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Abstract. Since the 1980s a number of active and passive seismic experiments have revealed significant information about the
Earth’s crust in the broader European Alpine region. In this paper, we use seismic waveform data from the AlpArray Seismic
Network and three other temporary seismic networks, to perform receiver function (RF) calculations and time—to—depth
migration to update the knowledge of the Moho discontinuity beneath the broader European Alps. In particular, we set up a
homogeneous processing scheme to compute RFs using the time-domain iterative deconvolution method, and apply consistent
quality control to yield 107,633 high-quality RFs. We then perform time—to—depth migration in a newly implemented 3D
spherical coordinate system and using a European-scale reference P and S wave velocity model. This approach, together with
the dense data coverage, provide us with a 3D migrated volume, from which we present migrated profiles that reflect the first-
order crustal thickness structure. We create a detailed Moho map by manually picking the discontinuity in a set of orthogonal
profiles covering the entire area. We make the RF dataset, the software for the full processing workflow, as well as the Moho

map, openly available; these open-access datasets and results will allow other researchers to build on the current study.
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1 Introduction

The European Alps orogen, formed by the convergence between the European and African plates (e.g., Schmid et al., 2004;
Handy et al., 2010), is a unique and complex geological formation. We examine the spatial variability of the crustal structure
beneath the broader European Alpine region with homogeneous processing of a large amount of seismic waveform data. To do
that, we use teleseismic passive seismic imaging techniques to map the crustal structure, especially the Mohorovici¢ interface
(Moho). The knowledge of Moho depth variations can help provide new clues on open questions on the present-day structure
of the Alps and potentially on reconstructions of its geological history, especially 3D geodynamic modeling.

The Moho interface separates the crust from the uppermost mantle representing a significant change in chemistry, physical
properties and seismic velocities. The Moho interface was initially identified by Mohorovici¢ (1910) who examined the travel
times of regional earthquakes and observed that seismic velocities increase discontinuously with depth. Seismologists typi-
cally define the Moho as a sharp vertical change in wavespeeds, with P-wave velocities below the Moho typically exceeding 8
km/s, and above the Moho being less than ~7 km/s. A number of different geophysical imaging techniques (e.g., active reflec-
tion/refraction seismology, passive earthquake seismology, ambient noise measurements) are useful for mapping lithospheric
structures. As the continental Moho interface is a sharp discontinuity at relatively large depths it would require very strong
and expensive controlled sources to image, such that the receiver function technique (RFs, Langston, 1977) has emerged as a
commonly used, low cost tool for constraining Moho depth. RFs show the response of the crust and upper mantle below the
receivers to teleseismic waveforms, which undergo propagation mode conversion at sharp discontinuities such as the Moho
(Langston, 1977; Vinnik, 1977). Because of the sharpness and amplitude of velocity contrasts, the Moho P — to — S conver-
sions will often have the largest signals after the direct P wave arrival. Combining RFs with time-to-depth migration techniques
(e.g., common conversion point stacking technique; Zhu, 2000; Ryberg and Weber, 2000) we can obtain robust estimates for
the actual depth of the Moho.

The crustal structure in the broader Alps region has been investigated with active-source experiments (e.g., Roure et al.,
1990; Blundell et al., 1992; Pfiffner et al., 1997), local earthquake tomography (e.g., Diehl et al., 2009), receiver function
studies (e.g., Kummerow et al., 2004; Lombardi et al., 2008; Zhao et al., 2015; Colavitti and Hetényi, 2022), a combination
of published controlled source seismic (CSS) and receiver function measurements (e.g., Waldhauser et al., 1998; Di Stefano
et al., 2011; Spada et al., 2013), and ambient noise studies (e.g., Molinari et al., 2020; Nouibat et al., 2022). Global crustal
models give estimates of the Moho depths in the vicinity of the European Alps, however, their results are generally of low
resolution (e.g. Mooney et al., 1998; Meier et al., 2007; Laske et al., 2013). Grad and Tiira (2009) compiled the first Moho
depth map for the whole European plate by combining various different models and datasets from previous surveys. Artemieva
and Thybo (2013) similarly derived a model of the crustal structure of Europe and the North Atlantic by compiling a large
number of existing RF studies and seismic refraction profiles (EUNAseis). Molinari and Morelli (2011)’s EPcrust model is
also based on RF and active seismic refraction profiles but additionally incorporates geological priors, and earthquake and
ambient noise based surface wave studies. Waldhauser et al. (1998) constructed an interpolated 3D map of the Moho in the

Alpine region, using a compilation of CSS data. RF studies in the European Alps are relatively sparse. For example, Lombardi
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et al. (2008) calculated a number of RFs for the region around the western European Alps with limited coverage due to the
sparse distribution of permanent seismometers. RF profiles from high resolution campaign experiments have also provided
local insights into the Moho structure, for example in the TRANSALP profile in the central Eastern Alps revealed a southward
dip of the European Moho followed by a step-up towards the Adriatic Moho (Kummerow et al., 2004). Spada et al. (2013)
calculated RFs and combined data from active seismic studies to compute a Moho depth map that covers the Apennines and
part of the European Alps, but is limited towards the East. Generally, previous studies provide reliable local, regional or plate-
wide information, at respectively decreasing resolution, and are not easily or not at all combinable to achieve consistent Moho
depth information around a geodynamic target such as the Alps and neighbouring regions.

Despite the numerous previous active and passive seismic studies, the spatial variability of the Alps’ crustal structure is still
not precisely known. This is mainly due to the limited number of seismometers and their highly heterogeneous spacing. The
AlpArray Seismic Network (AASN, Hetényi et al., 2018a), which spanned the broader European Alpine region and was oper-
ational from early 2016 until mid-2019 (see Figure 1), consisted of more than 600 three-component broadband seismometers
with a nominal station spacing of ~50 km, providing an unprecedented network coverage and high-quality seismic waveform
data. Large passive seismic deployments like the AASN are ideal for high-quality 3D geophysical imaging and therefore pro-
vide us with a unique opportunity to image the crustal structure beneath the European Alps in a consistent and homogeneous
way.

Previous studies based on AASN (e.g., Lu et al., 2020; Paffrath et al., 2021; Bianchi et al., 2021; Monna et al., 2022;
Colavitti and Hetényi, 2022; Nouibat et al., 2022) or AlpArray supplementary data (e.g., EASI, SWATH-D; Hetényi et al.,
2018b; Molinari et al., 2020; Kind et al., 2021; Sadeghi-Bagherabadi et al., 2021; Jozi Najafabadi et al., 2022) have produced
high resolution local images of the crustal structure beneath the European Alps. However, these studies have been limited in
their geographic scope which left unresolved regions. To date a detailed analysis of the crustal structure, Moho topography in
our case, for the broader European Alps region using the AASN waveform data has not been made.

In this paper, we report on the activities of the AlpArray Receiver Function working group. The group’s main goal was to
take advantage of the unprecedented seismic data coverage of the AASN and release a high-quality RF dataset and a detailed
new Moho map for the European Alps. We use receiver functions and time-to-depth migration in a spherical coordinate system
to image the crustal structures beneath the broader European Alpine region. We also examine the spatial variability of the

crustal structures. The codes used for the calculations, the receiver function traces and the new Moho map are made available.

2 Data
2.1 Seismic network

We use continuous raw seismic waveform data from the AASN (Hetényi et al., 2018a) that operated from January 2016 until
April 2019, and together with permanent networks covered the broader European Alpine region (inverted triangles in Figure 1).
The main goal for the deployment of AlpArray was to provide an updated image of the crust and mantle structure beneath the

European Alps orogen (e.g., Hetényi et al., 2018a).
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We complement the AASN and permanent networks with data from several temporary seismic deployments to extend the
area examined and to further densify the distribution of the seismometers. In particular, we also include data from 1) the Eastern
Alpine Seismic Investigation (EASI; Hetényi et al., 2018b), 2) the China-Italy-France Alps seismic transect (CIFALPS; Zhao
et al., 2015, 2016) and 3) the Pannonian-Carpathian-Alpine Seismic Experiment (PACASE; Hetényi et al., 2019). The EASI
seismic network included 55 broadband seismometers that were deployed from late 2014 until late 2015 on a North-South
transect spanning from the Bohemian Massif in the North to the Adriatic coast in the South (triangles in Figure 1). The
CIFALPS deployment also included 55 broadband seismometers that operated for 13 months (2012-2013) along a WSW-ENE
transect across the southwestern Alps (squares in Figure 1). The PACASE seismic network continued operating over 100
temporary broadband seismometers from AASN until 2022, and has also deployed over 50 new temporary sites in the eastern

extent of the AASN towards eastern Slovakia, Hungary, and southernmost Poland (diamonds in Figure 1).
2.2 Teleseismic events

Figure 2 shows the epicenters of the 1,687 teleseismic earthquakes that we use for the receiver function calculations. We
selected teleseismic events with M > 5.5 and epicentral distance, A, between 30° and 90°. These epicentral distances and
earthquake magnitude ranges were used to avoid the upper mantle triplications as well as regional and core phases. We exclude
earthquakes with large magnitudes M > 8.5 because their waveforms can be contaminated with signals from large aftershocks

as well as having long and complex source-time functions.

3 Methods

The steps to calculate the receiver functions (RFs) and to perform the time to depth RF migration are summarised in the
processing workflow shown in Figure 3 and described in more detail below. The codes used for this analysis are open access

(see code availability section for details).
3.1 Receiver function calculations

To compute RFs, we deconvolve the vertical component seismogram from the radial components to remove the source time
function and near-source reverberations as well as the instrument response (e.g., Langston, 1979). The resulting RF approxi-
mates the response of the Earth structure below the receiver.

We first cut continuous seismic waveform data around the theoretical P-wave arrival times (120 s before and after) of the
teleseismic events (1687 events in total) from all available seismic stations. We downsample the cut waveforms to 20 samples
per second. We discard any incomplete trace or any incomplete Z-N-E triplet. This provides us with 521,762 Z-N-E waveform
triplets in total.

We then rotate the horizontal components into true N and E components based on the alignment stated in the station metadata.
This step is particularly crucial for the randomly oriented horizontal components of free-fall ocean bottom seismometers of the

AlpArray seismic network in the Ligurian Sea.
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Figure 1. Distribution of three component broadband seismometers of the AlpArray Seismic Network (AASN), the China-Italy-France Alps
seismic transect (CIFALPS), the Eastern Alpine Seismic Investigation (EASI), and the Pannonian-Carpathian-Alpine Seismic Experiment
(PACASE) used in this study (Hetényi et al., 2018a, b; Zhao et al., 2016; Hetényi et al., 2019). Seismic stations from AASN including the
permanent stations, CIFALPS, EASI, and PACASE are respectively shown as inverted triangles, squares, triangles, and diamonds and are

colored according to the number of waveforms used (Z-N-E component triplets).

Following Hetényi et al. (2018b), we apply a first quality control step that will help us remove anomalous traces. Particularly,
this step includes the calculation of two signal-to-noise parameters: (1) ratio between peak amplitude to background noise
amplitude, (2) the ratio between peak amplitude and background noise root-mean-square (rms). We also calculate the rms
value of all the available seismic traces for each teleseismic event, and use the median rms value for that event, median(rms).

Then we discard any trace with an rms that does not meet the following criteria for that event:

median(rms) * ¢y > rms > co * median(rms) ()
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Figure 2. Distribution of teleseismic events used in this study shown as circles colored according to hypocentral depths (USGS catalog;
https://earthquake.usgs.gov/earthquakes). The study area is shown by the blue box. Dashed black line shows the 30° epicentral distance from

the center of the study area.

where c¢; and ¢y are sensitivity parameters and equal to 10 and 0.1, respectively. The ¢; and ¢, values are based on empirically
defined values (for more details see; Hetényi, 2007). This quality control ensures that we discard noisy waveforms or waveforms
that contain biases introduced by local noise or problems with the seismometers. We apply this quality control step to all three
(Z-N-E) component seismograms separately.

The horizontal seismogram components are then rotated to the radial (R) and transverse (T) components, using the theoretical
back-azimuth value, ¢. This step helps to isolate the energy from the direct P wave and the converted S waves.

At this stage we apply a second quality control step to ensure that we keep traces with strong signals (i.e., large amplitudes).
To do this, we use an algorithm based on observing changes in the amplitudes of the seismic traces within two moving time
windows (i.e., ratio of short-term average, STA, to long-term average, LTA, algorithm; Allen, 1978) that is most commonly
used in earthquake detection applications (e.g., Michailos et al., 2019, 2021). We apply a high-pass filter of 1 Hz to the radial
component waveforms and use STA and LTA values of 3 s and 50 s, respectively. We keep the waveform traces that have
STA/LTA ratio values larger than 2.5 and discard traces with weak signals.

Before deconvolution, we (1) we trim the 240 s long radial and vertical component traces 40 s before and 60 s after the
P arrival, (2) remove the mean and (3) taper the traces using a 15 s Hann window to remove the effect of the signal at both
ends and avoid filter artifacts. We then apply a second-order 0.05—-1 Hz Butterworth bandpass filter that eliminates the noisiest

frequencies.
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We use the iterative time-domain deconvolution approach of Ligorria and Ammon (1999) with 200 iterations to remove the
effect of source time functions. In this approach, spikes are added iteratively to the trial RF that are convolved with a Gaussian
with a half width 1 Hz. The convolution of the series of Gaussian spikes with the vertical component approximate the radial
component. The predicted final radial components have high cross-correlation values (RF fit values; see Figures Al and A2)
when compared to the observed radial traces. We chose the approach of Ligorria and Ammon (1999) among other available
approaches (e.g., Gurrola et al., 1994, 1995; Park and Levin, 2000; Helffrich, 2006) based on its stability (see discussion in
Lombardi et al., 2008). It should also be noted, however, that for high quality datasets most deconvolution methods work well
and the advantages of one method over another are insignificant (e.g., Ligorria and Ammon, 1999).

We then apply the last quality control to the calculated RFs, similar to (Hetényi et al., 2015; Singer, 2017; Hetényi et al.,
2018b; Scarponi et al., 2021), that is based on the signal to noise ratio and the amplitude of the direct wave signal. For the first
part of this quality control, we calculate (1) the rms of the noise from 30 to 10 s before the P-wave arrival (rmsnoi), and (2)

the rms of the signal between 2 and 30 s after the P arrival (rmssig). We keep the RFs that meet the following criteria:

rmssig g )

TMmsnot

In addition, we require that (1) the timing of the maximum amplitude peak should be between O and 2 s and that (2) its
amplitude should be positive and have a value between 0.05 to 0.8. The first criterion ensures that the dominant arrival is
either the direct wave, expected to appear at t=0 s in Z-R RF, or the conversion at sediment-basement interface. The second
requirement on the amplitude value also helps to discard seismic traces with incorrect gain values or deconvolution artifacts.
We discard RF traces with overly large rms values (threshold equal to 0.07; Figure A3) which represent the top ~2 percent of
the traces. The results are not sensitive to the choice of this threshold, however the chosen value enables us to discard the most
noisy RF traces that are expected to mostly affect and contaminate our final migrated images.

As the last check, we visually inspected the RF traces (radial components) plotted versus their back-azimuths from each

individual seismic station. This final step ensures that we identify and discard any traces with low quality results.
3.2 Common conversion point stacking

Early RF investigations placed constraints on the 1D crustal structure below isolated seismic stations (i.e., receivers; Langston,
1977; Vinnik, 1977). To examine the spatial variability of crustal structures we use the common conversion point (CCP)
stacking techniques that takes advantage of dense arrays of seismic stations to provide images of discontinuities in the crust
and upper mantle (e.g., Ryberg and Weber, 2000; Zhu, 2000).

For each seismic trace, we backtrace the ray paths for S waves, assuming the theoretical P arrival slowness. This is equivalent
to assuming that all energy in the seismic trace has resulted from direct P-S conversions at horizontal boundaries. Because the
study region is characterised by very significant topography and includes stations below sea level as well as on mountain

tops we take into account the elevation of each seismic station. Given that our study area spans approximately two thousand
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Figure 3. Workflow summarizing the processing steps followed for a) the receiver function calculations and b) for the time-to-depth migra-

tion. These steps are described in detail in Section 3.

kilometers, we take into account Earth’s sphericity and newly implemented a CCP stacking code in a spherical coordinate
system. This way the obtained profiles and maps should represent structures closer to reality.

165 For the time-to-depth migration, we use EPcrust (Molinari and Morelli, 2011), a 3D P- and S-wave reference velocity
model based on a selection of previous geological and geophysical studies (e.g., surface-waves velocity models, active seismic
experiments, receiver functions, noise correlations, geological assumptions) that covers the entire study region. We choose to
use EPcrust instead of a global 1D (iasp91 velocity model; Kennett and Engdahl, 1991) in order to include information that
represents the local crustal structures within our examined region. For example in areas such as the Pannonian Basin or the Po

170 Plain, where the sedimentary layers are thick a global model like iasp91, that does not include a sedimentary layer, will provide
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results with considerable time shifts in the phase arrivals. Higher resolution velocity models are locally available in the Alpine
region, however, none of these models covers the entire study area examined here. We do not compile an ad-hoc composite
velocity model based upon the various available local models and choose EPcrust, a comprehensive and internally-consistent
model, to obtain homogeneous results. The grid spacing of EPcrust is 0.5° in latitude and longitude and consists of three layers
in depth (i.e., sedimentary, upper crust and lower crust). We use a linear interpolation method that allows us to estimate P- and
S-wave velocities at any given point within the velocity model.

We then define a 3D spherical migration grid spaced 0.05° in latitude and longitude and at 0.5 km in depth. Within this
grid, we calculate the theoretical ray trace paths with a smaller, 0.25 km increment, taking into account the station elevation
information. The P- and S-wave velocities along the ray trace paths are sampled from the interpolated EPcrust velocity model.
We back-project the converted wave amplitudes of the receiver functions along these theoretical ray paths and stack them
within the defined 3D spherical migration grid. This 3D grid of stacked RF amplitudes, therefore, highlights any increase or
decrease in seismic velocity with depth, which primarily represents structures associated with sharp velocity changes such as

the Moho interface.

4 Results
4.1 Receiver functions

We obtain 107,633 quality-controlled RFs in total. Figure 4 depicts the number of RFs at each seismic station. As a general
rule we expect that there will be more RFs at stations that have longer operational times or have high quality waveforms (e.g.,
stations located on bedrock). Consequently, seismic stations in southern France, the Po Basin, the Pannonian Basin, the OBS
deployment in the Ligurian sea and the CIFALPS and EASI deployments have relatively low numbers of RFs compared to
other stations because of shorter deployment times, the presence of sedimentary strata, which cause higher noise levels on the
horizontal components, and because of high noise levels on the horizontal components of OBS. Furthermore, reverberations
within the sedimentary layer or the water layer for OBS can obscure the Moho phase and make the RF difficult to interpret.

We plot the calculated RFs as a function of their back-azimuth values for each station (see examples in Figure 5) to observe
any differential times, amplitudes and polarities of the phases that may contain additional information on the inclination of the
discontinuities (e.g., Cassidy, 1992). This kind of graph also helps in providing an indication on the quality of the dataset (i.e.,
how easily identifiable is the Ps-Moho phase, what is the total back-azimuthal coverage, how does the variation of the sharpness
of the Ps-Moho phase for different back-azimuths looks like, is there a dipping Moho interface). Systematic variations of the
timing and amplitude can indicate the presence of dipping boundaries (360° periodicity) or the effect of anisotropy (180°
periodicity for horizontal anisotropy).

In Figure 5, we show RFs at four different seismic stations that are located in different geologic environments in the broader
European Alpine region (i.e., foreland/Molasse basin, the Pannonian Basin and the high Alpine region) and that have a varying
number of RFs due to their respective operational times during the AASN deployment. We do this to highlight the high-quality

of the RF traces. Our dataset has great back-azimuthal coverage with significant gaps only for southerly directions. The strength
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Figure 4. Map showing the number of receiver functions calculated for each seismic station. Seismic stations from AASN including the
permanent stations, CIFALPS, EASI, and PACASE are respectively shown as inverted triangles, squares, triangles, and diamonds and are
colored according to the number of receiver functions available (see color scale). The seismic stations with blue edges and marked with a, b,

¢, and d indicate the four stations from which we plot the receiver function stacks in Figure 5.

of the direct P-wave is variable, presumably due to changes in the angle of incidence (i.e., epicentral distances) correlated with
back-azimuth. We observe sharp P and Ps-Moho phases for all seismic stations at around 0-2 s and 2.5—4 s, respectively. For
seismic stations located in regions with thick sedimentary layers (e.g., Pannonian Basin; Figure 5¢) these phase arrivals appear
with a ca. 1-1.5 s of delay in time, similar to what Kalmadr et al. (2019) observed. The delay of the initial P phase is caused
by interference with the conversion at the sediment-basement interface while the delay of the Moho phase should simply be
a travel time effect, which can be corrected for by a velocity model including sedimentary layer information. Seismic stations
with relatively fewer RF traces (Figure 5b) nevertheless have clear high-quality signals of comparable quality to those with

longer operational times (Figure 5a and Figure 5d).

10
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Figure 5. Receiver function stacks from selected seismic stations plotted versus back-azimuth. We apply a normal moveout correction and
stack the traces in 20° wide back-azimuth bins. The number of traces contributing to each stack is shown in the right side of each panel.
Dashed vertical lines indicate time delays at 0, 5 and 10 seconds from the P wave arrival time. Panels a) and b) show the RFs from two
seismic stations Z3.A115A and Z3.A196A in the European foreland/molasse basin region. Panels ¢) and d) depict the RFs from a station
7Z3.A267A located in the Pannonian basin and station CH.BERNI located in the high Alpine region, respectively.

4.2 Receiver function migration

To check the coverage, we calculate the piercing points at 35 km depth as a compromise between areas of expected shallow
Moho depths (e.g., ca. 22-25 km beneath the Pannonian Basin) and expected deeper Moho (e.g., ca. 55-60 km beneath the
Alps) within our study area (Figure 6). The piercing points are well distributed providing a good coverage within our study
area. Whereas over most of the network piercing points of neighbouring stations are not significantly overlapping, they also
do not leave major gaps in coverage - with the exception of the seismic stations in the Po basin and the OBS stations in the
Ligurian Sea where the coverage is less dense due to either short operational times or the strong quality criteria applied.
Having calculated a 3D grid of stacked migrated RF amplitudes, we are able to extract 2-D migrated receiver-function
cross-sections at any location within our study region. Figure 7 shows the crustal structure along three cross-sections. Namely,
cross-section (A—A’) is located beneath the Western Alps collocated with the CIFALPS deployment to benefit from high station
density, cross-section (B—B’) beneath the central Alps and cross-section (C—C’) beneath the Pannonian basin and the eastern
Alps. In cross-section A—A’, we observe strong migrated amplitude signals from the European Moho, which dips gently to the
East—East-Northeast. The European Moho (EU in Figure 7) starts from depths of approximately 30 km in the west reaching
gradually depths of ca. 50-55 km. The signal then weakens at around 3-3.5° distance along cross-section A—A’ and for the
rest of the cross-section the Adriatic Moho (AD in Figure 7) is generally harder to distinguish. The crustal geometry in cross-

section A—A’ is in good agreement with the result of Zhao et al. (2015) who used the CIFALPS seismic data and Monna et al.
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Figure 6. Map depicting the piercing points (blue crosses) at 35 km depth computed for each seismic stations (inverted triangles) using the
EPcrust velocity model (Molinari and Morelli, 2011). The size of the crosses is based upon a Fresnel volume estimate of ~9 km for a typical

frequency of 1 Hz.

(2022) who jointly inverted P and S receiver functions using AASN seismic data. In cross-section B-B’, we also observe strong
amplitudes for the European Moho (~30 km in the northwest that gently dips down to ~55 km beneath the Alps). The Adriatic
Moho is a bit easier to identify, with respect to cross-section A—A’, with depths of around 30 km (around 4° in B-B’). Farther
southeast, the B-B’ profile continues through the Po basin (PB in Figure 7) where the signal is harder to interpret, as the Moho
no longer appears as a continuous interface; possibly this is caused by interference from multiples of the sediment-basement
interface but also there are fewer high-quality RF available for this area. Finally cross-section C—C’, starts from the Po basin
where again no clear continuous interface is visible; the whole section is harder to interpret than previous ones especially
beneath the Eastern Alps. The Adriatic Moho at offsets 1°-3° is between 30 and 40 km deep. Farther northeast the European
Moho lies between 25 and 35 km depth beneath the Vienna Basin and past the Western Carpathians (VB and WC in Figure 7).
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Figure 7. Migrated receiver-function cross-sections in spherical coordinates along lines A—A’ (top panel), B-B’ (middle panel), and C-C’
(lower panel) as marked in the inset map. Note that cross-section D-D’ is shown in Figure 9. For comparison, black solid and dashed lines
depict the Moho depths calculated by Grad and Tiira (2009) and Spada et al. (2013), respectively. EU = European Moho; AD = Adriatic
Moho; PB = Po Basin, VB = Vienna Basin; WC = West Carpathians. All cross-sections are smoothed and filtered and have no vertical
exaggeration, profile curvature represents real Earth sphericity. Inset map shows the location of seismic stations used with inverted blue

triangles. Solid lines indicate the cross-section locations with tracks every 1° distance.

4.3 Moho depth map

To compile the new Moho depth map, we manually pick Moho depths on 21 equally spaced cross-sections along the meridians
(3° — 23°) and another 10 equally intercepting cross-sections along the parallels (43° — 50°) (see supplement for all cross-
sections). We determine the Moho depth picks based on the strength and continuity of the signal. In cases where the signal
appears to be unclear or not completely continuous, we assign uncertain Moho depth picks.

This analysis provides us with a dense grid of Moho depths in the broader European Alpine region (Figure 8a). We inter-
polate the Moho depth points using a linear interpolation method to obtain a continuous image of the Moho depth distribution
(Figure 8b). We also test interpolating (1) the Moho depth picks separately for each plate (i.e., European, Adriatic and Lig-
urian) and (2) using only the certain Moho depth picks (excluding uncertain) and obtained very similar patterns (Figures A4
and AS). The plate boundaries are taken from Spada et al. (2013)’s Moho map, although in some locations our migrated RF
profiles point to slightly different plate limit positions. Moho depths vary from ~30 to ~60 km in the broader European Alpine
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region, with the deepest values (>50 km) observed near the highest topography of the Alps close to the plate boundary between
the European and Adriatic plates. The majority of the European plate has Moho depths around 30 km that is typical for the
continental crust in Western Europe. We are able to estimate very few Moho depth picks in the Ligurian sea, and no picks in

the Adriatic sea due to the lack of deployed stations.
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Figure 8. a) Map showing the spatial variations of Moho depths for the broader European Alpine region. Circles and diamonds with black
edges depict certain and uncertain manually picked Moho depths, respectively. Numbers indicate the names of the cross-sections that are
used for making the Moho picks (see manually determined Moho picks for each cross-section in the supplement). Thick black lines depict
the plate boundaries between the European, Adriatic and Ligurian plates adapted from Spada et al. (2013). b) Contoured distribution of all

Moho depths. Empty boxes depict regions where the interpolation method did not provide any results.
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5 Discussion

We present new RF migrated profiles and a new Moho depth map uniformly derived for the broader European Alpine region,
based on receiver functions and time-to-depth migration calculations of seismic waveform data from four temporary seismic
networks (i.e., AASN, EASI, CIFALPS, PACASE) and permanent stations. Starting from continuous data and applying a
systematic processing routine (see Figure 3) we get an unprecedented number of high quality RFs that allow us to image the

variations of Moho depth in the Alpine region and its forelands in great detail.
5.1 Comparison with previous Moho depth models

Our Moho depth estimates and migrated images are comparable with and generally supported by the results from previous
studies in the region (e.g., Grad and Tiira, 2009; Spada et al., 2013), with some differences which we attribute to a more
complete spatial data coverage. For example, in profile A—A’ of Figure 7, our deepening Moho signal of the European plate
can be followed to 3.25° distance at least, while that of Grad and Tiira (2009) starts transitioning to a shallower depth at
2.75° distance (~50 km to the west), and that of Spada et al. (2013) features a sharper jump at around 3.1° distance. On
the Adria side, the Moho depth estimates of the three models differ, which is expected given the complexity related to the
shallow intruding Ivrea Geophysical Body that requires more detailed analyses (e.g., Scarponi et al., 2021). In profile B-B’,
the situation at the Europe-Adria limit is somewhat similar to that in profile A-A’. Our European Moho signal can be tracked
until 3.7° distance, while Grad and Tiira (2009)’s estimates become shallower already at 3° distance (70 km to the NW),
and Spada et al. (2013)’s jump is at 3.5° distance. The continuity of European Moho signal beneath Adria in both profiles in
our images could be explained by the teleseismic waves imaging this zone from below, while a good portion of Spada et al.
(2013)’s dataset is from active seismics imaging it from above, hence determining the shallower discontinuity. In that sense,
defining the boundary between two plates in a collision zone goes beyond the task of tracing a line on a map, and requires 3D
analysis and the representation of overlapping Mohos, something that was done by Spada et al. (2013) in some regions. From a
geodynamic perspective, this is not surprising as during collisional processes different layers of the lithosphere decouple from
each other, may deform independently from each other, and also imbricate between plates. In profile C—C’ the three Moho
models show less differences, estimated at ~5 km, locally 10 km in depth. The largest difference at around 4° distance reveals
a shallower Moho in our model compared to Grad and Tiira (2009)’s, which could reflect a thinner crust in the transition zone

of the easternmost Alps to the Pannonian Basin.
5.2 Comparison of RF migrated profiles using different velocity models

To examine the influence of the laterally heterogeneous velocity model used for migration, we compare migrated profiles using
two different velocity models (i.e., iasp91 and EPcrust in our case). For this comparison we choose a cross-section along the
EASI profile. By doing this, we are also able to compare our results to the previous study of Hetényi et al. (2018b). Figure 9
depicts the migrated cross-section images from North to South along the EASI seismic network using the EPcrust velocity

model (top panel) and the global 1D iasp91 velocity model (lower panel). Although the overall pattern is the same, there
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are significant differences of more than 5 km in the absolute inferred Moho depth that are mostly due to the absence of a
sedimentary layer in the iasp91 model (depths <5 km). In addition, these images are also in good agreement with the results
of Grad and Tiira (2009), Spada et al. (2013), and Hetényi et al. (2018b) to the first order. A notable zone of difference is the
root of the Alps, between 3.5° and 4° distance (Figure 9), where Hetényi et al. (2018b) interpreted the Moho as the bottom
of a broad velocity-gradient, while the two other models relied mostly on active seismic data and interpreted the top of that
zone. Further discussion would require more detailed processing, such as RF multiples, initiated in Hetényi et al. (2018b) and

continued in Mroczek and Tilmann (2021).

N - 2 EPcrust "

Depth (km)

L — Grad and Tiira 2009
-0.10-0.050.00 0.05 0.10 Spada et al. 2013  — — — — -
Relative amplitude (%) Hetényi et al. 2018  x x x x x x x x

Figure 9. Comparison between migrated receiver-function cross-sections along the EASI seismic network (cross-section D-D’ in Figure 7)
calculated using EPcrust velocity model (top panel) and iasp91 velocity model (lower panel). The solid, dashed and dotted lines show the
Moho depths estimated by Grad and Tiira (2009) that is a compilation of Moho depths, Spada et al. (2013) who used a modified iasp91]
velocity model for the migration calculations, and Hetényi et al. (2018b) who utilized EPcrust for migration, respectively. Stripes between
the panels highlight the location of the orogenic root, where Hetényi et al. (2018b) interpreted the Moho at the bottom of a broad velocity-
gradient imaged by teleseismic waves from below (represented by dots), while other studies (e.g., Spada et al., 2013) interpreted the Moho

using controlled-source waves reflecting from the top of this gradient.

5.3 Limitations

The semi-automatic workflow used here includes strict quality criteria that discard almost 3/5 of the available seismic wave-
forms. This order of magnitude of discarded waveforms is comparable to other receiver function studies (e.g., Hetényi et al.,
2018b; Scarponi et al., 2021; Kalmar et al., 2021). However, by using these strict quality criteria, 1) we ensure that our final
results are less likely to be contaminated by low quality RFs traces, and 2) we are able to automatically process large number of

seismic waveforms and simplify manual inspections that would be extremely time consuming. We note that these QC criteria
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and the frequency band used are tuned for identifying crustal structures, and that other applications of RFs may require adjusted
selections.

Despite the high density of seismic waveform data available, we emphasize that our Moho depth estimates have limitations
and uncertainties that are difficult to assess. Our Moho depth estimates have uncertainties associated (1) to the quality and
consistency of the manual Moho picks and (2) to the inherited uncertainties from the EPcrust velocity model used for migration
(e.g., see differences in Moho depths in Figure 9). Furthermore, we have solely focused on direct Ps conversions, and have
not investigated either multiples nor illumination directions for effects of dip or anisotropy (e.g., Bianchi and Bokelmann,
2014; Bianchi et al., 2021). Ultimately, a major source of depth uncertainty is the 3D variability of the real seismic wavespeed
structure with respect to the 3-layer, 0.5°-distance resolution EPcrust model. This and lower success in the RF QC makes picks
and interpretations particularly vulnerable in areas of sedimentary basins, and we would recommend closer (re-)analyses for

studies focusing on those areas.

6 Conclusions

We start from continuous seismic waveform dataset over a very large area and a multi-year acquisition time, and apply a sys-
tematic processing workflow to calculate RFs. We then use these RFs to perform 3D time-to-depth migration calculations in
spherical coordinate system given the wide extend of the study region. The processing steps followed here were discussed and
decided upon during the AlpArray receiver function workgroup meetings. We calculate 107,633 RFs in total at 708 different
seismic stations. The RF traces are freely available (see data availability section for details). We also compile new homoge-
neously derived Moho depth map of the broader European Alps.

We have developed codes in Python for RF calculations and CCP stacking in spherical coordinates that are open access,
documented and tested on GitHub. The codes are actively developed and we welcome any code improvements or suggestions
and error reports from the community. A tutorial for calculating RFs and time-to-depth migrations for a subset of our data is
also available (see code availability section).

We anticipate that this high quality and homogeneously calculated RF dataset, along with the new Moho depth map of the
European Alps, can provide helpful information for interdisciplinary imaging and modeling studies investigating the geody-

namics of the European Alps orogen and its forelands (e.g., joint inversions with other datasets).

7 Code availability

All codes used for this work are actively developed on GitHub at the following repository: https://github.com/kemichai/rfmpy.
A turorial for calculating RFs and time-to-depth migration for a subset of the data used is also available in the following website:
https://rfmpy.readthedocs.io/en/latest/tutorial.html. The codes developed here are mostly based on open-source software like
ObsPy (Beyreuther et al., 2010; Krischer et al., 2015) and EQcorrscan (Chamberlain et al., 2018). We use GMT (Wessel et al.,
2019) for creating maps, Matplotlib (Hunter, 2007) for graphs, and the Scientific Color Maps (Crameri, 2021) for color scales.

18



330

335

340

345

350

355

360

Earth System
Science

Data

https://doi.org/10.5194/essd-2022-397
Preprint. Discussion started: 29 November 2022
(© Author(s) 2022. CC BY 4.0 License.

Open Access
suoIssnasIqg

8 Data availability

Continuous seismic data from the seismic networks used in this study can be found at the European Integrated Data Archive
(EIDA; http://www.orfeus-eu.org/data/eida/) with the following network codes: Z3 (AlpArray Seismic Network: AlpArray
Seismic Network, 2015, https://doi.org/10.12686/ALPARRAY/Z3_2015); XT (EASI: AlpArray Seismic Network, 2014, http:
/Inetworks.seismo.ethz.ch/networks/xt/); BW (BayernNetz Department of Earth and Environmental Sciences Geophysical
Observatory University of Munchen, 2001, https://doi.org/10.7914/SN/BW); CH (Swiss Seismological Service, SED, 1983,
https://doi.org/10.12686/SED/NETWORKS/CH); GR (German Regional Seismic Network (GRSN): Federal Institute for Geo-
sciences and Natural Resources BGR, 1976, https://doi.org/10.25928/mbx6-hr74); IV (Istituto Nazionale di Geofisica e Vul-
canologia, INGV, 2005, https://doi.org/10.13127/SD/X0FXNH7QFY); MN (the Mediterranean Network: MedNet Project
Partner Institutions, 1990, https://doi.org/10.13127/SD/fBBBtDtd6q); NI (North-East Italy Broadband Network: OGS, Istituto
Nazionale di Oceanografia e di Geofisica Sperimentale and University of Trieste, 2002, https://doi.org/10.7914/SN/NI); OE
(Austrian Seismic Network: ZAMG - Zentralanstalt fiir Meterologie und Geodynamik, 1987, https://doi.org/10.7914/SN/OE);
OX (North-East Italy Seismic Network: OGS, Istituto Nazionale di Oceanografia e di Geofisica Sperimentale, 2016, https:
//doi.org/10.7914/SN/OX); FR (RESIF and other Broad-band and accelerometric permanent networks in metropolitan France:
RESIF, 1995, https://doi.org/10.15778/RESIF.FR); SI (Province Siidtirol: https://www.fdsn.org/networks/detail/SI/); SL (Seis-
mic Network of the Republic of Slovenia: Slovenian Environment Agency, 1990, https://doi.org/10.7914/SN/SL): ST (Trentino
Seismic Network: Geological Survey-Provincia Autonoma di Trento, 1981, https://doi.org/10.7914/SN/ST); YP (CIFALPS:
Zhao et al., 2016, https://doi.org/10.15778/RESIF.YP2012). PACASE data are archived at the EIDA node at LMU with net-
work code ZJ (Hetényi et al., 2019, https://doi.org/10.7914/SN/ZJ_2019) and are embargoed until 30.06.2025. The downloaded
and pre-processed seismic waveform data prior to RF calculation are available upon request.

The receiver function data, radial component traces (RRF), calculated here, stored in SAC format, are freely available on a
Zenodo repository with the following DOI: https://doi.org/10.5281/zenodo.7331684 (Michailos et al., 2022). In addition to the
radial component receiver function traces, we also include the transverse component receiver function traces (TRF) along with
some instructions on how to read and process the SAC seismic traces. The repository also contains the plots, in PNG format,
of the stacked receiver functions from all the seismic stations used here. Finally, we include the Moho depth picks information

shown in the main article Figure 8a in .csv format.

Team list. The AlpArray-PACASE team:Yongki Aiman, G6tz Bokelmann, Clément Estéve, Erik Grafendorfer, Richard Kramer, Yang Lu
(Department of Meteorology and Geophysics, University of Vienna, Vienna, Austria), Hana Kampfova-Exnerova, Peter Kolinsky, Jiri Kvapil,
Cédric Legendre, Ludék Vecsey, Helena Zleb&ikova (Institute of Geophysics, Czech Academy of Sciences, Prague, Czech Republic), Jorg
Ebbing, Amr El-Sharkawy, Thomas Meier, Janina Stampa (Christian Albrechts Universitit, Kiel, Germany), Wolfgang Friederich, Marcel
Paffrath (Ruhr-University Bochum, Institute of Geology, Mineralogy and Geophysics, Bochum, Germany) Mark Handy, Emanuel Kistle
(Freie Universitét Berlin, Berlin, Germany), Boris Kaus (Institute of Geosciences, Johannes Gutenberg University Mainz, Mainz, Germany),

Michael Korn (University Leipzig, Institute of Geophysics and Geologie, Leipzig, Germany), Andreas Rietbrock (Department of Geophysics,
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Karlsruhe Institute of Technology, Karlsruhe, Germany), Georg Riimpker (Institute of Geosciences, Goethe-University Frankfurt, Frankfurt,
Germany), Antje Schlomer, Joachim Wassermann (Ludwig-Maximilians-Universitit, Miinchen, Germany), Christine Thomas (Institute for
Geophysics, University of Miinster, Miinster, Germany), Istvdn Bozs6, Eszter Szfics, Balint Siile, Viktor Wesztergom (Institute of Earth
Physics and Space Science, Sopron, Hungary), Csenge Czanik, Barbara Czecze, Maté Timko, Zoltan Wéber (Kovesligethy Radé Seismo-
365 logical Observatory, Institute of Earth Physics and Space Science, Budapest, Hungary), Somayeh Abdollahi (Department of Seismic Litho-
spheric Research, Institute of Geophysics Polish Academy of Sciences, Warszawa, Poland), Maciej Mendecki, Dariusz Nawrocki (University
of Silesia in Katowice, Institute of Earth Sciences, Faculty of Natural Sciences, Poland), Miroslav Bielik, Kristian Csicsay, Lucia Fojtikova,
Dominika Godov4, Miriam Kristekova, Jan Vozar (Earth Science Institute, Slovak Academy of Sciences, Bratislava, Slovakia), Josef Kristek
(Faculty of Mathematics, Physics and Informatics, Comenius University in Bratislava, Bratislava, Slovakia), Juraj Papco (Department of

370 Theoretical Geodesy, Faculty of Civil Engineering, Slovak University of Technology, Bratislava, Slovakia)
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Appendix A

This appendix contains three supporting figures that are referred to in the main manuscript. Figure A1 depicts the spatial
distribution of the cross-correlation, cc, values between predicted and observed radial waveforms at the 708 different seismic
stations used here. Figure A2 illustrates these cc values as a function of epicentral distance, event magnitude and depth.
Figure A3a shows the sorted RMS values of each individual RF traces calculated here along with the threshold we set to
discard noisy RFs. Figure A3b presents the seismic stations from which the RF traces were discarded. Finally, Figure A4
shows the contoured distribution of the Moho depths for each plate separately (i.e., European, Adriatic, and Ligurian) in map

view.
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Figure A1. Spatial distribution of average RF fit values (i.e., cross-correlation, cc, value between predicted and observed RF spikes) on each

seismic station. Seismic stations are depicted as inverted triangles and colored according to their cc values (see color scale).
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Figure A2. RF fit values (cross-correlation values between predicted and observed RF spikes) versus the event-receiver distance (degrees),

the earthquake’s magnitude, and the earthquake’s hypocentral depth in km.
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Figure A3. a) Distribution of sorted RMS values calculated on each individual RF traces. The red continuous horizontal line indicates the
threshold chosen above which we discard RFs (2,056 in total) and exclude them from the time-to-depth migration calculations. b) Map
showing the distribution of the RFs that we discard and exclude from the time-to-depth migration calculations. Seismic stations with no RFs

removed are depicted as empty red inverted triangles.
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