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Abstract We present the first crustal 3D P- and S-wave velocity model covering the entire Greater Alpine
region (GAR) based on Local Earthquake tomography. Applying the deep neural network PhaseNet to broad-
band waveforms from 989 stations in the GAR between 2016 and 2022, we determined 173,841 P- and 68,967
S-phase onsets from 2,553 events with M; > 1.5 recorded at epicentral distances up to 1,000 km. With the
SIMUL2023 algorithm we simultaneously relocate the seismicity and invert for 3D velocity structure using an
approximate bayesian approach to minimize the influence of the starting model. The excellent overall
agreement with previously published geophysical transects gives us the confidence that our new 3D model is
representative for the whole Alpine region. We find a consistent decrease in P- and S-wave velocity at mid
crustal depths beneath the Western, Central and Eastern arc which we name the Alpine Mid Crustal Low
Velocity (AMCLYV) anomaly. The AMCLYV is terminated sharply by the Dolomites indenter east of the
Giudicarie line and is visible again east of 12°E, but considerably less pronounced in the Eastern Alps. Due to its
partial connection to the upper crust in the European foreland we interpret this material to be formerly part of the
European upper crust which has been stacked during the collision process. Based on 1D velocity profiles we
suggest that the southern part of the Dolomites indenter consists mainly of undeformed northward dipping
Adriatic mantle, whereas the northern part shows a thickened lower crust maybe caused by Permian intrusions.

Plain Language Summary The geophysical technique of seismic tomography has been used for
many decades to resolve the physical properties of Earth's interior reaching from the uppermost meters to depths
of several thousands of kilometers. Generally, seismometers are used to observe seismic waves that carry
information about the part of the subsurface through which they traveled. In this study we combine the latest
high-quality seismometer data from the European Alps and surrounding regions together with the recent
progress in Al based seismological data analysis to compute the first consistently processed high-resolution P-
and S-wave velocity model. In the Western and Central Alps we find untypical low propagation velocities of
seismic waves in mid crustal depth of 15-25 km. We attribute this anomaly to the presence of formerly upper
crustal material now residing in the middle crust as a consequence of crustal shortening and stacking during the
continental collision which formed the Alpine mountain chain.

1. Introduction

With the closing of the Alpine Tethys at 35 Ma, the Europe-Adria plate boundary was transformed into a NW-SE
oriented continental collision zone along which the Alpine mountain chain began to form (Carminati et al., 2012;
M. Handy et al., 2010). Subsequently, Miocene counterclockwise rotation of the Adriatic plate relative to Europe
and Africa caused a change in convergence direction from NW—-SE to WNW-ESE and a decrease in convergence
velocity in the Central and Eastern Alps relative to the Western Alps (Dewey et al., 1989). As a result, increased
crustal shortening in the Western and Western Central Alps has lead to a crustal root of ~60 km thickness (Spada
et al., 2012). Shallower Moho depths in the Eastern Alps are a consequence of eastwards extrusion of crustal
material toward the Pannonian basin (Ratschbacher et al., 1991).

A simplified map of the present geological setting in the Greater Alpine region (GAR) including the main tectonic
units and fault lines is shown in Figure 1. The northern and southern Alpine foreland regions are characterized by
the sedimentary Molasse and Po basin, respectively. A well-known feature at the western end of the Po basin is the
Ivrea body which is imaged clearly by seismic (Diehl et al., 2009; Solarino et al., 2018; Thouvenot et al., 1996)
and gravity studies (Bayer et al., 1989). It consists of oversteepened Adriatic mantle material overlying the
eastwards subducting European crust (Zhao et al., 2020). In the Southern Alps, the northern part of the Adriatic
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Figure 1. Slight modification of the tectonic map for the Greater Alpine region compiled by M.R. Handy with units and major
lineaments simplified from Schmid et al. (2004, 2008); M. Handy et al. (2010, 2014); M. R. Handy et al. (2019); Bigi

et al. (1990); Froitzheim et al. (1996); Bousquet et al. (2012). The dense station spacing of the AASN (Hetényi, Molinari,

et al., 2018) is complemented by the SWATH-D (Heit et al., 2021) and CIFALPS2 (Zhao et al., 2018) networks leading to a
total of 989 seismic broad-band stations with >5 observations. 2,553 events with M; > 1.5 between 01/2016 and 12/2022 are
predominantly based on Bagagli et al. (2022) and augmented by EPOS-EMSC (https://www.seismicportal.eu/), RESIF (https://
franceseisme.fr/) and INGV (Arcoraci et al., 2020). NAF—Northern Alpine Front, PAF—Periadriatic Fault, GL—Giudicarie
line, DF—Dinaric Front, ApF—Apenninic Front, TW—Tauern Window, PoB—Po Basin, MoB—Molasse Basin, PB—
Pannonian Basin, WA—Western Alps, CA—Central Alps, SA—Southern Alps, EA—Eastern Alps, IB—Ivrea body.

plate indented into the European plate causing the W-E oriented Periadriatic fault to be offset sinistrally by the
Giudicarie line (Pomella et al., 2012). This indenting body has been referred to as Southalpine indenter (e.g.,
Pomella et al., 2012), Adriatic indenter (e.g., Jozi Najafabadi et al., 2022; Kistle et al., 2024) and Dolomites
indenter (e.g., Reiter et al., 2018). We consistently use the term Dolomites intender to describe this area delimited
by the Giudicarie line and the Periadriatic fault to the West and North, respectively (Figure 1). Important in-
formation about the deeper (crustal and upper mantle) structure of the orogen at high resolution came from deep
seismic sounding (reflection and refraction seismic experiments) mainly along orogen-perpendicular profiles.
Among them are the ECORS-CROP profile (e.g., ECORS-CROP DSS Group, 1989), the NFP 20W profile (e.g.,
Levato et al., 1993), the EGT/NFP20E profile (e.g., Valasek et al., 1991), the TRANSALP profile (e.g., Liischen
et al., 2004), and the ALP2002 profile (e.g., Briickl, 2011; Hammerl & Briickl, 2014, and references therein).
Since about 15 years, controlled source seismic activities along profiles were complemented by passive seismic
recordings along the transects. Examples for these approaches are the TRANSALP (Gebrande et al., 2006),
ALP2002 (Briickl et al., 2003), CIFALPS (Zhao et al., 2016), and EASI (Hetényi, Plomerova, et al., 2018)
projects. Although these projects provided detailed images of the crust and lithosphere along 2D profiles at high
resolution (e.g., Bleibinhaus and Gebrande, 2006; Briickl, 2011; Kummerow et al., 2004), the 3D-structure of the
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GAR, obviously due to the strong variations of the Alpine arc, was hardly captured and is still not completely
understood to date. This is especially true for the central Alpine region where it is not clear how the transition from
the western to the eastern Alps, showing significant structural differences, is accommodated. Among the still
discussed features along the Alpine chain are the slab dip (e.g., Lippitsch et al., 2003) or the presence and nature of
a lower crustal wedge (Kissling et al., 2006), and—in turn—their geodynamic implications.

Within the scope of the recent interdisciplinary AlpArray/4ADMB project a wide range of geoscientific studies
have been conducted to further advance the understanding of the orogenesis of the European Alpine mountain
chain. In this context the AlpArray Seismic Network (AASN) (Hetényi, Molinari, et al., 2018) and the com-
plementary SWATH-D (Heit et al., 2021) and CIFALPS2 networks (Zhao et al., 2018) have been installed across
the GAR providing an unprecedented uniform broad-band station spacing of ~50 km (Figure 1). The most recent
3D P-wave model of the GAR by Bagagli et al. (2025) is based on seismic data from 1996 to 2019 including the
AASN and used the ADAPT algorithm (Bagagli et al., 2022) to determine 84,326 P-phase onset times.

In this study we combine the AASN data set and its complementary networks, a recent 1D velocity model of the
GAR (Braszus et al., 2024) and the rapid improvement of machine learning based seismic picking algorithms
(Mousavi et al., 2020; Weiqgiang & Beroza, 2018; Woollam et al., 2022). Thus we are able to compute the first
uniformly processed orogen-wide 3D crustal P- and S-wave velocity model of the Alpine mountain chain and the
northern Apennines based on 173,841 P- and 68,967 S-phase arrivals. We assess large scale differences in ve-
locity structure along the Alpine arc, especially at mid and lower crustal depths and image the seismic signature of
the Dolomites indenter in higher detail than previous studies (e.g., Diehl et al., 2009; Jozi Najafabadi et al., 2022;
Kistle et al., 2018).

2. Data and Methods

This section gives an overview of the overall workflow including data processing, seismic phase picking and
details on the inversion technique.

2.1. Waveform Data

We collected waveforms recorded by a total of 1,252 seismic broad-band stations within the GAR between 01/2016
and 12/2022. The majority of stations belongs to the AASN (Hetényi, Molinari, et al., 2018) which has been
installed within the interdisciplinary European AlpArray research initiative. Additionally, we use data from the
SWATH-D (Heit et al., 2021) and CIFALPS (Zhao et al., 2018) temporal deployments. All station XML data and
raw waveform data is downloaded via the ObsPy FSDN Clients (Krischer et al., 2015) of the data hosting in-
stitutions. We are only considering three component stations with a sampling rate of >100 Hz and channels of either
“HH?,” “BH?” or “EH?.” We resample all data to 100 Hz which is the required input sampling rate of the deep
neural network PhaseNet (Weiqiang & Beroza, 2018) used for automatic phase arrival time determination.

2.2. Event Catalog

The comprehensive seismicity analysis of the GAR from Bagagli et al. (2022) provides uniformly processed
initial hypocentral parameters for the time period from 2016 to 2019. For the years from 2020 to 2022 we obtained
event detections and starting locations from the EPOS-EMSC (https://www.seismicportal.eu/), RESIF (https:/
franceseisme.fr/) and INGV (Arcoraci et al., 2020) accessed through the ObsPy FDSN Client and removed
duplicates between the catalogs.

We consider events with M; > 1.5 yielding an initial catalog consisting of 4,580 events between 2016 and 2022.

2.3. Seismic Phase Picking

In our previous work (Braszus et al., 2024) we inverted for the 1D velocity structure of the GAR and assessed the
performance of some of the most commonly applied Al seismic picking algorithms using the SeisBench toolbox
(Woollam et al., 2022). We compared a high precision manual P-phase pick catalog from the broader Swiss area
from Diehl et al. (2009) to PhaseNet (Weiqiang & Beroza, 2018), EQTransformer (Mousavi et al., 2020) and
GPD (Ross et al., 2018) each retrained on several benchmark data sets as included in SeisBench. Based on a
combination of accuracy, recall rate of manual picks and additional phases we found PhaseNet in its original
version to perform best and decide to use it for seismic arrival time determination.
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Braszus et al. (2024) compared PhaseNet P- and S-phase onset times to a manual reference pick catalog including
10,295 P- and 3,770 S-picks from 30 events of this study. The deviations of PhaseNet and manual picks are
summarized in Table S1 in Supporting Information S1 and shown in Figure S1 in Supporting Information S1.
Averaging over observations from all distances leads to an estimated pick accuracy of o,,p = 0.23 s and
64v,s = 0.40 s for P- and S-phases, respectively.

2.4. Pre-Inversion Pick Selection

In order to consistently remove outliers and secondary phase arrivals from our pick catalog, we modified the 2-fiz-
method developed by Braszus et al. (2024) (Figure S2 in Supporting Information S1). This data-driven pre-
inversion pick selection method plots the reduced travel time over hypocentral distance and fits weighted linear
regression lines through the Pg and Pn arrivals between 0 and 100 km and 250-700 km, respectively. Onsets
within 40 of the extrapolated Pg fit at distances >150 km are not considered for the Pn fit. Arrivals within 2o of
the fits are selected while the remaining picks are discarded. In contrast to the previous version we do not
categorically remove picks within the blue corridor, but select them if they are within 2¢ of their corresponding fit.
For further detail on the 2-fit-method we refer to Section 3.4 in Braszus et al. (2024). The application of the 2-fit-
method to S-phases is shown in Figure S3 in Supporting Information S1. Here, P-phases close to the synthetic Sn
onset are considered to be S-phases which have been mislabeled by PhaseNet. All plots generated by the 2-fiz-
method are inspected manually. Events where regression lines could not be determined robustly due to insuffi-
cient picks or a large number of outliers are discarded entirely.

We consider events with >8 Pg- and >4 Sg-phases which yields a catalog of 2,373 earthquakes and leaves a small
area of poor coverage in the Po plain in Northern Italy. For this region we loosen the criteria to >8 Pg-phases only
and thus add 180 events ensuring a more uniform ray coverage of the model space. Eventually, we discard events
with a GAP > 180°, stations with <5 observations and all S-phases without a corresponding P-onset. Pn phases
with epicentral distances of up to 1,080 km are obtained for 837 events including 26,000 Pn arrivals observed at
distances >400 km.

This results in a final catalog of 242,808 arrivals consisting of 88,600 Pg, 55,921 Sg, 85,241 Pn and 13,046 Sn
phases, respectively. The final locations of the 2,553 events and 989 stations with >5 phase records are shown in
Figure 1.

2.5. Tomographic Inversion

We are using SIMUL2023 (Eberhart-Phillips et al., 2024) which is the most recent version of the well-established
SIMULPS algorithm (Eberhart-Phillips, 1990; Thurber, 1983) to simultaneously invert for hypocentral param-
eters and the vp and vp/vs structure of the model space. SIMUL2023 linearizes the coupled hypocenter-velocity
problem around a starting model and iteratively minimizes the travel time residuals using a damped least squares
approach. In each iteration step ray-tracing is performed by an efficient pseudo-bending algorithm (Um &
Thurber, 1987). The model is parametrized on nodes which are located on the intersections of a rectangular grid.
The velocity at an arbitrary point within the model space is defined by a linear B-spline interpolation of
neighboring node values yielding a spatially smooth distribution of model parameters. It should be noted that such
parameterizationa will not provide sharp velocity contrasts and therefore iso-proxy velocities have to be used to
define depths of sharp velocity contrasts like the Moho.

Large distance observations can potentially negatively impact the hypocentral accuracy when included for
seismicity (re)location (Diehl et al., 2021). Therefore, in a first inversion step we relocate the seismicity and invert
for the upper crustal velocity structure using P-phases with A < 130 km and S-phases with A < 80 km. The
resulting velocity model and hypocentral parameters are used as input for the second inversion step which is
including picks from all distances while keeping the hypocenters fixed and only updating the origin time. In both
inversions we are fixing the velocity at the outermost nodes and applying a constant linking to neighboring nodes
in areas of poor resolution as indicated by spread values (Figure S4 in Supporting Information S1) which results in
12,053 independent velocity model parameters. We calculated trade-off curves for damping A of vp and vp/vs for
both inversions (Figure S5 in Supporting Information S1) and select damping values of 4,; = 1,000; 4,,; = 1,000
and 4,, = 5,000; 4,,;, = 4,000, respectively. In the following we will refer to the two inversion steps as one single
inversion run.
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Based on checkerboard reconstruction tests for several parametrizations, we choose a horizontal node spacing of
25 km. Regarding the vertical node spacing, we find models with either six or seven nodal planes between 0 and
70 km depth to be most suitable. Models with larger spacing show a significantly increased data misfit, while a
finer spacing introduces vertical smearing and insufficient reconstruction of synthetic models. The final data
variances of o7 % 0.18 s* and o} ¢~ 0.22 s* are significantly larger than the estimated picking uncertainties

0_2

arr,P

= 0.05 s and o2, ¢ = 0.16 s (see Section 2.3) which indicates that model updates are still based on a
distinguishable signal and no overfitting is taking place.

We determine the optimal vertical node spacing by running 750 inversions with variable node depths. Initial v,
velocities are taken from Braszus et al. (2024) who used a Markov chain Monte Carlo (McMC) approach (Ryberg
& Haberland, 2019) to compute the GARID_McMC (DOI:10.35097/1965) P- and S-wave 1D model for the
Alpine region including statistical uncertainties. We use a constant initial v,/v; ratio of 1.71 representing the
average value of the GARID_McMC and perturb the initial v, of each individual model by +lo of the
GARID_McMC model. Similarly, initial event locations are shifted horizontally and vertically by o, = 2.0 km
and o,,, = 6.0 km based on the hypocenter uncertainty estimates of Braszus et al. (2024). Additionally, in each
single run the entire grid is shifted randomly in x- and y-direction by +12.5 km which is equal to half the hor-
izontal node spacing.

The evolution of data misfit over 20 iterations for 750 runs each with six and seven layers is shown in Figure S6 in
Supporting Information S1. The variance reduction is largest in the first 5-6 iterations and significantly slows
down after ~10 iterations with only marginal improvements. We therefore consider the set of 750 runs with seven
layers after 13 iterations for the final step where we average the best 20 models. Thus, the final model is smoother
and not dependent on a single parametrization. Figure S7a in Supporting Information S1 shows the vertical node
distributions that are yielding the smallest data variance for seven layers between 0 and 70 km and 13 iterations.
Based on a previous test with completely arbitrary node distribution, we limit the range of randomly generated
parametrizations to models with three nodes between 5 and 35 km, one node between 35 and 45 km and one node
between 45 and 57 km. Since the final model is based on an average of 20 parametrizations, we define a reference
layering for synthetic tests with nodes at 0, 10, 18, 28, 40, 55, and 70 km resembling the average node depths of
the best 20 models. Averaging over a lower or higher number of individual models does not significantly affect
the final result as shown in Figure S8 in Supporting Information S1. This indicates the robustness of the inversion,
since each single run has been computed with shifted initial hypocenters, a perturbed 1D starting model and
varying horizontal and vertical model parametrization.

2.6. Hypocenter Relocation

SIMUL2023 linearizes the coupled hypocenter-velocity problem around an initial model and iteratively updates
hypocenters and velocity structure. Thus, it is crucial to evaluate the influence of the initial parameters on the final
inversion result. A common way to do this are hypocenter shift tests (Haslinger et al., 1999; Husen et al., 1999)
where initial hypocenters are moved horizontally and vertically in order to quantify the robustness of the resulting
event locations and velocity models. If slight changes of the initial parameters lead to a strong variation in the
inversion output, this would indicate an instable result. Our inversion approach as described in the previous
section enhances the conventional shift test by additionally varying the initial 1D model within its uncertainties
and testing a wide range of grid parametrizations. Each single event in each run has initially been shifted with
Opor = 2.0 km and 6,,, = 6.0 km. Locations between all 750 runs are deviating by less than oy, = 0.5 km and
Oyer = 3.5 km for almost all events which indicates the robustness of the resulting hypocenters (Figure S9 in
Supporting Information S1). Similar to the velocity model, we define our final event locations as the average
hypocentral parameters of the 20 inversion runs with the lowest data misfit. The comparison of the initial hy-
pocenters based on a 1D model including station corrections and our final hypocenters located in the 3D model
yields deviations of o;,, = 1.67 km, 65, = 1.38 km and 6, = 4.67 km in latitude, longitude and depth,
respectively. This is in agreement with Braszus et al. (2024) who quantified the horizontal and vertical hypocenter
accuracy as oy, ~ 2.0 km and o,,, = 6.0 km, respectively, when using a 1D velocity model including station
corrections for the GAR.
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3. Model Resolution

There are a number of parameters that are commonly used to quantify the resolution such as the derivative
weighted sum, hit count, resolution diagonal elements, and spread function (Diehl et al., 2009; Eberhart-
Phillips, 1990; Toomey & Foulger, 1989). Another way to determine the resolution within certain regions of
the model space are reconstruction tests. Travel times are calculated through a synthetic model and are then
inverted using the same starting model as for the real data inversion. In order to simulate the effect of picking
uncertainty, a noise term with the amplitude of the estimated picking error can be added to the synthetic travel
times. The shape of the synthetic model can range from an equally spaced checkerboard over random complex
structures to anomalies of expected size and amplitude.

The following summarizes the analysis we carried out to assess to resolution of our final velocity model. All tests
are run as a joint inversion of picks from all distances with 5 iterations using a slightly decreased damping of
A, = 3,000; 4,, = 3,000. We choose a reference layering of 0, 10, 18, 28, 40, 55, and 70 km representing the
average node depths of the individual runs contributing to the final model.

3.1. Spread Function

The spread function value is calculated for each node and quantifies the distribution of values around the diagonal
matrix elements along each row of the model resolution matrix (MRM) (Toomey & Foulger, 1989). Nodes with
low spread values are therefore better constrained than nodes with higher spread. Figures S10 and S11 show depth
slices of spread function values for vp and vp/vs, respectively. At shallow depths areas of low spread are clearly
correlating with the regions of increased seismicity in the Southwestern Alps and Northern Apennines and the
area of dense station spacing of the SWATH-D network (Figure 1). The Western Po plain is showing rather large
spread values in the upper 20 km due to its sparse seismicity and unfavorable recording conditions. With
increasing depth the resolution of the model space becomes homogeneous as the number of criss-crossing and
horizontally propagating rays is increasing. As aspired, this yields a fairly uniform spread value distribution at
depths of 25-70 km for vp as well as vp/vs.

3.2. Checkerboard Tests

Checkerboard tests are a widely used tool to assess the solution quality of seismic tomography images (Diehl
et al., 2009; Fukao et al., 1992; van der Hilst et al., 1993). Additionally, we use them to derive the finest model
parametrization which still yields a robust reconstruction of synthetic anomalies. In our case this is a horizontal
node spacing of 25 km and a vertical spacing of 10-15 km. To account for the estimated picking error (Section 2.3
and Braszus et al. (2024)), we add normally distributed noise with ¢ = 0.25 s to the synthetic P- and S-phase travel
times.

In our models every second layer is perturbed with alternating anomalies of £10% in either vp or vp/vs with every
other layer remaining unperturbed. The reconstructed models with vp and vp/vs perturbations in even and odd
numbered layers, respectively, are shown in Figures S12-S15.

Figure 2 shows the recovered checkerboard models together with contour lines of a spread function value of 2.5.
Based on a combination of checkerboard test and spread function value we define the part of the model space
which is resolved well enough to be interpreted. The poorly resolved areas are blurred.

3.3. Characteristic Model

To assess to which extend an anomaly with a certain shape and amplitude can be resolved, more realistic
synthetic models are used for reconstruction tests (Haslinger et al., 1999). We perform recovery tests with
normally distributed noise of ¢ = 0.25 s and arbitrarily chosen anomalies in every second layer. Additionally, we
insert a m-shaped low velocity anomaly beneath the Central Alps which is encircling a small rectangle of six
nodes with increased velocity just E of the Giudicarie line. These structures are resembling main features of our
final inversion. A comprehensive comparison of initial and reconstructed model is shown in Figures S16 and S17
while Figure 3 shows the depth slices at 28 and 55 km.
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Figure 2. Recovery of vp (a and b) and vp/vs (c and d) checkerboard anomalies of +10% and contour lines of spread values for
selected depths. Based on a combination of checkerboard reconstruction and spread value we define the well resolved models
parts and blur areas of poor resolution.

Anomalies of vp (Figures 3a and 3b) in the center of the model space are very well recovered in shape except for the
most shallow layer at O km depth (Figure S17 in Supporting Information S1). In well resolved areas synthetic
amplitudes of +10% are recovered as 4—7%, which corresponds to about half their initial amplitude. The -shaped
low velocities and the high velocity rectangle are recovered accurately in shape with an amplitude of 4-6%.

Anomalies of +£10% in vp/vs are recovered as 2-3% at 28 km depth (Figure 3). At 55 km depth (Figure 3d) the
reconstructed amplitude reaches 4-6% with moderate horizontal smearing.

4. Results

We summarize the most prominent features within the resolved models parts on the basis of depth slices and cross
sections through our final velocity model.

4.1. Depth Slices
Figure 4 shows horizontal slices through the final vp, vp/vs and vs model at 6, 26, 34, and 44 km, respectively.

At shallow depths the Alpine orogen generally shows a slightly increased vp (Figure 4a) and a coherently
decreased vp/vs ratio (Figure 4c) resulting in a substantial increase in vs (Figure 4e). A prominent low velocity
zone is present for vp and vs in the Po basin in the southern foreland (anomaly A). Similarly, in the northern and
western foreland a low vp and vs anomaly is extending along the Molasse basin (anomaly B). While the southern
foreland shows a rather consistent increase in vp/vs (anomaly A), in the northern foreland an increased vp/vs is
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Figure 3. Reconstruction of characteristic models for v, (a and b) and v,/v (c and d) at 28 and 55 km depth. Outlines of the
+10% perturbations in the synthetic models are marked by dashed lines.

only present in the Eastern Molasse basin (anomaly B). Another area of strongly increased vp/vs is present in the
Friaul region in northeastern Italy and western Slovenia (anomaly C).

Throughout the mid and lower crust a well-defined WNW-ESE trending zone of low velocities is present beneath
the northern Apennine (anomaly D). Due to the increased vp/vs, the negative anomaly in v, is more pronounced
than in v,. This feature is becoming thinner with depth and is visible up to 50-55 km. In the western Po plain a
very strong and sharply delineated positive anomaly is visible in vp and vs in the region where previous studies
found the Ivrea Geophysical body (anomaly E). This feature is strongest at 20-30 km (Figures 4b and 4f) where it
is showing mantle velocities already without a noticeable vp/vs signature. South of the Central Alps a W-E
elongated positive anomaly in vp and vs stretches from the Lago Maggiore to the Italian-Slovenian border
along the northern Po plain (anomaly F).

At mid and lower crustal depths, the area beneath the Alpine arc is characterized by a decrease in vp and vs
(anomalies G, H, K, L, M, N). Generally, there is a relatively thin band of low velocities following the Alpine arc
west of ~#9.5°E (anomalies G, K, M). This low velocity area thickens toward the East until is reaches the Giu-
dicarie Fault at ~11°E (anomaly H, L, N). East of 12°E this anomaly is less distinct in shape and amplitude.

A region of increased vp and vs is present directly east of the Giudicarie Fault between 11 and 11.5°E at depth of
2040 km (anomaly J). It is connected to the slightly elevated velocities beneath the Northern Po plain (anomaly
F) and disrupts the otherwise continuous low velocities beneath the Alpine orogen.

Deeper than 20 km, there is no coherent feature in the v,/v; model, except for the increase beneath the northern
Apennine (anomaly D).
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Figure 4. Horizontal slices through the final v,, vp/ vs and v, model for depths of 6 km (a, c, ), 26 km (b, d, f), 34 km (g, i, k), and 44 km (h, j, 1), respectively. Areas of
poor resolution (Figure 2) are blurred. For a description of anomalies A-N we refer to the text. Major fault lines (dashed) are based on Schmid et al. (2004). The colorbar
for v, and v, is a modified version of Diehl et al. (2009).

4.2. Cross Sections

Figure 5 shows several cross sections of vp cutting perpendicular through the Alpine arc including the previously
investigated CIFALPS, ECORS-CROP, TRANSALP and EASI transects. Similar to previous studies of the
region (Diehl et al., 2009; Jozi Najafabadi et al., 2022) we plot the contour line of vp = 7.25 km/s (black dashed)
as a Moho proxy. The Moho depth from Spada et al. (2012) is indicated by dashed white lines while the seismicity
within 30 km of the corresponding profile is denoted by purple dots.

All profiles display shallow low velocity zones in the western or northern (anomaly B) as well as in the southern
forelands (anomaly A) corresponding to the Molasse basin and Po basin, respectively. Beneath the eastern edge
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of the western Alpine arc, profiles 1 and 2 reveal a positive anomaly with mantle velocities present at mid-crustal
depths coinciding well with the location of the Ivrea Body (anomaly E). On the western edge of the Ivrea body
our Moho proxy jumps from 50 to 60 km depth on the European side to ~20 km on the Adriatic side in Profiles 1
and 2. From there it shallows toward the W/NW beneath the European foreland while it deepens again un-
derneath the northwestern Po basin on the Adriatic side. All profiles display an area of decreased vp at depths of
15-25 km beneath the mountain chain with varying shape and amplitude (anomalies G, H, and P). In profile 2
this feature is isolated from the very shallow low velocities while in profiles 1, 3, and 4 a connection to the
surface is visible. Profile 5 is showing a slightly northward dipping positive anomaly (anomaly Q) in the upper
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Figure 5. Cross sections through the final v, model for several arc perpendicular profiles along the entire orogen and a W-E

striking profile through the Central and Eastern Alps. Purple dots mark the seismicity within 30 km of the profile. Moho
depths from Spada et al. (2012) and our Moho proxy of the v, = 7.25 km/s isoline are shown as white and black dashed lines,
respectively. Labels along the profile mark the intersection with major fault lines (Schmid et al., 2004): PAF—Periadriatic fault;
NAF—Northern Alpine Front; BF—Brenner Fault; SAF—Southern Alpine Front; TW—Tauern Window.

20 km beneath the Tauern window next to a similarly northward dipping low velocity anomaly South of it.
Along profile 4 in the Central Alps the Moho proxy reaches ~60 km and dips considerably steeper on the
Adriatic side (anomaly F) than on the European side. This difference in dip angle is evening out toward the East

in profiles 5 and 6 while the maximum Moho depth decreases to ~45 km in profile 6. The continuous shallowing

of the Moho toward the East is also visible in profile 7. Here, the previously identified low velocities at 15—
25 km depth (anomalies H and P) are present consistently except beneath the western Tauern window (anomaly
Q). They are less pronounced and slightly shallower beneath the eastern Tauern window (anomaly P) and
disappear East of 14°E.
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Figure 6. Cross sections through our v, model along the CIFALPS, ECORS-CROP, and TRANSALP profiles (see map in
Figure 5) superimposed with crustal tectonic units (red lines) after Malusa et al. (2021) in (a) and Schmid et al. (2017) in (b).
Seismic reflectors (black drawings) in (b) are based on Thouvenot et al. (1996). Seismic reflectors (black) and tectonic
boundaries (red) in (c) are based on Gebrande et al. (2006). Events within 30 km of the profiles are marked by purple dots.
Moho depths from Spada et al. (2012) (white), Kummerow et al. (2004) (magenta) and our Moho proxy of the v, = 7.25 km/s
isoline (black) are shown as dashed lines. Mc—Mesozoic cover; EUC—European upper crust; ELC—European lower crust;
EM—European mantle; AUC—Adriatic upper crust; ALC—Adriatic lower crust; AM—Adriatic mantle; SW—subduction
wedge; Srp MW—Serpentinized mantle wedge; PAF—Periadriatic Fault; MoB—Molasse basin; PoB—Po basin; NAF—
Northern Alpine Front; TW—Tauern Window; SAF—Southern Alpine Front; IN—Inntal Fault; STR—Sub-Tauern Ramp;
SDR—Sub-Dolomites Ramp.

BRASZUS ET AL. 12 of 21

85U017 SUOWWOD SAEaID 3|dedt|dde aup Aq pausenob afe ssjolfe YO ‘8SN J0 S8|nJ o A%eiq1T8UlUO A8]IM UO (SUOIPUOD-PUR-SLUIBYWOD A8 | 1M ARe.q 1 BulUO//Sd1y) SUORIPUOD pue swiie | 8y} 88S *[5z0g/TT/8T] uo Arigiauluo Ae|im ‘e1bojouyos L Ind Innsu| Jeunssirey Aq 2/8TE08rsz0z/620T OT/I0p/wod Ae M Areiq jputjuosqndnfe//sdny woiy papeojumoq ‘0T ‘520z ‘95E669T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031877

5. Discussion
5.1. CIFALPS, ECORS-CROP, and TRANSALP

Based on seismic data from the CIFALPS experiment (Zhao et al., 2016) the western Alps have recently been
studied with a variety of geophysical methods. One of the key findings is seismic evidence of European conti-
nental crust subducted into the Adriatic upper mantle along a serpentinized plate interface (Zhao et al., 2015,
2020). In Figure 6a we show our vp model along the CIFALPS transect overlain by line drawings separating
crustal units based on Malusa et al. (2021) (their Figure 13a). Their model is in good agreement with our Moho
proxy and the presence of lower crustal velocities at depths of up to 55 km beneath the Ivrea body. At the
westernmost tip of the Ivrea body the transition from mantle to crustal velocities matches the location of a ser-
pentinized mantle wedge as proposed by Malusa et al. (2021). We find slightly increased vp/vs values of 1.75—
1.76 where Zhao et al. (2020) found a body of low vs in the subduction channel at 50-60 km depth (green star in
their Figure 2a). Our European Moho is consistent with Spada et al. (2012) and Malusa et al. (2021) while we
image a 5-10 km deeper Moho on the Adriatic side.

In Figure 6b we compare our v, model along the NW-SE striking ECORS-CROP profile in the Western Alps to
the Moho from Spada et al. (2012), outlines of crustal units from Schmid et al. (2017) and seismic reflectors from
Thouvenot et al. (1996). Deep crustal velocities beneath the arc and the oversteepened positive anomaly attributed
to the Ivrea body are in agreement with Schmid et al. (2017). At shallow depths the reflectivity coincides well with
the strong velocity gradients at the bottom of the foreland basins at 5 km beneath the Molasse basin and 210 km
beneath the Po basin. Low velocities at 15-25 km depth southeast of the PAF are correlating well with an area of
increased reflectivity. Similar to the CIFALPS profile, based on the tectonic model this mid crustal area of low
velocities is located in the eastern part of the European upper crust.

Along TRANSALP our Moho proxy matches Kummerow et al. (2004) and Spada et al. (2012) on the European
side and is dipping significantly steeper on the Adriatic side where it reaches ~30 km beneath the northern Po
basin, similar to profile 4. Our Moho proxy also matches the seismic reflection elements along the TRANSALP
profile (Gebrande et al., 2006), both at the European and Adria side. Beneath the Tauern Window (TW) higher
velocities in the middle crust are found intersecting the reduced velocity anomaly spanning across the whole
orogen (Figure 5, Profile 7). We do not find a clear indication of a lower crustal bulge as proposed by Jozi
Najafabadi et al. (2022) located to the South of the PAF, but image a horizontal 6.8 km/s v,-isoline as an upper
boundary for the lower crust beneath the Central Alps. Out of the several geological models that have been
proposed previously our velocity structure shows the best agreement with the “Lateral Extrusion” scenario (e.g.,
Gebrande et al., 2006; Jozi Najafabadi et al., 2022, and references therein). Following the interpretation of the
“Lateral Extrusion Model” by Jozi Najafabadi et al. (2022) the PAF follows the contrast between upper and lower
crustal velocity. In the upper 10 km the Sub-Tauern Ramp is also imaged by seismicity and a slight velocity
contrast but the correlation is diminishing at larger depth. Additionally, the Sub-Dolomites Ramp also coincides
with a velocity contrast of lower velocities to the West down to approximately 25 km depth. However, the
southward dip of the reflector elements beneath the TW can not be reconciled with our new velocity model and a
reevaluation of the reflection line might be necessary to settle this long standing debate.

5.2. Mid-Crustal Low Velocities in Western and Central Alps

Consistently decreased velocities in the mid-crust are clearly visible in the depth sections (Figures 4b and 4f;
anomalies G and H) and in all cross sections (Figure 5). This feature is narrower in the western arc with 50 km
width (Figure 4, anomaly G), broadens to more than 100 km in the Central Alps (Figure 4, anomaly H) and is not
coherently present in the Eastern Alps. Our reconstruction tests (Figure 3a) show the resolvability of such features
for v, at mid crustal depths. Diehl et al. (2009) likewise observe a prominent low velocity zone at 30 km depth
(their Figure 9) beneath the Western and Central Alps which they attribute to the Alpine crustal root. Due to the
increased number of arrival times, we are able to parametrize the model with an additional crustal layer compared
to Diehl et al. (2009). With this refined vertical resolution we demonstrate that this Alpine Mid Crustal Low
Velocity (AMCLV) is mostly separated from the surface by a band of v, > 6.0 km/s (Figure 5). Bagagli
et al. (2025) do not image this feature consistently, but likewise observe a decrease in v,, at 20-30 km depth west
of the Giudicarie line in the Eastern Central Alps (their Figure 8b) similar to our anomaly H in Figure 4.
Menichelli et al. (2023) similarly image an area of low velocity in the Western and Central Alps at mid and lower

BRASZUS ET AL.

13 of 21

8508917 SUOLUIOD dA1IER1D) 3|qeatjdde ay) Aq pausnob ae sspile YO ‘88N 0 Sa|Nn1 10} Aiq 1T 8Ul|UO AB|IA U (SUONIPUOI-PUR-SWIBYW0D" AS | 1M ALIq 1 pUIIUD//SANY) SUONIPUOD PUe SWLS 1 811 39S *[G202/TT/8T] U0 AkeigiTauliuo AB)im ‘91B0jouuyos L ind Ininsu| Buns|ey Aq £/8TE08rGZ02/620T OT/10p/iod A im Arelqijpuluo sgndnBe//sdny wouy pepeojumod ‘0T ‘5202 ‘95866912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031877

upwards jump

a) view from top km east of 11°E

km north of 47°N b : y ' AN @ km north of 47°N

km east of 11°E

| | | | | |
10 15 20 25 30.0 20 30 40
depth of vp=5.9 km/s isosurface in km Event depth in km

view from lower
northwestern corner

km east of 11°E N

—
[
|

km north of 47°N

4104 11 . Po/basin

Apennine

| | | I
5.0 10 15 20 25 30.0

depth of vp=5.9 km/s isosurface in km

Figure 7. Visualization of the v, = 5.9 km/s iso-velocity surface as an approximation for the transition from upper to middle
crust using ParaView (Ahrens et al., 2005) with viewing angles from the top (a) and the lower northwestern corner of the
model space (b). Fault lines (green) are based on Schmid et al. (2004).

crustal depths. Kistle et al. (2024) also find a prominent decrease of velocity in their v, model of the Eastern Alps.
The smaller scale LET of the Eastern and Eastern Southern Alps from Jozi Najafabadi et al. (2022) images low
velocities at 15-20 km beneath a shallower high velocity area along the Tauern Window (TW) (their Figure 9e)
which is in agreement with our Profile 7 (Figure 5). Here, in our model the AMCLYV is slightly shallower beneath
the eastern TW and terminates between 13.5 and 14.0°E.
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Figure 7 visualizes this AMCLYV in 3D by plotting the v, = 5.9 km/s iso-velocity surface approximating the
transition from upper to mid crustal velocities based on the GARID_McMC model (Figure S7b in Supporting
Information S1). The top-view in Figure 7a reveals a southward dipping surface beneath the Molasse basin in the
northern foreland and an upward jump of the iso-surface to =5 km South of the Northern Alpine Front which
coincides with a band of WSW-ENE oriented shallow seismicity. Figure 7b is looking at the same iso-velocity
surface from the lower northwestern corner of the model space. It illustrates the thinner AMCLV along the
western arc and its thickening beneath the Central Alps. The AMCLYV is partly connected to shallow low ve-
locities on the European side in the Northwest and North and disconnected to the South and Southeast. Thus, we
attribute this AMCLYV to former European upper crust which has been emplaced at 15-25 km depth due to
thrusting during continental collision which resulted in crustal stacking. While the thinner low velocity belt in the
Western Alps is in agreement with smaller amounts of collisional shortening (Malusa et al., 2015), Miocene
counterclockwise rotation of the Adriatic plate (M. Handy et al., 2010) likely expedited stacking West of the
Giudicarie line in the Central Alps. Furthermore, this interpretation matches tectonic outlines along the CIFALPS
and ECORS-CROP profiles (Figures 6a and 6b) which assign this AMCLYV to the European upper crustal domain.
The AMCLYV terminates abruptly at the Giudicarie line in the Eastern Central Alps as illustrated by the 1D v,
profiles in Figure 8. Further to the East it is strongly reduced and slightly shallower (Figures Sh and 7b) indicating
only minor crustal stacking. The regions of major crustal stacking in the Western and Central arc are showing the
deepest crustal root based on our Moho proxy velocity (Figure 9) which is in agreement with previous studies
(Késtle et al., 2018; Spada et al., 2012).

5.3. Moho and Dolomites Indenter

As stated above, we define our Moho proxy as the depth of the v, = 7.25 km/s iso-velocity surface as displayed in
Figure 9. First order features such as the shallow Moho of 15-20 km depth beneath the Ivrea zone and a deep crustal
root of up to 60 km depth in the Western and Central Alps and in the Northern Apennines are in good agreement
with previous studies of the region (Kistle et al., 2024; Lu et al., 2020; Spada et al., 2012). It should be noted that
most of the mantle directly beneath the Moho shows a slightly elevated vp/vs ratio which might indicate widespread
hydration of the mantle due to the complex collision scenario in the area as already has been postulated in the
Western Alps by Zhao et al. (2015). Along the northern margin of the Adriatic plate we image Moho depths of 30—
35 km which is 5-10 km shallower compared to results from Spada et al. (2012). Beneath the Lepontine Dome in the
Western Central Alps between 8.5 and 9.5°E the maximum Moho depths is slightly shallower with ~45 km. This
feature is similarly present in Lu et al. (2020) while only slightly indicated in Spada et al. (2012).

Another anomaly within the generally deepened Moho proxy beneath the arc is visible East of the Giudicarie line
where we image Moho depths of 35-40 km at the location of the Dolomites indenter (Pomella et al., 2012;
Ratschbacher et al., 1991). In the same area we observe a prominent high velocity zone between 20 and 40 km
depth (Figure 4, anomaly J) with a strong negative lateral velocity contrast to the West due to the previously
discussed emplacement of upper crust. This contrast is following the Giudicarie line very closely and is strongest
between 15 and 40 km depth as the 1D velocity profiles in Figure § illustrate. Our reconstruction tests (Figure 3a)
verify that a feature of the given amplitude and shape is clearly resolved in the v, model.

Albeit in less detail, this increased velocity of the Dolomites indenter and an elevated Moho have been imaged by
previous works. We note that receiver function and controlled source seismic studies (Michailos et al., 2023;
Mroczek & Tilmann, 2021; Spada et al., 2012) which are sensitive to sharp velocity contrasts along interfaces do
not image an elevated Moho at the location of the Dolomites indenter. Methods such as LET, ambient noise
tomography and wave equation tomography which rely on proxy velocities to infer Moho depths mostly show a
shallower Moho and increased velocity east of the Giudicarie line. These features have been attributed to rem-
nants of Permian magmatism (Schuster & Stiiwe, 2008) by several studies (Jozi Najafabadi et al., 2022; Lu
et al., 2020; Sadeghi-Bagherabadi et al., 2021). Alternatively, Kistle et al. (2024) speculated about underthrust
crustal slivers that are being dragged by laterally discontinuous segments of the sinking Alpine slab or crustal
deformation resulting from the collision with Adria.

The gradient of the 1D v, profiles through the southern Dolomites indenter is very similar to the northern Adriatic
plate (Figure 8). Thus, we interpret the southern part of the indenter to be a largely undeformed continuation of the
northern Adriatic plate. Lower velocities of the southern Dolomites indenter likely are a consequence of down-
ward bending of the Adriatic plate toward the North which also explains its slightly deeper Moho at 35-40 km
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compared to the “original” Adriatic continental Moho at ~30 km. Similar to other studies, we image an apparent
Moho elevation compared to the region west of the Giudicarie line with a Moho jump of 15-20 km. In comparison
to the southern part of the Dolomites indenter, its northern part shows a rather continuous velocity gradient with
depth (Figure 8) with strongly decreased velocities in the lower crust and a deeper Moho (Figure 9). We interpret
this as thickening of the lower crust and deformation as a result of continental collision and potential remains of
Permian magmatism. There is not coherent signature of the Dolomites indenter in the vp/vs model (Figure 4).

In the Eastern Alps we observe a consistent shallowing of the Moho toward the East which is in accordance with
previous studies as the comparison of our Moho proxy with Spada et al. (2012) in Figure 5h shows. Combined
with the less pronounced mid crustal low velocity anomalies (Figures 4b, 4f, and 8) we infer that only minor
stacking of European and Adriatic crust took place in the Eastern Alps. Instead, crustal material extruded eastward
toward the Pannonian basin (Frisch et al., 1998; Ratschbacher et al., 1991).

6. Conclusion

We present the first orogen-wide 3D P- and S-wave tomographic velocity model for crust and upper mantle
beneath the Greater Alpine region based on local earthquake data collected during the AlpArray project. We use
the deep neural network PhaseNet to determine 173,841 P- and 68,967 S-phase arrivals from 2,553 events of
M; > 1.5 and quantify the horizontal and vertical hypocenter uncertainty as oy, ~ 0.5 km and o,,, = 3.5 km,
respectively. Based on synthetic reconstruction tests we demonstrate excellent resolution (both, spatially and in
amplitude) in the entire crust throughout the orogen, which previously could not be achieved by the numerous
local studies in the Alps. We find a belt of consistently decreased velocities in the Western and Central Alps at
intermediate crustal levels between 15 and 25 km depth which we have called the Alpine Mid Crustal Low
Velocity (AMCLV) anomaly. The AMCLYV is terminated sharply by the Dolomites indenter along the Giudicarie
line and is less pronounced in the Eastern Alps. Based on its partial connection to the upper crust of the European
foreland in the Western and Central Alps we interpret the AMCLYV as the former European upper crust that has
been accumulated stacked during collision. Along the Central and Eastern Alps the shallow seismicity indicating
the active deformation is aligned with the connection of the AMCLYV to the European foreland. The AMCLYV is
most prominent directly West of the Giudicarie line where Miocene counterclockwise rotation of the Adriatic
plate further facilitated crustal stacking as a consequence of shortening. Furthermore, this matches the observed
deep crustal root beneath the Western and Central Alps with Moho depths of up to 60 km. In the Eastern Alps, the
AMCLYV is less coherent and smaller in amplitude indicating, if any, only minor amounts of crustal stacking. East
of the Giudicarie line we image the Dolomites indenter, which is offsetting the Moho by 20-25 km. We see a clear
difference in the seismic signature of the Dolomites indenter between its northern and southern part. We interpret
its southern part to be a largely undeformed continuation of the northwards dipping northern Adriatic plate based
on their similar 1D velocity profiles. The northern part shows a strongly thickened lower crust most likely due to
deformation during indentation with additional potential remnants of Permian magmatism. Reflection seismic
images and tectonic interpretations from previous studies of the CIFALPS, ECORS-CROP and TRANSALP
transects are generally matching well with our new velocity model. Along the TRANSALP profile we image an
anomaly of slightly northward dipping increased velocities beneath the Tauern window which does not conform
with structures imaged by seismic reflection data from previous works and more detailed reanalysis of the
reflection seismic profiles with modern techniques might be necessary to solve this contradiction.
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