1990, Schmid et al., 2004,
2008, Froitzheim et al., 1996, Handy et al., 2010 and Bousquet et al., 2012): Tw= Tauern window, DG — OB = Drau-Gurktal and Otztal-Bundschuh nappe systems.

Within the present day geodynamic system of the Alps and their sur-
roundings, the several relatively small slabs still attached to the Euro-
pean and the Adria plates (Lippitsch et al., 2003; Piromallo and Morelli
2003; Faccenna et al., 2004; Jolivet et al., 2009; Handy et al., 2010;
Mitterbauer et al., 2011; Zhao et al., 2016; Késtle et al., 2020), the upper
mantle flow around and between these slabs (e.g. Barruol et al., 2004;
Faccenna and Becker, 2010; Bianchi et al., 2014; Bockelmann et al.,
2013) and the buoyancy of the crustal roots beneath the Alps and the
Northern Apennines documented in the Moho maps (Waldhauser et al.,
1998; Behm et al., 2007; Di Stefano et al., 2009; Grad et al., 2009;
Molinari and Morelli, 2011; Spada et al., 2013) all play major roles
as driving forces (e.g., Kissling and Schlunegger, 2018). It is the local
crustal structure, however, that links these plate tectonics mechanisms
with the locally significantly different seismicity observed all along the
orogenic belts in the greater Alpine region (Fig. 1). An up-to-date de-
tailed 3D crustal model, therefore, is of major importance to further
improve our understanding of the tectonic evolution of the orogen and
of the current seismicity.

The crustal structure of this area has been intensively studied in
the past with controlled source seismology experiments: POLONAISE’
97 (Guterch et al., 1999), CELEBRATION 2000 (Guterch et al., 2003;
Sroda et al., 2006) TRANSALP (Kummerow et al., 2004), BOHEMA III
(Karousovéa et al., 2013) and ALP 2002 (Briickl et al., 2003). These
studies significantly contributed to understanding the P and S-wave ve-
locity structure of portions of the Eastern Alps and their connection
with the Dinarides, the Bohemian Massif, the Carpathians and the Eu-
ropean crust and craton (e.g. Behm et al.,, 2007; Grad et al., 2009;
Sumanovac et al. 2009). In particular, Behm et al. (2007) derived 3D
P-velocity model from Pg waves, a Moho map and a Pn-velocity map of
the Eastern Alps, while Behm (2009) provided a 3D S-model based on
refractions from within the crust (Sg phases), and a Moho map modelled
by reflections (SmS) from the Moho discontinuity.

Moving to the Bohemian Massif, Hrubcova and Sroda (2008) used re-
fraction and wide-angle reflection data along the CEL10 and ALP04 pro-

files to derive 2D P-velocity models crossing the region while Hrubcova
and Geissler (2009), integrating the receiver functions and refraction
and wide-angle reflection modelling, investigated the Moho depth and
the crustal structure in the Vogtland/West Bohemian region. Karousova
et al. (2012) compiled a 3D P-model of the Bohemian crust integrat-
ing the results of the seismic profiles collected during the various active
experiments mentioned above, and Karousova et al. (2013) imaged the
underling upper mantle via high resolution body wave tomography.

Passive seismological methods also contributed to image crustal
thickness, primarily through P-to-S converted waves (receiver func-
tions), revealing intra-crustal structures and indicators of anisotropy
(e.g. Kummerow et al., 2004; Wilde-Pidrko et al., 2005; Geissler et al.,
2012; Bianchi and Bokelmann, 2014; Bianchi et al., 2015; Hetényi et al.,
2018b, Stipcevic et al., 2020). These studies, based on permanent and
temporary station data and primarily with imaging results in 1D and
2D, have revealed the root of the Eastern Alps beneath the orogen with
significant spatial variability, parts of major thrust faults going under
the mountain belt, locally the Conrad discontinuity, basins adjacent to
the Alps, and the structure beneath the Bohemian Massif.

Body wave tomography studies of the crust exist, the majority of
them though regarding P wave velocity only and often their spatial
extent is limited to portion of the Alpine region (e.g. Michelini et al.,
1998; Diehl et al., 2009; Anselmi et al., 2011; Bressan et al., 2012;
Vigano et al., 2015) or to the Italian peninsula (Di Stefano et al., 2009;
Gualtieri et al., 2014; Di Stefano and Ciaccio, 2014). Ambient noise
tomography techniques allow to infer crustal shear velocities (vg) de-
rived from surface waves extracted from seismic ambient noise. These
methods are well suited to image the near-surface 3D S-wave veloc-
ity structure at a resolution that only depends on the network config-
uration, highlighting important features such as basins, upper crustal
structures, the crustal thickness. Recently, numerous studies have been
published at European scale (e.g. Kastle et al., 2018; Lu et al., 2018,
Lu et al., 2020), defining the large-scale structure of the European crust
and upper mantle. At a more local scale, Guidarelli et al. (2017) and
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Qorbani et al. (2020) imaged the structure of the uppermost 20 km of
the Eastern Alps finding a strong correlation with the geology and tec-
tonics of the region.

Studies involving 3D gravity modelling can also provide constraints
on the crustal structure as shown by e.g. Spooner et al. (2019), although
the spatial resolution of this approach is limited.

Other useful information on crustal structure of the Eastern Alps
and surrounding regions, can be found in Spada et al. (2013), who
by combining CSS and receiver functions results, derived a consistent
Moho map of the Italian peninsula and Alpine arc. Recently, Magrin and
Rossi (2020) collected and critically assembled various data from the
literature resulting in a 3D model of the northern tip of the Adria mi-
croplate following similar methods applied at larger-scale (EuCRUSTO7,
Tesauro et al., 2008; EPcrust, Molinari and Morelli, 2011).

Recently, the greater Alpine region has been the focus of the Al-
pArray initiative (www.alparray.ethz.ch) with the installation from
2016 to 2019 of a dense backbone network of broadband instru-
ments (Hetényi et al., 2018c; Molinari et al., 2016; Fuchs et al., 2016;
Govoni et al., 2017; Vecsey et al., 2017; Graczer et al., 2018), which
was anticipated, from 2014 to 2015, by the Eastern Alpine Seismic In-
vestigation (EASI) experiment (AlpArray Seismic Network 2014). EASI
focused on the structure of the Eastern Alps and adjacent areas along
a north-south transect at ca. 13-13.5°E spanning from the Bohemian
Massif to the Adriatic Sea, with a station spacing of 10 km located in
a zig-zag pattern along two adjacent lines. Hetényi et al. (2018b) ap-
plied the receiver functions method to the EASI data to define the Moho
and intra-crustal interfaces along the swath. They found that beneath
the Eastern Alps, the shape of the Moho is consistent with bi-vergent
orogenic thickening, with a steeper and deeper-reaching Adriatic plate
plunging northwards beneath the European plate.

In this work, exploiting the continuous recordings of permanent and
EASI temporary stations, we derive a picture of the crust beneath the
Eastern Alps and surrounding region. Our Rayleigh-wave ambient noise
tomography highlights sedimentary basins, geological and tectonic bod-
ies to a depth of 30-40 km. Our model represents a reliable reference
for further studies to come and is an important benchmark to evaluate
tomographic imaging improvements when adding more data.

In the following, we first describe the linear tomographic inversion
that provides group-velocity maps; we next illustrate the results of the
non-linear inversion for vg and finally, we discuss our results from a
geological/geodynamical standpoint, and compare them to results from
the studies mentioned above that touch our region of interest.

2. Rayleigh group velocity imaging
2.1. Data processing and measurements

We collected one year of continuous seismic data, from August 2014
to August 2015, recorded by ~200 permanent broadband stations in the
region (Fig. 1, red triangles), complemented with 55 temporary stations
deployed during the AlpArray-EASI seismic experiment (Fig. 1, orange
triangles). The continuous seismic ambient noise records were down-
loaded from the European Integrated Data Archive (EIDA, www.orfeus-
eu.org/data/eida/). We analyzed the continuous noise records from the
vertical component and extracted the empirical Green’s function follow-
ing the processing method described in Obermann et al. (2016, 2019).
In particular, we applied in this order: instrumental correction; resam-
pling of the data to a sampling frequency of 5 Hz; band-pass filtering
between 1 s and 50 s; elimination of 2 h signal segments that show am-
plitudes greater than ten times the standard deviation of the daily trace;
spectral whitening of the amplitude from 1 s to 50 s; one-bit amplitude
normalization; elimination of 2 h signal segments that show amplitudes
greater than three times the standard deviation of the daily trace (e.g.
local earthquakes). We then calculated the cross-correlation between
all station pairs for the remaining two-hour segments and stacked them
over the 12 months. To increase the signal-to-noise ratio and following
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Mordret et al. (2015), we averaged positive and negative lag-times of
the cross-correlation to enhance the part of the signal that is symmetric.
An example of averaged cross-correlations time series between the sta-
tion CH.BERNI and the other stations are shown in Fig. 2a, where the
surface wave dispersive train is well visible.

We analysed the cross-correlations measuring the group-velocity dis-
persion curves with a frequency-time analysis (e.g. Ritzwoller and Lev-
shin 1998; Yao et al., 2006) from 2 s to 45 s with a sampling inter-
val of 1 s. Group-velocities from inter-station distances smaller than 1.5
wavelengths and SNR< 5 are not considered. We ended up with more
than 12’000 measurements for the central periods between 6 and 25 s
(Fig. 2¢), with a group velocity range from 2.5 to 3.2 km/s (Fig. 2b). We
only considered periods with more than 2’000 measurements, from 3 to
35 s, in our further analysis. From the inspection of the ray coverage
maps as a function of period (Fig. 3), it is worth to note that there is
a decline in signal quality (SNR ratio) when going from West to East,
with the EASI line as a rough boundary. The reason is to be found in
the lower spatial density and quality of the farther East stations that
make the cross-correlations noisy and difficult to measure. However,
each pixel in the eastern region of interest is still crossed by > 20 rays,
making them usable for our tomography.

2.2. Inversion method

After measuring the dispersion curves between all available station
pairs (Fig. 1) and assuming that the remaining effects of nonunifor-
mity in noise source distribution can be neglected (Boschi and Weem-
stra, 2015), we derived group-velocity maps from 3 s to 35 s, inverting
the group-velocity measurements at each period. Following the meth-
ods proposed by Boschi and Dziewonski (1999) in the ray-theory ap-
proximation, we set up, for each period, a linear system solved with
a least-squares inversion via the iterative LSQR algorithm (Paige and
Saunders, 1982). We parameterize the region of interest in terms of
0.1° x 0.1° (i.e. about 11 km x 11 km) cells using, as reference values,
the group-velocities predicted by the 1D PREM model (Dziewonski and
Anderson, 1981) at different periods. To obtain a stable and smooth
solution, we regularised the inversion applying a roughness damping
value of 0.35, the equivalent of smoothing the solution. This value was
chosen after a trial and error procedure testing different regularization
parameter values (see Molinari et al., 2015b for more details) until the
variance reduction of the data remained relatively high, and after veri-
fication with the resolution test (Fig. 3) that there are no features in our
maps with wavelengths shorter than the target resolution (40 km). The
topography is not considered during the inversion procedure, because
the error introduced by this approximation was estimated to be negligi-
ble when compared to the group-velocity variation (e.g. Brenguier et al.,
2007).

2.3. Resolution

The horizontal resolution of the group-velocity maps can be quali-
tatively assessed with a synthetic test (Fig. 3, upper row). We select as
“input” model a random 2-D map of velocity anomalies (Fig. 3a) with
size and distribution statistically similar to typical seismic maps at this
scale length (Husen et al., 2009). The anomalies amplitudes range be-
tween —10% and 10% with respect to PREM (Dziewonski and Ander-
son, 1981) and are filtered with a 2-D Fourier transformation to isolate
the wavelengths of interest. The resultant anomalies have a spatial ex-
tension > 40 km and < 200 km. We also added Gaussian noise to the
data (the standard deviation of random noise is the same as that of the
data, 0.2 km/s). We solve the problem using the inversion algorithm,
regularization scheme and parameters applied to our real data set. We
can say that the minimal structural length of a body to be resolved is
50 km x 50 km and, as a general result, we see that structures larger
than ~80 km in both directions are sufficiently well resolved if they
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Fig. 2. (a) Example of cross correlations between CH.BERNI station and the other stations used in this study. The dashed lines denote velocities of 4, 3, and 2 km/s.;
(b) density plot of the group-velocity dispersion measurements as a function of period; (c) number of measurements for each period.

lay within the region marked by the grey line (Fig. 3b,c,d). For simplic-
ity, based on the test resolution results, we identify two polygons, one
for periods within 4-30 s range (Fig. 3b,c) and one for period outside it
(Fig. 3d). The crustal structure outside these polygons is poorly resolved
because of the ray coverage distribution. We also tested a random model
with anomalies of ~30 km to ~90 km wavelength (Fig. S2), but clearly
our ray coverage and inversion set-up (mainly our regularization coeffi-
cient) is only able to resolve anomalies larger than 40-50 km. The lateral
resolution is best for periods from 5 s to 20 s-25 s (in some regions, we
are able to resolve structures smaller than 80 km length) and degrades
for longer periods. In particular, the Alps and the eastern Germany-
western Czech Republic area are better resolved than other regions.
While the sign of the anomalies is always reproduced correctly, we note
a certain degree of geometrical distortion on the recovered anomalies
— for example the two fast (blue) anomalies in central-east Germany
(Fig. 3,a,b,c,d green circles). Moreover, the amplitude of the anomalies
is slightly reduced, especially for small structures at longer periods (e.g.
in eastern Austria, Fig. 3a,b,c,d magenta circles). To gain further under-
standing of the resolution capabilities of our data set, we calculated the
azimuthal coverage of ray crossings following Schaefer et al. (2011).
For each cell, we considered the azimuth of the rays crossing within
3.5 km orthogonal distance from the cell center. Then, we split the 180°
range of possible azimuths in four slices of 45° and we count the num-
ber of rays per slice. We consider a slice well sampled if it is crossed
by a minimum of five paths. We classify the directional sampling of a
cell as “good”, “fair”, “inadequate”, “poor” when it has four, three, two
and one quadrants respectively (Fig. 3, lower row). The outcome of this
test is important when interpreting the final 3-D model, the reliability
of which is a combination of 2D group-velocity resolution and depth
resolution (see Fig. S4).

Between 10 s and 25 s, the ray crossing distributions are very simi-
lar and show the best resolution coverage over a large region. The ray
crossing at 5 s and 30-35 s periods show that only the area west to the
EASI profile, and in particular the Molasse basin and eastern Central
Alps are well resolved. Comparing the resolution test results and the
cross-firing plots, we deduce that the (relative) amplitude and shapes
are well-resolved in such regions dominated by green dots. However,
when the geometry of the anomaly is narrow (~40 km), waves with
wavelength larger than the average anomaly size, we are not able to re-
solve it, as documented by the resolution test at 35 s periods. Uniformity
in resolution distribution (represented here by ray crossing maps) is of
prime importance for reliable results regarding the retrieval of velocity
amplitudes and geometries. Moreover, Fig. 3 suggests that in the region
filled by uniform green dots for all periods, the 0.1° x 0.1° cell size is
appropriate. Some regions though are covered with a mixture between
yellow, orange or red dots, suggesting that an increase of the cell size to
at least 0.2° x 0.2° in those regions would have been beneficial to obtain
more uniform and laterally consistent resolution at depth. However, we
decided to use the 0.1°x0.1° degrees working cells, as in this study we
aim to reliably resolve the near-surface (top 10-15 km) lateral veloc-
ity variations in the whole region by periods up to 20 s (for which we
do have a large data set to address the pronounced sedimentary basins
around the Alps), the whole crust including the Moho outside of the Alps
(where it is in a depth range resolvable by our longest period data), and
the regional average crustal velocity variations inside the Alps.

2.4. Group-velocity maps

In Fig. 4 we show the group velocity maps obtained at periods of 5,
10, 15, 20, 30 and 35 s. We only plot cells hit by more than 4 rays and the
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Fig. 3. (upper row) Results of the reconstruction test with randomly distributed velocity anomalies with wavelength between 50 km and 200 km as input. a) input
models used while b) retrieved models at 5 s periods, ¢) 15 s and d) 35 s. We highlight the qualitatively well resolved area with the grey lines. The test results for
structures within the magenta and green ovals are discussed in the main text. (lower row) Combination of ray-crossing and ray-hitting map. At each pixel the total
hit count is shown in the background with a grey colour scale and the azimuthal coverage by 4 different colours. (e, modified from Schifer et al., 2011). A cell is
crossed by rays from various directions: we distinguish four quadrants (of 45) within the 180 range of possible azimuths and classify the directional sampling as
“very good” when four quadrants are covered by at least five rays each (green dot), “fairly good” when three quadrants are crossed by at least five rays each (yellow
dot), “inadequate” when two quadrants are crossed by at least five rays each (orange dot), “poor” otherwise (red dot). Maps at f) 5 s periods, g) 15 s and h) 35 s.

contour line to highlight the well resolved areas. As the period increases,
the depth of the group-velocity sensitivity peak increases (Fig. S4). At
short periods up to 15 s, our velocity maps are dominated by the effects
of heterogeneities within the upper crust. The map at 35 s is sensitive
to the Moho outside the Alps but, within the orogen where the Moho is
expected to be at around 50 km depth or more, we lack the resolution
on this discontinuity. As a general consideration, the group-velocities
increase with periods from an average of 2.7 km/s at 5 s to 3.3 km/s at
35 s in agreement with our dispersion measurements (Fig. 2).

At short periods (3-15 s), we expect the shape of velocity anomalies
to reflect the main surface geology features present in the region. At
5 s (Fig. 4a), we clearly distinguish the main sedimentary basins as low
velocity anomalies. The northern foredeep Molasse basin (MB) exhibits
an elongated shape along the northern front of the Alps with an average
group-velocity of 2.2-2.3 km/s. The basin is narrow and deep in its west-
ern part in Switzerland and widens significantly toward East in Bavaria,
where we note a deep basin in the southern half and a shallow basin
in the North (i.e. Baran et al., 2014 and references therein). The peak
of low velocity is found in south-east Germany, where the basin has its
maximum of sediment thickness (Hinsch, 2013; Ortner et al., 2015). The
Molasse anomaly, and to a lesser degree, also the Vienna basin anomaly
persist, although with higher velocities, at 10, 15 and 20 s suggesting
that the depth of these sedimentary basins affects the dispersion curves
at periods normally sensitive to the middle to lower crustal structure. It
is interesting to note that the low-velocity anomaly crosses the surface
boundary of the basin (green dashed line in Fig. 4) indicating that the
Molasse basin sediments are underthrusted beneath the Alpine chain
(Sommaruga et al., 2012; Hinsch, 2013; Ortner et al., 2015). West of
longitude 13°E this feature coincides with the so-called “subalpine Mo-

lasse” corresponding to the northernmost and deepest tectonic unit of
the Alpine nappe system. It consists of the clastic sediments of Oligocene
to Miocene, which were deposited in the southern part of the Molasse
Basin and, after the Late Miocene, were progressively incorporated into
the thrust belt (Miiller et al., 1988). In the easternmost part of the basin,
the northern front of the calcareous Alps overthrusted the deepest por-
tion of the Molasse basin by a few km, as documented by drill hole and
reflection seismic (Hinsch, 2013).

To the south of the Alps, we distinguish the northern part of the
Venetian-Friuli basin (Molinari et al., 2015b) with an average veloc-
ity of 2.3 km/s at 5 s and the Ljubljana basin (velocity of 2.4 km/s),
which is visible until 7 s period (Fig. S3). At the easternmost part of our
domain, where our resolution decreases, we note a low velocity zone
until 20 s period which is interpreted as the footprint of the Pannonian
basin (e.g., Briickl et al., 2010; Ren et al., 2013). Likewise, at the north-
eastern termination of the Alps, we observe the trace of the Vienna basin
(Behm 2009; Schippkus et al., 2018).

At these 10-20 s periods, high velocity anomalies are mainly re-
lated to the Alpine orogenic belt and to the Bohemian Massif. The
southern core region of the Eastern Alps, with their crystalline and
metamorphic upper crustal basement units, is characterized by average
group-velocities of 3.0-3.2 km/s and their shape is well discernible in
the maps. Relatively higher velocity areas, at 10 s period, are found
in correspondence with the Upper Austroalpine basement and cover
nappes (AAN, Fig. 4b), in particular, the Drau-Gurktal and the Otztal-
Bundschuh nappe systems (Schmid et al., 2013). Interestingly, these rel-
atively higher velocities at periods of 10 s and 15 s are confined to the
Rieserferner and Drau-Moll blocks south (Scharf et al., 2013) and the
Bundschuh block east of the Tauern window units (Rosenberg et al.,
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Table 1
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Setting of the variability range of the parameters in the inversion, either in absolute
sense, or with respect to the a-priori information (in percent). The a-priori crustal
thickness is from Molinari and Morelli (2011) while the mantle model is from PREM

(Dziewonski and Anderson, 1981).

Thickness vg (km/s) vp (km/s) Density (g/cm3)
Uppermost layer 0.5 - 9 km 1.6 - 35 25-58 2.65
Upper crystalline crust ~ 20% 2.6 - 4.0 5.6 - 6.5 2.75
Lower crust 20% 32-41 6.2-7.0 2.85
Mantle 20 km +10% 10% Fixed Fixed
Mantle 20 km 2% Fixed Fixed

2018) that show average velocities of about 2.7 km/s similar to the
northern Autroalpine nappes (Fig. 4). In the Bohemian Massif, the group
velocity is about 3.1-3.2 km/s at periods from 5 to 20 s, correlated with
the well-known presence of metamorphic rocks, granitoid intrusions and
volcano-sedimentary rocks in the upper and middle crust (e.g. Hrubcova
et al., 2005, 2010).

In southern and central Germany, the group-velocity is uniformly
about 2.8-2.9 km/s until periods of 20 s, highlighting the presence of
an almost uniform European upper-middle crust (Ye et al., 1995, their
Fig. 12).

The shapes and the relative amplitudes of the main features inter-
preted in this study compare well with anomalies visible in 4s-8 s phase-
velocity maps presented by Kaistle et al. (2018) and in the 8 s group-
velocity map by Lu et al. (2018). Though these studies did not present
an interpretation of these specific features, the good correlation of the
S-wave anomalies makes us confident about the reliability of our results.

At longer periods (20 s-35 s), the group-velocity is mainly sensitive
to the variation of the lower crust, Moho depth and uppermost man-
tle structure at different locations. This is evident in the contrast be-
tween low-velocity Alpine crustal roots (2.8-3.0 km/s) with the high-
velocity area (3.9-4.1 km/s) in the northern foreland where 30-35 s
surface waves sample the uppermost mantle (Fig. 4). According to, e.g.,
Briickl et al. (2007) and Spada et al. (2013), the Moho depth in the
Eastern Alps reaches down to ~50 km and, in the Central Alps, down
to 60 km, while the crustal thickness in the northern Alpine foreland
varies between 25 km in the Southern Rhine graben and 35 km in the
Bohemian Massif. Relatively high velocities are also found beneath the
Dolomites (3.4 km/s) and in the Bohemian Massif (3.7-3.8 km/s), high-
lighting a non-negligible lateral variation in velocity in the lowermost
crust and likely also in the uppermost mantle.

3. S-wave velocity structure

At each cell of our 2D dispersion maps, we build dispersion curves
from 3 s to 35 s that serve as input to invert for the local 1D crustal struc-
ture. We applied a direct search stochastic method, the “Neighbourhood
Algorithm” (Sambridge, 1999a; Wathelet, 2008) to determine isotropic
vg, vp and layer thicknesses. The method is now commonly used for
the depth inversion of dispersion curves (e.g. Molinari et al., 2015b,
Kastle et al., 2018) and has the main advantage to deal with the inher-
ent nonlinearity of the problem, exploring the admissible solution space
without anchoring the solution to the reference model as a linearized
inversion does. The solution space is sequentially and non-uniformly
sampled, considering the data fit stored from previous sample runs in
the L2-norm, calculated as the difference between observed and mod-
elled dispersion curves.

As in Molinari et al. (2015b), in each 1D cell, we adopt a vertical
parameterization defined by 3 crustal layers: a top layer, which can be
either sediment or uppermost crustal basement material, a middle layer
corresponding to the crystalline upper and middle crust, and a lower
layer equivalent to the lower crust. Beneath the crust, we defined 2 man-
tle layers with a thickness of 20 km each. Wave velocities in each layer

are described with a linear gradient, obtained by subdividing each layer
into five sublayers.

It is well known that surface-waves lack the sensitivity to image the
depth of seismic interfaces (with first-order velocity discontinuities).
Therefore, we pre-define the range of acceptable values for all parame-
ters we invert for (Wathelet, 2008) on the basis of a priori information
from independent geophysical and geological data. It is worth to recall
that, according to Wathelet (2008) the vg and vp are directly related
through the Poisson’s ratio which, in our parameter search, ranges from
0.2 to 0.5. Unlike Molinari et al. (2015b), we did not impose any strong
a priori information on the thickness of the known sedimentary basins
(e.g. Molasse basin). We did, however, restrict the range of the crustal
thickness according to the Moho depth of Spada et al. (2013) where
available, and EPcrust (Molinari and Morelli, 2011) elsewhere. Veloci-
ties in the mantle layers are taken from PREM model (Dziewonski and
Anderson, 1981). In Table 1, we report the variability range of each
parameter in the inversion.

We run our algorithm once for each of the 0.1° x 0.1°-size pixels
(cells) of our dispersion maps. In total 34,000 possible solution models
are evaluated at each 1D cell and the 500 best-fitting models are kept
to calculate a mean model for each cell location (preferred model). The
root mean square (RMS) of the misfit is shown, as a function of period,
in Fig. 5a over all the cells. The misfit is higher at periods longer than
25 s because of the poorer ray coverage. We also show the geographical
distribution of the model misfit (Fig. 5b). Apart of the large misfits in
the northern part of our region of interest which results from the poor
fit at long periods, we do not note a strong geographic dependency of
the misfit distribution. The overall misfit depends on whether a good
fit is achieved at the shortest periods, where poor estimates of the pa-
rameters in the top crustal layer and the coarse parameterization can
easily deteriorate it, and at the longest periods where the ray coverage
is scarcer.

Before discussing our “preferred” model, we briefly analyse here the
robustness of the vg variations, as a function of depth. It is important
to remark that the direct search stochastic method applied here gener-
ates an ensemble of acceptable models that, with approximation, could
represent the posterior probability distribution function (PDF) of the
earth structure reflected by the observations. As extensively discussed
in Molinari et al. (2015b), the marginal posteriori PSD of vg at a fixed
depth is not far from a Gaussian distribution, hence the standard de-
viation ¢ is a convenient way to represent their width. In Fig. 6 we
plot the standard deviation of the a-posteriori PDF for the vg parameter
at three fixed depth (3 km, 15 km and 35 km), representing the three
crustal layers. Overall, we note that the standard deviation is between
0.1 km/s and 0.35 km/s. However, as expected, ¢ is higher at shal-
low depths, where very short period data do not optimally constrain the
structure. The North-East part of our region shows, at all depths, a larger
o that could be explained by the resolution analysis and the ray cover-
age maps. Beneath the Molasse basin, the standard deviation is higher
than in other areas, likely due to the presence of sediments that may
cause larger spread of velocity values of well-fitting models. We may
also have larger misfit when the interface between two layers regards a
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Fig. 6. Maps of the variability range of the vg parameter in each cell at a fixed depth: (a) 3 km, (b) 15 km, and (c) 35 km depth. It is defined as the standard deviation
o of the Gaussian distribution of the acceptable models (see the main text and Molinari et al. (2015b) for further details).

strong velocity contrast over a short depth range, as likely the case at
crust-mantle boundary.

3.1. 1-D local profiles

From the results of applying the above-described inversion scheme,
we selected seven 1D profiles from cells that reflect the different ge-
ological and structural settings of the study region (Fig. 7). We mark
with a grey bar the depth of the Moho according to our a priori model
(Spada et al., 2013). The group-velocity data for each cell is generally
well reproduced by our model. Unsurprisingly, the fit between observed
and reproduced dispersion curves is generally worst for longer periods
(>30-35 s) due to the sparsity or lack of good measurements. This leads
in some locations, to an unresolvable Moho depth. Where the similarity
between best (red) and mean (blue) models is very high, we assume that
the solution is generally robust.The introduction of a priori constraints
in our inversion scheme (e.g. the Moho depth from Spada et al., 2013),
allows us to not bias our final cell models with unrealistic solutions. The
shaded regions in the vg profiles indicate those parts of the cell models
that are poorly resolved by our data and that should not be considered
for interpretation.

The 1D profile Fig. 7A is representative of the European lithosphere
outside the orogenic belts and in the presence of large sedimentary

basins. Here, we find a thin sediment layer (velocity ~2.0 km/s and
thickness <1 km) under which resides an upper crust with vg of about
3.2-3.3 km/s until 12 km depth and a relatively uniform middle and
lower crust with vg of 3.6-3.7 km/s. The crustal thickness is about 28 km
and we find acceptable models for a Moho depth between 25 and 30 km.
This S-wave crustal model corresponds well to the P-wave crustal model
derived with CSS methods (e.g., Ye et al., 1995).

Profile B and C (Figs. 6b,c) are samples of the southern border of the
Molasse basin and the low short-period group-velocities (< 2.3 km/s) are
a clear indication of the presence of a deep basin. In the westernmost
location (depth profile B) we obtain a crustal thickness of about 35 km
(+/- 3 km) with a top 2 km low shear-velocity layer (1.8 km/s) followed
by an upper and lower crust with a gentle velocity gradient similar to
the depth-profile at location A. Profile C is located in the deeper part
of the Molasse with ~7 km of total sediment thickness and an average
vg of 2.4 km/s. Between 25 and 32 km depth, we note a jump in the
velocity, which is interpretable as the Moho discontinuity, comparable
with the values found by Spada et al. (2013). Especially for the location
B, a broad range of plausible solutions for the top layer suggests that the
sediment thickness remains poorly constrained in this location and this
sedimentary layer could be, on average, thicker with higher velocity.
This trade-off between layer thickness and velocity is typical of surface
wave resolution capability and should always be kept in mind.
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Fig. 7. 1-D profiles of the vg resulting from inversion of dispersion curves. In each main plot, we show the suite of resulting vg profiles, as a function of depth, and
corresponding Rayleigh phase and group dispersion curves, as a function of period. Colour of the curves vary depending on the data misfit. The red line represents
the best model, while blue line is the preferred model (average of best 500 models). The shaded regions in the vg profiles indicate poorly resolved parts that should
not be considered for interpretation. Grey horizontal lines, where present, indicate the Moho depth from the model of Spada et al. (2013). Orange circles represent
the dispersion data to be fitted.



I. Molinari, A. Obermann, E. Kissling et al.

Profile D within (Fig. 7d) the Bohemian Massif, is mainly character-
ized by a uniform high-velocity crust (vg ~ 3.5-3.6 km/s) and thickness
of about 32 km (+5 km). However, it is clear that the range of plau-
sible models (yellow lines) indicate the presence of a higher-velocity
lower-crust in a range between 3.5 and 3.9 km/s. This correlates well
with the CEL09 (Hrubcova et al., 2005) refraction seismic transect re-
sults, which found a vp of 6.0-6.2 km/s in the upper crust and 6.7-
6.9 km/s in the lower crust. The ALPO1 (Briickl et al., 2007) seismic
transect found similar vp in the upper crust but lower velocities in the
lower crust (6.5 km/s).

Moving into the Alps (depth profiles at locations E, F and G), we note
that the dispersion curves have different shapes in the three locations
that result from the complex 3D structure of this mountain chain. They
share a relatively low group velocity of about 3.1 km/s for periods of
35 s. This documents that in none of these three locations the longest
period surface wave data sampled the uppermost mantle (> 3.1 km/s).
The profile E (Fig. 7e) in the Tauern Window is characterized by a uni-
form crustal structure with shear-velocity of about 3.4 km/s; the Moho
depth is not resolvable and should be found at a depth of about 52 km
(Waldhauser et al., 1998; Spada et al., 2013).

In the profile location F in the Southern Alps, our inversion results
show a strong gradient in the upper crust up to 13 km depth, with veloc-
ities between 3.0 km/s at 1 km depth and 3.5 km/s at 13 km depth, cor-
relating with the Mesozoic carbonates at the surface (Dolomites of the
Southern Alps). Similar velocities are found also in Qorbani et al. (2020).
The lower crust is rather uniform with vg of about 3.5 km/s. The
preferred Moho depth is ~43 km, in agreement with the model of
Spada et al. (2013); but again, the Moho is poorly resolved since no
clear evidence of mantle velocities is contained in the data.

Profile G is located at the South-East border of the Eastern Alps, a
region where our resolution and the ray crossing coverage at periods >
20 s is quite poor (Fig. 3). Here, we do not expect to have enough resolu-
tion power to image the lowermost crust and the Moho that according to
P-wave velocity evidence should lay between 34 km (Spada et al., 2013)
and 42 km depth (Briickl et al., 2007). The crustal structure appears to
have a rather uniform velocity profile with vg of ~ 3.4-3.5 km/s.

3.2. Determination of Moho depth

From Fig. 7, we note that a pronounced Moho velocity interface is
obtained when the group velocity at 40 s period is higher than 3.4 km/s,
while the result is either no first-order velocity interface at all at the
crust-mantle boundary (cell E), or a wide depth range with a veloc-
ity gradient and a very weak velocity jump at the interface (cell C)
when it is less than 3.4 km/s. The characteristic shape of the dispersion
curves in relation to the model parameters has already been noted by
Lebedev et al. (2013, their Fig. 1 and 3). The sensitivity kernels and the
surface wave resolution power on the Moho discontinuity are tools to
understand this non-linear relation. As stated by Lebedev et al. (2013),
data suffer from a trade-off between the determination of the Moho
depth and crustal and mantle shear-speeds: a non-uniqueness that trans-
lates into uncertainty in the Moho depth assessment. Measuring low
group velocities (< 3.4 km/s) at periods > 35 s means that our disper-
sion curves still sense crustal velocities or are still influenced by lower
velocities from above. This is due to the broad depth range of surface-
wave depth sensitivity functions (see Fig. S4 and Lebedev et al., 2013).
In a 45 km thick crust (Fig. S4), 35 s group velocities have their max-
imum sensitivity around ~35-40 km depth, with a range of influence
between 20 and 60 km depth. As demonstrated by Lebedev et al. (2013),
group velocities show a strong sensitivity to the Moho depth, which is
a desirable characteristic when a homogeneous and dense ray coverage
by a continuous series of long period waves (20 s to 60 s) is available,
but could lead to an arbitrary determination of the crustal thickness if
it is not the case - as, e.g., in the easternmost parts of our model (see
Figs. 3h and 6G). To reduce this non-uniqueness, it is recommendable to
introduce as much a priori information as possible or to perform a joint
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inversion with other independent observables. In this work, we let the
crustal thickness vary by ~20% from the a priori data, which is a quite
considerable variation. However, we note that in those regions, where
our data coverage (at all periods) allows a good resolution (i.e. to the
West of EASI profile, green dots in Fig. 3) our final model Moho depth
agrees very well with the a priori Moho — which was derived from a
different seismic method, sensitive to velocity discontinuity interfaces.
This is not obvious, as the method of ambient noise tomographic inver-
sion for vy is rather insensitive to first-order discontinuities. For these
reasons, we maintain the model parameter variability range as set in
Table 1 and homogeneous for the whole region.

We also note that when a sharp Moho discontinuity is present, the
mantle velocity is > 4.1 km/s and the crust is at vg < 3.9 km/s. We select
the velocity iso-contour of 4.1 km/s shown later in Fig. 8 to discuss the
discontinuity between the crust and the mantle.

3.3. Discussion of the 3-D shear velocity model

The maps of the vg structure associated with our preferred model
are shown in Fig. 8. At each depth (5 km, 8 km, 12 km, 18 km, 27 km,
40 km), the solution is shown for those cells hit by at least 4 ray paths (at
16 s period). From Fig. 7, we note a number of features that match with
surface geology and large-scale tectonic structures. Well-known sedi-
mentary basins and reasonable crustal thickness clearly emerge in our
final 3D model.

In the following, we discuss and interpret the several interesting fea-
tures we find, also in relation to results recently published in the litera-
ture.

3.3.1. Shallow crustal structure

In the uppermost part of the crust (5 and 8 km depth - Fig. 8a,b),
the Rayleigh-wave shear-velocity model shows prominent low-velocity
zones: the Molasse Basin (MB), the Venetian-Friuli basin (VFB), the Vi-
enna Basin (VB) and the westernmost part of the Pannonian basin (PB)
in the East, and the Ljubljana basin in Slovenia. Focusing on the MB
(Fig. 8a), we note that the shape of the anomaly closely follows the to-
pography border of the basin except in the south-eastern part, where
it is shifted towards the Alpine chain. The inner structure of the Ceno-
zoic marine and continental clastic sediments of the Molasse basin is
also fairly well resolved. Interestingly, we note a clear inner boundary
within the MB around longitude 12°E. This is confirmed by the findings
by Ortner et al. (2015), and it correlates at depth with the eastern limit
of the remaining European slab (Lippitsch et al., 2003) which evolution
has been described in Schlunegger and Kissling (2015) to have greatly
influenced the shape of the basin to the west of longitude 12°E. Further
to the East, the deepest depression of the basin has been preserved as it
was 12 million years ago (Hinsch, 2013; Ortner et al., 2015), when the
overthrusting by the Northern Calcareous Alps stopped. Here, the basin
reaches ~5-7 km depth with an average vg of 2.4 km/s and has an ex-
tension of ~ 200 km in the E-W and of ~50 km in the N-S direction with
the southern part having been overthrusted by the Alps. Conversely, in
the W, the basin has been inverted (uplifted) under the effect of the slab
rollback (Schlunegger and Kissling 2015). Here, in the Swiss Molasse
basin, the depocenter appears shallower (4-5 km) and it is narrower
than in the East with a significantly higher average vg of 2.8 km/s.

The relative low velocity anomaly in the Venetian-Friuli basin
(Fig. 8) has values of ~ 2.9-3.0 km/s, typical values for carbonates of
the Mesozoic limestone. At 5 and 8 km depth, in this part of the Po Plain,
we sample the carbonate layer which reaches a depth of ~ 7-9 km; low-
velocity sediments (Quaternary and Pliocene sediments) are shallower,
with an average depth of 2-3 km (Molinari et al., 2015a).

In the Easternmost region covered by our data, at 5 km depth (Fig. 8),
we image the Vienna basin appearing with a vg of ~ 2.6-2.8 km/s which
continue locally until ~12-15 km depth. Though this area is not well
resolved by our inversion (Fig. 3 and mask in Fig. 8), this agrees with
the results of Schippkus et al. (2018), who find velocities in a range
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Fig. 8. Shear-wave velocity maps of the 3D model obtained by averaging the 500 best-fit models obtained by the local neighbourhood algorithm inversions. Depth in
km is specified on each panel and grows left to right, top to bottom (a to f). BM=Bohemian Massif; MB=Molasse Basin; AAN=Austro Alpine Nappes; PL=Periadriatic
Line. See text for description and interpretation. The dark-green dashed lines represent the surface extension of the Po basin and the Molasse basin (MB), while the
red lines are described in Fig. 1.
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between 2.3 and 3.0 km/s from 4 to 20 km depth (with greater depth
in North-East part of the basin) and with Ren et al. (2013) finding low
velocities beneath the Vienna Basin for depths up to ~16km. We also
map the westernmost parts of the Pannonian basin — the Danube basin
in the AlCaPa region (Horvéath et al., 2006) — with velocities of about
2.9 km/s at 5 km depth, visible until a depth of 8 km. The resolution
tests, however, do not allow us interpreting any further the shape and
the inner structure of these basins.

Focusing on the fast-anomalies at shallow depth (5-8 km), we clearly
distinguish the Bohemian Massif (BM) a mixture of several microplates
(Plomerova et al., 2007) amalgamated during the Variscan orogeny
(Matte et al., 1990). The high velocity region, with vg between 3.4
and 3.7 km/s (Fig. 8), appears more as a block, and the relative lateral
variation seen in the group-velocity maps (Figs. 4a,b,c,d) is somewhat
smoothed in the final 3D model. The general shape of this high-velocity
anomaly, however, follows the overall topography documenting that it
is a large and stable outcrop of the pre-Permian high-velocity basement
now at the surface after erosional processes (Hrubcova et al., 2005). The
inner structure of the BM was extensively studied by controlled-source
seismology profiles (e.g., CEL09, Hrubcova et al., 2005; SUDETES2003,
Hrubcova et al., 2010) with the P-velocities in a range from 6.0 km/s
at the top to 6.8-7 km/s in the lower crust. In good agreement with the
P-velocity, the highest S-wave velocity anomaly in this study is found in
correspondence with the Tepla-Barrandian region.

Another interesting result is the high velocity zone in the East-
ern Alps directly north of the Periadriatic line. Here, we mainly
see the structure of the shallow overthrusted Austro-Alpine Nappes
that, in our model, has a vg of about 3.4-3.5 km/s at 5-8 km
depth. Instead, the Dolomites region shows a lower shear-velocity area
(~3.2 km/s) because of its limestone-calcareous rocks. These results
are in general agreement with the local ambient noise tomography of
Qorbani et al. (2020).

3.3.2. Upper crust

At upper crustal depths (12-18 km, Fig. 8c,d) we note a clear vari-
ability in the composition of the crust: a distinct difference between the
faster Bohemian Massif and Southern Germany, and the slower region
beneath the Alpine chain, Venetian-Friuli basin and Pannonian basin.
The shear-velocities in the BM are in a range between 3.5 and 3.8 km/s,
typical of granitoids and low- to high-grade metamorphic and plutonic
Palaeozoic rocks forming the different BM units (Plomerova et al., 2007
and references therein). It is notable that the structure of the BM does not
change much from 5 km to 18 km depth, pointing to sub-vertical bound-
aries as described in e.g. Mlcoch and Konopasek (2010) and Babuska and
Plomerova (2013).

In south-central Germany, vg is about 3.4-3.6 km/s at 12 and 18 km
respectively, as expected for the European crust at the transition be-
tween upper and lower crust. Under the Molasse basin, the velocity is
~3.0 km/s, which could partially be a smearing effect of the shallower
sediment low-velocity anomaly or could indicate a different composition
in the upper crust. In the Pannonian basin, the lower velocities (2.7-
2.9 km/s) could be attributed to the locally thick sedimentary rocks in a
generally hotter upper crustal environment (e.g. Horvéth et al., 2015).

The Central and Eastern Alps are characterized by a quite heteroge-
neous upper crust. The Southern Alps, bounded by the Periadriatic Line
and Southern Alpine thrust (Doglioni and Bosellini 1987), exhibit a rela-
tively high vg (3.6 km/s), anomaly also present in the body wave tomog-
raphy results of Diehl et al. (2009) and Di Stefano and Ciaccio (2014).
Instead, the Eastern Alps, comprised of Adria-derived units including
crystalline basement rocks and thick carbonate cover sequences (North-
ern Calcareous Alps), show lower velocities of ~3.2-3.3 km/s with a
possible increase in the north easternmost parts to 3.6 km/s. More to
the West in the Swiss Alps, the shape of the anomalies remains almost
constant from 5 to 18 km depth. Here, vg is in a range between 3.2 and
3.4 km/s corresponding to the values found in the northern foreland for
the crystalline upper crust.
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3.3.3. Lower crust and Moho depth

Moving from middle to lower crust (27-40 km depth, Figs. 7e,f) we
note the high-velocity region in Central-South Germany with typical up-
permost mantle values (> 4.1 km/s) indicating that we are sampling the
mantle lithosphere. The Moho depth is around 24-28 km, in agreement
with previous works (e.g. Spada et al., 2013; Molinari et al., 2015b;
Kistle et al., 2018).

The Bohemian Massif shows relatively high lower-crustal shear ve-
locities (3.8-3.9 km/s) in the whole region (Fig. 8e). This correspond,
according to the interpretation of CEL09 and CEL10 seismic profiles by
Hrubcova and Sroda (2008), to high P-velocities in a range between 6.5
and 7.8 km/s. Plomerova et al. (2016) found that the average crustal
thickness in the BM is about 33 km and the Moho depth varies between
26 and 40 km on relatively short distances. At 40 km depth (Fig. 8f), we
find lower mantle velocities in the Tepld-Barrandian regions, suggesting
a shallower Moho depth. However, in this region, the crustal structure
is significantly different and more complex than further West, and our
results could suffer from resolution problems and/or from inadequate
initial reference layering. Consequently, we do not further interpret our
results in more detail.

At 27 km depth, the Alpine chain shows middle-lower crustal ve-
locities between 3.4 and 3.7 km/s. In particular, we note a relatively
low velocity zone in eastern Switzerland at the borders with Italy and
Austria that indicate the presence of deep crustal roots. Here, the Moho
depth is particularly well known to be about 55 km (Kissling et al., 2006
and references therein) and this depth is beyond the limit of our depth
resolution (see Fig. S4) that is controlled by the maximum period mea-
sured in the dispersion curves. In the East, the 27 km depth slice touches
the transition zone between the Pannonian Basin and the Eastern Alps
(around 16E and 47-48 N) and samples the lowermost crust just above
the Moho (Ren et al., 2013; Hetényi et al., 2015) with relatively low
velocities of about 3.4-3.6 km/s.

At 40 km depth (Fig. 8f) we mainly sample the upper mantle in the
whole region with the exception of the Alps, where we still find rela-
tively lower, crustal velocities.

3.4. 2-D cross-sections

Vertical sections (Fig. 9) of our final 3D model reveal several impor-
tant tectonic and geological features highlighting the different crustal
domains present in the region. They allow some considerations about
model reliability. These sections are not smoothed in order to well iden-
tify parameterization and thus to avoid over-interpretation of the re-
sults. Because of our resolution limit, we must focus on the structure at
a depth shallower than 45-50 km to the West of longitude 13°E and on
depths <30-40 km East of 13°E. For this reason, most of the deep crustal
Alpine structures, in particular the mountain roots, are poorly resolved
or remain unresolved and some appear as a broader velocity gradient
zone.

To better identify the transition between crust and mantle, we
marked the 4.1 km/s vg iso-contour on these profiles. From the work
of Vilhelm et al. (2016), who determined the seismic velocities for the
rock outcrop (peridotite), we deduced that a velocity of 4.1 km/s could
best represent a volume of mostly, if not all, peridotite (uppermost man-
tle lithosphere) and thus we consider this isoline as a first-order esti-
mate of the Moho depth. The Moho depth results from Hrubcova and
Sroda (2008), Hrubcova and Geissler (2009), Spada et al. (2013),
Hetényi et al. (2018b) and Magrin and Rossi (2020) are overlaid to our
2D sections for comparison.

The Aa profile (Fig. 9) documents the significant variations in crustal
structure and thickness between the “normal” Hercynian European crust
(e.g. Blundell et al., 1992) and the Bohemian Massif crust. The first part,
until 180 km, shows typical crustal velocities (~3.0 km/s in the upper
crust and 3.7 km/s in the lower crust) and a sharp Moho boundary at
25-30 km, with a perfect fit with the Moho by Spada et al. (2013). The
north-eastern part has a broader gradient at the crustal-mantle transi-
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reported in the figure for comparison.

tion with sensibly higher velocities, likely indicating the different ori-
gin of the two crustal domains. In the Bohemian Massif (Fig. 9, pro-
file Aa, and the northern part of Dd), we do not have good resolu-
tion on the deep structure and our final 3D model could suffer from
wrong initial reference layering. The complex deep crustal structure be-
tween the Cc and Dd crossing points should be fairly well resolved.
Hrubcova and Geissler (2009) show how the combination of high-
resolution RF and CSS modelling leads to a consistent crustal model
in the northwestern part of the BM with a much thinner lowermost
crustal layer and a slightly shallower Moho that rests just above the man-
tle velocity depth found in our model (Fig. 9 Aa). Furthermore, along

the Dd profile, the results by Hrubcova and Geissler (2009) correspond
very well with the results originating from Behm et al. (2007), later
interpreted and integrated into the Moho map by Spada et al. (2013).
Karousové et al. (2012) derived a Moho depth map from a compila-
tion of CSS profiles and, according to this study, the BM Moho depth
is increasing, from N to S, from 32 km to 38-40 km and has deep-
est Moho at about 40 km beneath the southern Moldanubian region.
Thus, E and N of the crossing points of Aa with Dd, the estimate of
the Moho depth in the BM shows up as a gradient and is systemat-
ically deeper in our 3D model than in the models published in the
literature.
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The Bb, Cc and Dd profiles in Fig. 9 cross our study region from S to N
and show the crustal variability along the longitude axis. In particular,
we can easily appreciate the depth and extension of the main sedimen-
tary basins (Molasse basin and Venetian-Friuli basin). Moving towards
N, the crust gradually thins reaching 25-30 km beneath the northern
foreland. Within the crust, the sediments and upper and lower crustal
domains are clearly visible. The Molasse basin is a prominent feature and
the sediments overthrusted by the Northern Calcareous Alps are clearly
visible. Beneath the Molasse basin, especially in profile Dd, the Moho
“discontinuity” presents itself as a smooth transition zone that could be
a vertical “leaking” effect of the low basin velocities in our non-linear
depth inversion. Focusing on the Alpine chain, we found a pretty uni-
form 25 km thick upper crust in the Eastern Alps with an average vg of
3.3-3.4 km/s, while the lower crust in some regions exhibits a strong ve-
locity gradient with a high average velocity of about 3.6-3.7 km/s and
its thickness decreases from W to E (sections Cc and Dd). The South-
ern Alps show a lower velocity in the upper crust than Eastern Alps,
with a lower crust characterized by a quite strong velocity gradient. The
crustal thickness reaches a maximum at the transition between South-
ern and Eastern Alps with values of about 55-60 km and thins gradually
in the Eastern Alps to 40-45 km. However, as already mentioned, east
of the EASI profile, our resolution degrades at ~30 km depth. Recently,
Hetényi et al. (2018b) exploited the receiver functions method on the
EASI seismic profile proposing an Alpine crustal root of >70 km depth
with a broad vertical velocity gradient at the location of the former
Moho “gap”, while showing outside the Alpine chain a good correla-
tion with the Moho by Bianchi et al. (2015), Spada et al. (2013) and
Behm et al. (2007) (section Dd).

In the profiles Bb and Cc (Fig. 9), we see a nearly perfect fit between
our Moho and the one obtained by Spada et al. (2013). The correla-
tion though is less good for the profile Dd, where we note a system-
atic tendency to obtain a deeper and laterally more variable ANT-Moho
than Spada et al. (2013) and Hetényi et al. (2018b). The Moho depth of
Magrin and Rossi (2020) agrees well with Spada et al. (2013) beneath
the Eastern Alps but remains somewhat shallower beneath the Southern
Alps and the Venetian-Friuli basin. In those regions, where the corre-
lation between the Moho topography models is not very good, we see
a more complex velocity structure in our ANT results, e.g., within the
Bohemian Massif, beneath the Molasse basin, in the Southern Alps and
generally in the easternmost profile Dd. This effect might be caused by
a combination of two factors: (1) the crust and the uppermost mantle
velocity structure east of longitude 12°E within the European and the
Adria plate could be significantly different and more complex than fur-
ther west, and (2) our depth inversions suffer from a degradation in data
coverage with depth or from a non-optimal initial reference layering.

4. Conclusions

We have derived a new 3-D vg model that fits surface wave group dis-
persion curves between 3 and 35 s. Our model explains data from the
permanent and the EASI AlpArray complementary experiment broad-
band seismic stations, with a significant reduction of surface-wave data
variance. The strength and quality of this new information relies on
the absolute velocity and the velocity gradient being continuously and
unambiguously sampled along the Moho, only limited by the amount,
quality and back-azimuthal distribution of the data available.

Our preferred model consists of 3 crustal layers (sediment, upper and
lower crust) with the shear velocity described by a linear gradient. The
final 3D model (i) is a complete model that include the isotropic elastic
parameters (vp, Vg and density), (ii) can be considered an improvement
of existing reference models like EPcrust (Molinari and Morelli, 2011),
which has the same vertical parametrization, (iii) incorporates a priori
information of recent progress in terms of crustal structure from inde-
pendent methods (Spada et al., 2013; Molinari and Morelli, 2011) and
(iv) is, in principle, suited for many applications such as wave propaga-
tion modelling, crustal correction, gravity studies, etc..
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Despite the fact that during the time of writing, a new and dense
dataset has been made available — the AlpArray seismic network data
(Hetényi et al., 2018c)-, and recent models have been published
(Lu et al., 2020; Qorbani et al., 2020; Magrin and Rossi, 2020), we be-
lieve that our study yields valuable results in terms of the 3D structure
of the Eastern Alpine region. In particular, we found: (a) high corre-
lation with the well-known geological features up to 20 km depth; (b)
we image the inner structure of the Molasse basin; (c) we found impor-
tant variations of crustal thickness and velocities as a result of Alpine
orogeny.

The relatively poor ray coverage in the Eastern part and the strong
3D variability of the orogenic structure suggest that the inclusion of the
new high-resolution dataset from the AlpArray Seismic Network will
help to improve the resolution, coverage and the model details. More-
over, the derivation of nine-component cross-correlation functions to ex-
tract Love wave signals, combined with the measurements of both group
and Love velocities would allow an increase of the resolution (horizon-
tal and on depth) and a further investigation of the anisotropy in the
crust.
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