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We compiled a dataset of continuous recordings from the temporary and permanent
seismic networks to compute the high-resolution 3D S-wave velocity model of the
Southeastern Alps, the western part of the external Dinarides, and the Friuli and Venetian
plains through ambient noise tomography. Part of the dataset is recorded by the
SWATH-D temporary network and permanent networks in Italy, Austria, Slovenia and
Croatia between October 2017 and July 2018. We computed 4050 vertical component
cross-correlations to obtain the empirical Rayleigh wave Green'’s functions. The dataset
is complemented by adopting 1804 high-quality correlograms from other studies. The
fast-marching method for 2D surface wave tomography is applied to the phase velocity
dispersion curves in the 2-30 s period band. The resulting local dispersion curves are
inverted for 1D S-wave velocity profiles using the non-perturbational and perturbational
inversion methods. We assembled the 1D S-wave velocity profiles into a pseudo-3D
S-wave velocity model from the surface down to 60 km depth. A range of iso-velocities,
representing the crystalline basement depth and the crustal thickness, are determined.
We found the average depth over the 2.8-3.0 and 4.1-4.3 km/s iso-velocity ranges to be
reasonable representations of the crystalline basement and Moho depths, respectively.
The basement depth map shows that the shallower crystalline basement beneath the
Schio-Vicenza fault highlights the boundary between the deeper Venetian and Friuli
plains to the east and the Po-plain to the west. The estimated Moho depth map displays
a thickened crust along the boundary between the Friuli plain and the external Dinarides.
It also reveals a N-S narrow corridor of crustal thinning to the east of the junction
of Giudicarie and Periadriatic lines, which was not reported by other seismic imaging
studies. This corridor of shallower Moho is located beneath the surface outcrop of the
Permian magmatic rocks and seems to be connected to the continuation of the Permian
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magmatism to the deep-seated crust. We compared the shallow crustal velocities and
the hypocentral location of the earthquakes in the Southern foothills of the Alps. It
revealed that the seismicity mainly occurs in the S-wave velocity range between ~3.1

and ~3.6 km/s.

Keywords: ambient noise tomography, Eastern Alps, external Dinarides, Friuli plain, Po plain, Moho, basement,

phase velocity

INTRODUCTION

The Eastern Alps and external Dinarides across North-Eastern
Italy, Austria and Western Slovenia are the result of the collision
between the European plate with the Adriatic microplate (e.g.,
Dewey et al., 1989). Their evolution since Late Cretaceous is
mainly controlled by the protrusion of the Adriatic lower crust
(e.g., Handy et al, 2010), a relatively rigid and less deformed
continental crustal block pushed into weaker parts of the
orogen. The Adria microplate, squeezed between the African
and European plates, is rotating counterclockwise relatively to
Eurasia (e.g., Serpelloni et al, 2005; Le Breton et al., 2017)
and its indentation is accommodated by NNW-SSE shortening
in the Eastern and Southern Alps. The Eastern Alps and the
Southeastern Alps show a complex structure reflecting the
interplay between orogen-normal shortening and orogen-parallel
motion (e.g., Handy et al., 2015).

The seismicity is mainly located in the upper-middle crust
and along the Southeastern Alps foothills (Vigano et al., 2015;
Bressan et al., 2016). Fault mechanisms show a compression from
NW-SE to N-S, and NNE-SSW, consistent with the geodynamic
setting, and seismicity patterns seem to be controlled by the
crustal heterogeneities and the different degree of interseismic
coupling along the main thrust front.

Seismic experiments carried out during the last two decades,
TRANSALP (TRANSALP Working Group, 2002), ALP 2002
(Briickl et al., 2007; Grad et al., 2009; Sumanovac et al., 2009),
and CROP (Finetti, 2005) suggested the subduction of Eurasia
below the Adria microplate to the west of the Southeastern
Alps below the Tauern Window. From the Tauern window
to the east, a sudden change in the subduction direction is
inferred from teleseismic tomography studies (e.g., Kissling
et al., 2006; Handy et al, 2015), and the interaction of the
Adriatic microplate and Eurasia is made more complex by its
underthrusting below the Dinarides and the Pannonian fragment
(Briickl et al., 2010; Sumanovac et al., 2016). The Eastern Alps
structural complexity and the existing different tectonic models
triggered in the last decade a number of studies on crustal and
upper mantle structure, also made possible by the development of
more dense seismological networks in the area (AlpArray Seismic
Network, 2015; Istituto Nazionale Di Oceanografia E Di Geofisica
Sperimentale, 2016; Hetényi et al., 2018a).

By using permanent and temporary stations, seismic
tomography studies were carried out at continental and regional
scales (e.g., Molinari et al., 2015; Behm et al., 2016; Guidarelli
etal., 2017; Tondi et al.,, 2019). A recent joint inversion of surface
wave phase velocities from ambient noise and earthquakes
confirmed the heterogeneity of the crustal structure between

the Central and Eastern Alps (Késtle et al., 2018). New crustal
models from ambient noise tomography have also been recently
proposed by Lu et al. (2020), Molinari et al. (2020), Qorbani et al.
(2020) improving the resolution of the existing reference models
like EPcrust (Molinari and Morelli, 2011).

Receiver function data and the global-phase seismic
interferometry, provided by the AlpArray complementary
experiment EASI (Hetényi et al., 2018b; Kvapil et al.,, 2020),
with focus on the Eastern Alps, highlighted a complex crustal
structure and suggested a possible Adria subduction below
Eurasia (Hetényi et al., 2018b; Bianchi et al., 2020). However, the
interpretation of the receiver function data is still ambiguous due
to the possible presence of slices of lower crust imbricated at the
contact between Eurasia and Adria, and therefore not a single
interface at depth with an overall acoustic impedance (Bianchi
and Bokelmann, 2014; Bianchi et al., 2015).

For mapping in greater detail the Moho discontinuity,
investigating its possible fragmentation, and improving the
knowledge about the dynamic processes that originated crustal
growth, accretion, delamination, and underplating, an array of
154 broadband seismic stations (Figure 1, AlpArray-SWATH-
D project) in the Eastern Alpine region was completed at
the end of 2017 and operated for 2 years (Heit et al, 2017).
SWATH-D focuses on a key area of the Alps where the
hypothesized flip in the subduction polarity is suggested to
occur and where the TRANSALP experiment has imaged a
jump in the Moho geometry (TRANSALP Working Group,
2002). The temporary network complemented the larger-scale
AlpArray network and existing permanent stations of the
Alps-Adria region (Heit et al., 2017). The spatial density of
the integrated seismic networks provides the opportunity to
improve the lateral resolution for ambient noise and receiver
function studies, including greater detail in the crustal and
uppermost mantle models.

We apply an ambient noise tomography to a new dataset
exploiting the SWATH-D temporary experiment. Rayleigh wave
phase velocity measurements obtained for pairs of stations
are integrated with the measurements adopted from Nouibat
et al. (2021). S-wave velocities are obtained by using non-
perturbational and perturbational inversion in an area including
the Friuli and Venetian plains, the Alps foothills, the Alpine
chain and external Dinarides. A new high-resolution crustal
model is computed down to a depth of 60 km and its relation
with the main geologic and tectonic features are discussed. The
estimated crustal thickness in the Southeastern Alps and external
Dinarides is compared with those included in the Northern Adria
crust (NAC) model (Magrin and Rossi, 2020) and the Moho
map of Spada et al. (2013).
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FIGURE 1 | (A) Map showing the seismic stations used in this study. The ZS, CR, SL, and MN stations are used for computation of correlograms in this study. The
correlograms computed using up to 4 years of the recordings from the IV, OE, and Z3 stations are adopted from Nouibat et al. (2021). The blue circle shows the
location of D024 station of the ZS network and location of the June 14, 2019, Mw 3.7 earthquake is shown by black star. (B) Map showing the major tectonic
features in the study region modified from Schmid et al. (2004, 2008) and Handy et al. (2010). ZS-SWATH-D temporary network; CR-Croatian seismograph
network; IV-Italian national seismic network; MN-Mediterranean very broadband seismographic network; SL-Seismic network of the republic of Slovenia;

Z3-AlpArray Z3 network; OE-Austrian seismic network.

DATA AND METHODS

Seismic Data and Cross Correlation

The dataset used in this study is composed of two subsets.
The larger subset exploited 10 months of continuous
recordings for computation of correlograms. The other
smaller complementary subset of correlograms was adopted
from Nouibat et al. (2021) (hereafter NBT21), which were
calculated using up to 4 years of continuous recordings. Location
of the seismic stations used in the two datasets is shown in
Figure 1. In the following, we will present the description of
these datasets.

The SWATH-D temporary experiment deployed 154
broadband seismic stations during 2017-2020. Taking the
recording duration and quality of the stations into consideration,
we processed 10 months of continuous seismic data recorded
between October 2017 and July 2018 from 133 stations of
the SWATH-D temporary network (ZS) (Heit et al, 2017).
Continuous recordings of 13 permanent stations of the Slovenian
(SL) (Slovenian Environment Agency, 2001), Croatian (CR)
(University of Zagreb, 2001), and the Mediterranean very
broadband (MN) (MedNet Project Partner Institutions, 1990)
networks between October 2017 and July 2018 were also
used (Figure 1).

The continuous data were baseline-corrected and
downsampled to 5 Hz, and the instrumental response was
removed. We followed the workflow proposed by Bensen
et al. (2007) with slight modifications for the computation of
cross-correlation of the vertical components. The waveforms
were filtered between 0.5 and 100 s and cut to 1 h segments. We
applied the time domain normalization and spectral whitening.

We then cross-correlated the 1 h-long segments of all the ZS
station pairs. We also performed the cross-correlation between
the 1 h segments of the permanent stations (i.e., SL, CR, and
MN networks) and all the ZS stations. Since the number of
permanent station pairs is much smaller than the ZS-permanent
station pairs and their ray crossings mainly coincide with
those of the ZS-permanent and ZS-ZS station pairs, the cross-
correlations between the permanent stations were not included.
Subsequently, we stacked up to 24 available correlograms of each
day. The resulting daily correlograms were stacked again over 3
months. We checked the quality of the correlograms by means of
estimating the signal-to-noise-ratio (SNR). Then the SNR of the
3 month stacked correlograms were compared to investigate the
seasonal variation in the quality of the correlograms. Comparison
of the 3 month correlograms revealed that the correlograms were
temporarily stable during the 10 month period of recording,
and their SNR values did not exhibit substantial variations.
Supplementary Figure S1 shows the 3 month correlograms
with the SNR value of higher than 5 between station D024 (the
blue circle in Figure 1) and other contemporaneously operating
stations. We also stacked the daily correlograms for the 3-10
month periods to examine the effect of stacking duration on
the quality of the correlograms. We fixed the value for the SNR
threshold at 10. The results revealed that the SNR values of the
majority of the station pairs were higher than the threshold after
7 months of stacking. Therefore, 10 months of stacking was
sufficient to obtain stable correlograms (i.e., ZS, SL, MN, and
CR station pairs).

At the end of this procedure, we selected 4050 high-quality
empirical green functions (EGFs) showing clear and symmetrical
signals on both the causal and acausal parts. Figure 2 shows
the cross-correlations computed between station D024 (the blue
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circle in Figure 1) and other contemporaneously operating
stations. Dispersive Rayleigh wave packets are evident on both
the causal and acausal parts of the correlograms.

We followed the same procedure to compute the correlograms
between some stations of the Italian national seismic network
(IV) (INGV Seismological Data Centre, 1997) and the AlpArray
Z3 network (Z3) (AlpArray Seismic Network, 2015) and the
ZS stations to improve our ray coverage. However, unlike
the ZS, SL, MN, and CR station pairs, the 10 month period
of recording was not sufficient to satisfy our quality control
criteria for the IV-Z3, IV-ZS, Z3-ZS station pairs. Therefore,
we adopted 3036 correlograms from NBT21 as a complement
to the dataset computed in this work. The correlograms were
computed following the procedure explained in Soergel et al.
(2020) and using up to 4 years of the continuous recordings of 148
stations of the IV, Austrian (OE) (Zentralanstalt Fiir Meterologie
Und Geodynamik [ZAMG], 1987) and Z3 networks (Figure 1).
Regardless of the time domain normalization, the preprocessing
steps in the Soergel et al. (2020) procedure are mainly similar to
the method we applied (i.e., detrending, low-pass filtering, and
instrument response correction). This allows for the seamless
integration of the correlograms computed in this study and those
of NBT21. NBT21 followed the comb filter preprocessing routine
for handling of transient high amplitude earthquake signals. They
calculated the cross-correlations between each station pair using
4 h windows and stacked them to obtain the final correlogram for
each station pair. We controlled the quality of the correlograms
and kept 1804 EGFs with SNR values greater than 10 on both
the causal and acausal parts to supplement our initial dataset.
Figure 3 shows the variation in the number of EGFs with
interstation distances and azimuths before and after inclusion of
the high-quality correlograms of NBT21.

Rayleigh Wave Phase Velocity

Measurements
The calculated EGFs have been then used to estimate the phase
velocity of Rayleigh waves for each couple of stations. It is worth

remembering that the largest period for which the phase velocity
can be measured is proportional to the interstation distance.
In the traditional frequency-time analysis (e.g., Levshin et al,
1992) the wavelength should be smaller than or equal to one-
third of the interstation distance (Yao et al., 2006; Lin et al,
2008). However, the method of Ekstrom et al. (2009) allows for
measuring reliable phase velocities up to periods with wavelength
comparable to the interstation distance. The technique proposed
by Ekstrom et al. (2009) uses the Aki’s spectral formulation to
measure the phase velocity directly from the zero crossings of the
real part of the correlation spectrum. We used the methodology
of Ekstrom et al. (2009) incorporated into the GSpecDisp
package (Sadeghisorkhani et al., 2017) for measuring the phase
velocity dispersion curves of the Rayleigh waves. The reliable
period range for each couple of stations was conservatively
selected so that the interstation distance was 1.5-50 times larger
than the considered wavelengths. We visually evaluated the
causal and acausal parts of the EGFs and manually picked the
dispersion curves exhibiting a clear, smooth and continuous
trend of period dependence. The phase velocities were picked at
periods where energy level on the real part of the correlogram
spectrum is significant.

We also used the multiple-filter approach (Herrmann,
1973, 2013) to measure the phase velocities of some random
correlograms and compared them with those obtained from
GSpecDisp package. The comparison revealed no substantial
difference between the dispersion curves in the period range
where 3-50 wavelengths can propagate within the interstation
distance. Furthermore, we measured the phase velocities from
44 records of June 14, 2019, Mw 3.7 earthquake (the black
star in Figure 1) using the multiple-filter approach (Herrmann,
1973, 2013) to further validate the dispersion curves obtained
from correlograms. The earthquake epicenter is located close to
station D013 of the ZS network. The dispersion curves from
June 14, 2019, Mw 3.7 earthquake were in agreement with
those from correlograms between D013 and other ZS stations
(Figure 3). Figure 3D shows the dispersion curves picked from
the D013-D024 and D013-D086 correlograms as well as the
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FIGURE 3 | (A) Number of correlograms calculated in this study vs. interstation distance and azimuth. (B) Number of correlograms used in this study, including the
high quality correlograms of Nouibat et al. (2021), vs. interstation distance and azimuth. (C) Number of Rayleigh phase velocity picks at different periods. (D) Phase
velocity dispersion curves measured from correlograms calculated in this study (dark gray) superimposed on the dispersion curves measured from correlograms
adopted from Nouibat et al. (2021) (lighter gray). The phase velocity dispersion curves from 44 records of the June 14, 2019, Mw 3.7 earthquake and the average
curve are shown by cyan and black lines, respectively. The dispersion curves from D013-D024 and D013-D086 correlograms and those of the earthquake
waveforms recorded by D024 and D086 stations are also shown. The horizontal axis label is shared in (C,D). Gray boxes in (C,D) show the periods excluded from
tomography.

dispersion curves from the waveforms of June 14, 2019, Mw
3.7 earthquake recorded by D024 (46.21°N, 11.23°E) and D086
(46.64°N, 11.35°E) stations. At periods longer than 30 s, the
dispersion curves obtained from the correlogram dataset of
NBT21 exhibit two diverging trends. The set of dispersion curves
with lower velocities at longer periods are related to the rays

crossing the Po and Venetian-Friuli plains, while the dispersion
curves of the rays crossing the Alps have higher velocities at
periods longer than 30 s.

Figure 3C shows the number of phase velocities obtained
from correlograms in the period range of 2-30 s. The number
of measurements varies between 2,390 in 30 s and 5,094 in 7 s.
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Since the SNR of most of the 3 month stacked correlograms were
smaller than the threshold of 10 we were not able to estimate the
uncertainty of the phase velocity measurements from seasonal
variability as it is proposed by Bensen et al. (2007).

2D Phase Velocity Tomography

The fast-marching surface wave tomography package (FMST)
(Rawlinson, 2005) is used for inversion of the reliable Rayleigh
wave phase velocity measurements. FMST uses the fast-marching
method (Sethian and Popovici, 1999) for the forward prediction
of the traveltimes. It applies an iterative subspace inversion to
map lateral variations in phase velocity accounting for the non-
linear relationship between velocity and traveltime. The study
area was parameterized with 0.1° x 0.1°cell grids. The cell grid
size is selected so that each cell in the target region contains a
minimum of 20 ray crossings. The average of the measured phase
velocities at each period was considered as the homogeneous
starting model of the inversion. FMST allows the damping and
smoothing regularization parameters to be adjusted in order to
cope with the problem of non-uniqueness. The damping factor
prevents the solution model from departing too much from the
starting model, while the smoothing factor avoids unrealistic
sudden changes and constrains the smoothness of the solution
model. Although the dispersion curves were picked carefully, we
first ran the inversions with a high value of damping factor to
detect and discard the highly incoherent paths with the traveltime
residual greater than three times the average of all the traveltime
residuals (Kaviani et al., 2020). We performed the tomographic
inversion again with a set of regularization parameter pairs in
the range between 0 and 5 to select the optimal damping and
smoothing parameters at each period. The optimal damping and
smoothing parameters were selected by the construction of the
trade-off curves. After careful inspection of the trade-off between
data misfit and model variance at each period, the damping
factor was chosen. The trade-off curves between misfit and
model roughness were used to estimate the optimal smoothing
parameters at each period. Figure 4 shows the smoothing and
damping trade-off curves and the selected optimal parameters for
periods of 5 and 20 s.

We performed checkerboard tests to elucidate the dimensions
of the features that can be resolved through the inversion process.
The actual ray coverage and the selected optimal regularization
parameters were used in the checkerboard tests. Thanks to the
dense ray coverage, the 0.3° x 0.3° blocks at periods shorter than
5 s were recovered in the Southeastern Alps region covered by
the ZS network. However, smearing effects are obvious at periods
longer than 4 s. Performing the checkerboard tests with anomaly
sizes 0f 0.5° x 0.5° revealed that the anomalies are well recovered
in most of the target region (Figure 5).

Following Zelt (1998), we quantitatively assessed the
semblance between the true and recovered checkerboard
anomalies through the calculation of the resolvability factor.
The areas in tomographic results with resolvability factor of
higher than 0.7, and the tomographic grids with a minimum of
20 ray crossings are shown in Figure 5. The final tomographic
results are confined within the overlapped area between the
resolvability factor of higher than 0.7 and a minimum of 20 ray

crossings (Figure 5). We initially performed the tomography
for the period range between 2 and 40 s. However, considering
the checkerboard test results, we decided to confine the final
tomographic inversions to the 2-30 s period band in the region
covered by ZS network and to the 5-30 s period range in the
remaining parts.

1D S-wave Velocity Inversion

We extracted local dispersion curves for each 0.1° x 0.1° grid
node of the tomographic model and inverted them for 1D depth-
dependent S-wave velocity profiles. We performed the two-step
procedure of Haney and Tsai (2017) for non-perturbational and
perturbational inversion of Rayleigh-wave velocities. First, we
applied the non-perturbational inversion, based on the Dix-type
relation for surface waves, and an optimal non-uniform finite-
element grid of layers generated based on depth sensitivity of
the Rayleigh waves (Haney and Tsai, 2015; Figure 6). The 1D
velocity profiles obtained were then used as starting models
for the subsequent perturbational inversion that relies on the
finite-element method resulting in a matrix formulation of the
forward problem. It allows for linking the forward and inverse
problems using matrix perturbation theory. The perturbational
inversion iteratively refines the starting model provided by the
non-perturbational Dix-type inversion to find the final model
that fits the data. We generated a set of synthetic phase velocity
dispersion curves with 2.5% noise from arbitrary velocity models.
A comparison of the inverted and true models revealed that the
inversion process is capable of producing a smoothed version of
the true model (Supplementary Figure S2).

Figure 6 shows an example of the measured and predicted
dispersion curves as well as the starting and final S-wave velocity
models at a grid node. Although the perturbational updating
of the non-perturbational starting model has not substantially
affected the shallower S-wave velocity structures, it leads to
significant fitting improvements at longer period dispersions
representing the deeper S-wave velocity structures. We inverted
the local dispersion curves for the 1D velocity profiles down
to a depth of more than 200 km. However, considering the
sensitivity kernels calculated using the final S-wave velocity
model, we consider as reliable the results obtained down to
60 km (Figure 6). Four examples of the inverted 1D S-wave
velocity profiles and their sensitivity kernels are shown in
Supplementary Figure S3.

RESULTS
3D S-wave Velocity Model

After inverting all the local dispersion curves, we assembled the
resulting 1D S-wave velocity profiles into a pseudo-3D crustal
S-wave velocity model of the Southeastern Alps (hereafter SEA-
Crust). Figure 7A shows seven depth slices from the surface
down to 60 km. The average velocity is increasing from about
2.0 km/s at the surface to about 4.5 km/s at the depth of 60 km.
The average 1D S-wave velocity profiles of the Alps and the
Friuli and Venetian plains are shown in Figure 7B. The P-wave
velocities in Figure 7B were calculated considering the average
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crustal Poisson ratio of 0.256 (Christensen, 1996). In the depths
shallower than about 15 km and to the north of the deformation
front, S-wave velocity is higher than the southern parts (ie.,
in the Venetian and Friuli plains). In contrast, deeper depth
slices reveal higher velocities in the Venetian and Friuli plains
compared to the Eastern Alps. Considering both the S-wave
velocities of 4.0 and 4.2 km/s as proxies for the Moho depth, the
crust in the eastern Alps is, on average, about 15 km thicker than
in the Venetian and Friuli plains (Figure 7). At 60 km depth,
the depth slice is dominated by velocities greater than 4.0 km,
implying that the crust in the whole study region should not be
thicker than 60 km.

Figures 8A-H shows the variation of S-wave velocity with
respect to the average velocity at different depths from 5 to 40 km.
Figure 8I shows the major faults in the region. The absolute
velocities at the same depths are shown in Supplementary
Figure S4. The Southern prominent low-velocity zone at 5
and 10 km depths is related to the Venetian and Friuli plains.
The upper crustal S-wave velocities change considerably from
the Friuli and Venetian plains to the Alps foothills. As we
expected, in the shallow crust, the S-wave velocities are lower
for the Adria plate beneath the Friuli and Venetian plains,
where soft sediments and sedimentary rocks are thicker. The
S-wave velocity at 10 km depth in the Southeastern Alps
reaches the value of about 3.8 km/s that is in agreement with
the high P-wave velocity value of 6.8 km/s reported by other
works (Behm, 2009; Bressan et al., 2012). Considering the
increasing trend of the crustal thickness from the south to the
north of the study region, the 15-30 and 20-40 km depth
ranges are approximately associated with the middle-lower crust
in the Southeastern Alps and Adria, respectively. The maps
of absolute velocity in Supplementary Figure S4 reveal that
the middle and lower crust are faster in the southern parts
than in the northern parts of the study region. Nonetheless,
a more rigid lower and middle crust for the Adria plate is
not a new result and is consistent with the efficient wave

propagation due to low attenuation of recorded earthquakes and
SmS wave propagation (e.g., Bragato et al, 2011; Sugan and
Vuan, 2014). The faster middle and lower crust of the Adria
compared to the Southeastern Alps is also observed by the
other recent tomographies (Késtle et al.,, 2018; Lu et al., 2018;
Qorbani et al., 2020).

The boundary between the higher and lower velocity
anomalies to the east of longitude 12°E and in the 15-40 km
depth range perfectly mimics the leading edge of the Alpine
front responsible for the 1976 Friuli earthquake (Aoudia et al.,
2000) to the east and the Bassano-Cansiglio active folding system
to the west (Figure 8). The presence of a high-velocity body
(HV1) deeper than 10 km to the east of the Giudicarie fault
is evident. The NNW oriented part of HV1 at 40 km depth
is also clearly observed by Molinari et al. (2020) and roughly
observed by Kistle et al. (2018) and Lu et al. (2018). On
the other hand, such a high-velocity body seems to be absent
from both the Love and Rayleigh-wave shear velocity model of
Qorbani et al. (2020). The location of the HV1 at 10-20 km
depth range coincides with the Permian magmatic rocks at the
surface (Schuster and Stiiwe, 2008). The eastward extension
of HV1 with depth can be considered as the continuation
of the Permian magmatic complex within the lower crust.
The low-velocity anomaly in the 10-20 km depth range and
to the northwest of the study region is also observed by
Qorbani et al. (2020).

Crystalline Basement and Moho Depth

Different criteria have been used by receiver function and
tomography studies to capture the sedimentary layer-crystalline
basement boundary and the Moho discontinuity. Using the
iso-velocities at the bottom of the layers is among the most
well-established approaches for estimation of the discontinuity
depths in seismic imaging studies. However, the S-wave iso-
velocities used in the literature range from 1.5 to 3.0 km/s and
from 3.9 to 4.3 km/s for depicting the basement and Moho
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FIGURE 5 | Number of ray crossings in each 0.1° x 0.1° grid cell and stations of the ZS network (A-C). The area with resolvability factor of higher than 0.7 and the
tomographic grids with minimum of 20 ray crossings are shown by orange and blue polygons, respectively. Checkerboard reconstruction results with anomaly size of
0.3° x 0.3° (D-F) and 0.5° x 0.5° (G-I), and tomographic inversion results at periods of 3, 15, and 25 s (J-L). The purple polygon illustrates the overlapped area
between the resolvability factor higher than 0.7 and the minimum of 20 ray crossings.

30 32 34 36 38
Rayleigh phase velocity (km/s)

depths, respectively (Christensen and Mooney, 1995; Brocher,
2005; Moschetti et al., 2010; Molinari and Morelli, 2011; Macquet
et al,, 2014; An et al., 2015; Guidarelli et al., 2017; Magrin and
Rossi, 2020; Planés et al., 2020). Part of this discrepancy originates
from the lack of single definitions of the discontinuities and
the trade-off between the S-wave velocity and the depth of the
discontinuities. If the S-wave velocities of both the top and the
bottom layers are estimated, a strong depth gradient of the 1D

S-wave velocity profile can be considered as an indicator of
the discontinuity.

We used the gradient of the 1D velocity profiles in the top 10
km as a proxy to select the reasonable iso-velocity representing
the crystalline basement depth. Figure 9A presents the number
of maximum depth gradients in various velocities. Considering
the histogram, we selected the average depths corresponding to
a range of velocities between 2.8 and 3.0 km/s as the indicator
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of the discontinuity. A map illustrating the crystalline basement
depth is presented in Figure 9B. It shows that the crystalline
basement depths in the Po, Venetian and Friuli plains ranges
between ~4 and ~10 km. In the same region, Qorbani et al.
(2020) has also traced a low-velocity anomaly with values of less
than 3.0 km/s down the 10 km.

According to Steinhart (1967) and Thybo et al. (2013), the
seismic Moho is defined as a rapid increase of the crustal P-wave
velocity to a value in the range of 7.6 and 8.6 km/s. In the
absence of a sharp increase in velocity, the Moho is the level
at which the P-wave velocity exceeds the 7.6 km/s threshold.
Taking the average crustal Poisson ratio of 0.256 (Christensen,
1996) into account, the S-wave threshold velocity is 4.3 km (An
et al, 2015). In some part of the study region (i.e., beneath
the Southeastern Alps) the Moho is deeper than 55 km which
is close to the maximum depth of SEA-Crust (Molinari and
Morelli, 2011; Spada et al., 2013; Bianchi and Bokelmann, 2014;
Bianchi et al., 2015; Hetényi et al., 2018b; Kastle et al., 2018;
Lu et al., 2018, 2020; Stipcevic¢ et al., 2020). Therefore, in these
regions, SEA-Crust is not able to sample the shallow uppermost
mantle beneath such a deep Moho and the 1D velocity models

vary smoothly with depth, especially toward the deepest parts.
Thus, for estimating the crustal thickness we preferred to use
the iso-velocity depths rather than depth gradient of the 1D
velocity profiles. To this end, we collected a set of available
Moho depths from receiver function studies (Bianchi et al.,
2014, 2015; Hetényi et al., 2018b; Stipcevi¢ et al., 2020) and
compared them with different depths of iso-velocities between 3.9
and 4.3 km/s. Figure 9C illustrates the receiver function Moho
depths vs. iso-velocity depths. The comparison revealed that the
4.2 km/s iso-velocity depths are in a general agreement with
the receiver function results. The 4.1 and 4.3 km/s iso-velocities
mainly give rise to underestimation and overestimation of the
Moho depth, respectively. However, considering the available
uncertainty of the receiver function results, some of the 4.1 and
4.3 km/s iso-velocity depths are acceptable. Thus, the average of
the iso-velocity depths between 4.1 and 4.3 km/s is taken to be
the Moho depth. We calculated the standard deviation of the
depths in the same iso-velocity range as a measure of uncertainty
of the Moho depth (Figure 9D). The general pattern of higher
uncertainties for the deeper Moho depth estimates is partly due
to the decreasing vertical resolution with depth.

DISCUSSION

Comparison of the Pseudo-3D S-wave

Model With Other Studies

We compared SEA-Crust with those of NAC (Magrin and Rossi,
2020) and Kistle et al. (2018) (hereafter KST18) through the
calculation of their relative changes (Supplementary Figures S5-
§7) for fixed-depth slices. Mapping the local differences in the
upper crust (5 and 10 km depth, Supplementary Figure S5),
NAC is faster than SEA-Crust almost everywhere in the Po
and Venetian-Friuli plains (more than 20% at 5 km depth).
Beneath the southernmost SWATH-D development and at 5 and
10 km depths, the relative change between SEA-Crust and NAC
is smaller (~10%) (Supplementary Figure S5). This consistency
between SEA-Crust and NAC coincides with the region where
NAC is constrained by local earthquake tomographies (Anselmi
et al,, 2011; Bressan et al., 2012; Vigano et al., 2013). Within
the 20-30 km depth range, NAC is, on average, faster (less
than 10%) than SEA-Crust beneath the Alps and slower beneath
the plains (Supplementary Figure S5). NAC also tends to be
slower than SEA-Crust (less than 15%) in the lower crust
(depth >30 km) and almost everywhere in the study region
(Supplementary Figure S5).

In the upper crust (depth <10 km), SEA-Crust appears to
be on average ~10% faster and slower than KST18 in the
Southeastern Alps and in the plains, respectively (Supplementary
Figure S6). Within the 20-30 km depth range, KST18 is ~10%
slower than SEA-Crust (Supplementary Figure S6). The S-wave
velocity differences between KST18 and SEA-Crust increase
gradually with depth and reach ~15% at 35 km. Toward the
deeper structures and between 50 and 60 km depths, while the
KST18 is slower than SEA-Crust (less than 10%) beneath the
plains, it turns out to be faster (less than 10%) beneath the Alps
(Supplementary Figure S6).
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FIGURE 7 | (A) Depth slices showing variation of the S-wave velocity from the surface down to 60 km depth. The border between the Southeastern Alps and the
Venetian and Friuli plains is shown by the red line. The thinner black lines depict the Neogene faults (Schmid et al., 2004, 2008; Handy et al., 2010). (B) The average
1D S-wave velocity profiles in the Southeastern Alps and the Venetian and Friuli plains. S-wave velocities of 4.0 and 4.2 km/s are shown by vertical green lines. The
P-wave velocity profiles are calculated considering the average Poisson ratio of 0.256 for the continental crust (Christensen, 1996).
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Extremely variable S-wave velocities characterize the plains,
which is also pronounced by differences between NAC and
KST18 (Supplementary Figure S7). Comparing the three models
shows that SEA-Crust in the upper crust is more compatible
with KST18 rather than NAC all around the study region. This
is probably as a result of the similarities between the approaches
used by this study and KST18.

A peculiarity of SEA-Crust is that it exploited the new dataset
of phase velocities extracted from the SWATH-D station pairs
with short interstation distances. Therefore, we expect SEA-Crust
to be more selective and accurate for the paths crossing the plains
and the Alpine region at short periods and shallower depths.
It can justify the higher relative changes in SEA-Crust with
respect to NAC and KST18 in the shallow crust (Supplementary
Figures S5, S6).

Border of the Po and Venetian-Friuli

Plains

The Southern low-velocity anomaly at 5 km in Figure 8A
coincides with the location of the well-known Po, Venetian and
Friuli plains. The S-wave velocity in the region covered by the
basins is not homogeneous, and a relatively higher velocity trend
beneath the Schio-Vicenza fault divides it into the eastern and
western lower velocity parts. The S-wave velocity range between
2.8 and 3.0 km/s used for determination of the basement depth is
in the same range as those reported for the Mesozoic carbonates

on top of the crystalline basement (Pola et al., 2014; Turrini
et al., 2014; Molinari et al., 2020). The estimated basement
depth in Figure 9B is in turn shallower (~5 km) beneath the
Schio-Vicenza fault compared to its western and eastern deepest
parts (~10 km) to the southwest of the Garda Lake and the
northwestern corner of the Adriatic Sea. The topography of the
crystalline basement depth correlates well with the depth of the
Pliocene base related to the softer sediments (Pola et al., 2014).
The N-S cross sections in Figure 10 also highlight the soft and
consolidated sedimentary cover of the Venetian and Friuli plains
that is negatively correlated to the topography.

Upper and Middle Crustal Structure vs.
Seismicity

The N-S cross sections in Figure 10 reveal that the middle
and lower crust, particularly toward the northern parts is
highly heterogeneous. Part of this heterogeneity comes from a
vertical sequence of higher and lower velocity layers beneath the
Southeastern Alps, which is also detectable in section A. Beneath
the Adria plate, there are sharp velocity transitions between
the upper, middle and the lower crust; the middle crust seems
to be well developed with velocity gradients. However, toward
the north, the velocity gradients are laterally distorted by high-
velocity bodies in the upper and middle crust starting from
the foothills of the Alps. The seismicity we plotted along the
cross sections spans from 2008 to 2019 and are extracted from
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the OGS catalog (Friuli-Venezia Giulia Seismometric Network
Bulletin, 2019). The seismicity is mainly located in the southern
front of the Alps (i.e., where the elevation increases along the
topographic sections) and is confined in a narrow velocity band
between ~3.1 and ~3.6 km/s (Figure 10). The 15 September 1976
(Ms = 6.1) earthquake (Aoudia et al., 2000) is shown in section
E, and its adjacent seismicity clearly reveals the concentration
of the seismicity on the interface separating the higher velocity
from the lower velocity zones. The concentration of the seismic
activity in the narrow velocity band is also in agreement with
the occurrence of large earthquakes in the upper-crustal density
domain boundaries and the regions of the highest geodetic strain
rate (Spooner et al, 2019). This supports the hypothesis that
the faster middle and lower crust of Adria in this area is more
rigid than the Southeastern Alps, while the faster upper crust of
southeastern Alps is more rigid than Adria (e.g., Briickl et al,
2007, 2010; Marotta and Splendore, 2014; Magrin and Rossi,
2020).

Moho Topography

During the last two decades, important efforts were made to
determine the crustal thickness of the Alps through different
approaches (e.g., Kummerow et al,, 2004; Spada et al., 2013;
Hetényi et al., 2018b; Kaistle et al., 2018; Lu et al., 2018, 2020;
Spooner et al., 2019; Magrin and Rossi, 2020). The Moho model

of Spada et al. (2013) is derived from a combination of receiver
function and controlled source seismological studies. The more
recently published study of Magrin and Rossi (2020) is focused
on the northern tip of the Adria plate (i.e., about the same study
area as ours). They integrated the available information about the
depth of the main interfaces and the physical properties of the
crust to build the NAC model. The continuous Moho map of
NAC and the crustal thickness model of Spada et al. (2013) are
plotted along all the sections in Figure 10.

Figure 9D shows the crustal thickness map from the average
depths between 4.1 and 4.3 km/s iso-velocities. The red circles
in Figure 9D represent the location of the estimation nodes, and
their size are inversely proportional to the uncertainty of the
estimates. Crustal thickening, as expected, is found in our results
from south to north (Figures 9D, 10). Taking the uncertainties
into account, while the thinner crust of the Adria plate is shown
as gentle undulations that seems to be consistent with NAC, the
Moho model of Spada et al. (2013) is about 10 km deeper (see
sections B, D, and C in Figure 10). Moving toward the north
and along the sections B, C, and D, the change in our Moho
depth at the Alps foothills is sharper than the other models,
and the crustal thickness mirrors the topography, particularly
in section D (Figure 10). The Moho depth of Kummerow
et al. (2004) beneath the TRANSALP profile is depicted in
sections B, C, and D.
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Surprisingly, considering the three adjacent sections, it
appears that the maximum Moho depth beneath the Dolomite
Mountains significantly varies from more than 50 km in section
B and D to ~40 km in section C which coincides with the location
of TRANSALP. In section B, a sharp Moho step with magnitude
of more than 15 km is positioned between the Moho gradients in
the NAC and Spada et al. (2013) models. In section C, by contrast,
the Moho depth remains unchanged at ~40 km toward the north
of the Alps foothills. While the magnitude of crustal thickness
in section D is similar to section B, the Moho depth increases
at a longer wavelength along the profile in section D. Section A,
perpendicular to the three adjacent sections, clearly portrays the
N-S narrow corridor of crustal thinning. The shallower Moho

in section C is located beneath the surface observation of the
Permian magmatic rocks and HV1 that can be considered as
the continuation of the Permian magmatism to the deep-seated
crust. Presence of a much smoother lateral variation in the crustal
thickness to the east of the Giudicarie line is reported by Kistle
et al. (2018) and Spooner et al. (2019).

Except for the inconsistencies in their middle parts, the Moho
depths in sections E, F, and G generally agree with the NAC
Moho. The deeper Moho to the north of the Palmanova fault is
consistent with the results of the recent receiver function study
of Stipcevi¢ et al. (2020). The NW-SE thickened crust along the
boundary between the Friuli plain and the external Dinarides is
mainly formed as a result of the past and ongoing Adria-Europe
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convergence, which is accommodated by thrusting and strike
slip faulting (Vicic et al., 2019). The crustal thickness from the
receiver functions of Hetényi et al. (2018b) along the EASI profile
is shown in section F. The EASI Moho beneath the Periadriatic
Line reaches the depths of more than 60 km, which is far deeper
than the values of the other models. The southern part of the
EASI crosses the thickened crust to the east of the Friuli plain
(~50 km). However, the thick crust in this region is not captured
by EASI receiver functions (Hetényi et al., 2018b) and it shows a
~10 km thinner crust which is consistent with Spada et al. (2013)
and slightly deeper than the NAC Moho.

CONCLUSION

We compiled a collection of 5854 correlograms calculated using
the continuous seismic recordings from the permanent and
temporary networks in Italy, Austria, Slovenia and Croatia. Most
of the correlograms are computed using the seismic recordings
of the AlpArray SWATH-D complementary experiment, and
additional 1084 EGFs are provided by Nouibat et al. (2021). We
used the GSpecDisp package (Sadeghisorkhani et al., 2017) for
measuring the phase velocity dispersion curves of the Rayleigh
waves between 2 and 30 s. The FMST package is applied for the
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Rayleigh phase velocity tomographyina0.1° x 0.1° grid covering
the Southeastern Alps, the western part of the external Dinarides,
and the Friuli and Venetian plains. We inverted the resulting local
dispersion curves for 1D S-wave velocity profiles using the non-
perturbational and perturbational inversion methods (Haney and
Tsai, 2015, 2017). Finally, the 1D S-wave velocity profiles are
assembled into a pseudo-3D S-wave velocity model. By using the
depth gradient of the 1D S-wave velocity profiles, the depth of
the crystalline basement beneath each node is determined. We
also compared the iso-velocity depths with the crustal thickness
inferred from receiver functions and found the 4.2 km/s iso-
velocity to be a reasonable representation of the Moho depth.
Taking the resulted S-wave velocity model and the crystalline
basement and Moho depth maps into account, the following
principal conclusions can be drawn:

- Thanks to the close station spacing of the SWATH-
D network, our S-wave velocity model contains more
details compared to the other available models (e.g., Kistle
et al, 2018; Magrin and Rossi, 2020) particularly at
shallower depths.

- The crystalline basement depth in the Po, Venetian and
Friuli plains, ranges between ~4 and ~10 km.

- The crystalline basement beneath the Schio-Vicenza fault
is shallower (~5 km) than its eastern and western regions
implying that the Schio-Vicenza fault can be considered as
a prominent structural feature between the Venetian and
Friuli plains to the east and the Po-plain to the west.

- Comparison of the shallow crustal velocities and location of
the earthquakes in the southern foothills of the Alps reveals
that the seismicity mainly occurs in a narrow velocity band
between ~3.1 and ~3.6 km/s.

- The map of the iso-velocity-based Moho depth illustrates a
N-S trending narrow corridor of thinner crust (~40 km)
beneath the Dolomite Mountains and along the
TRANSALP profile, which separates the eastern and
western thicker (~55 km) crustal cores.

-The Moho depth map displays a thickened crust
along the boundary between the Friuli Plain and the
external Dinarides.
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