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SUMMARY

Ambient-noise records from the AlpArray network are used to measure Rayleigh wave
phase velocities between more than 150,000 station pairs. From these, azimuthally anisotropic
phase-velocity maps are obtained by applying the Eikonal tomography method. Several
synthetic tests are shown to study the'bias in the W, anisotropy. There are two main
groups of bias, the first one caused by interference between refracted/reflected waves and

the appearance of secondary=wavefronts that affect the phase travel-time measurements.
This bias can be reduced ifithe amplitude field can be estimated correctly. Another source

of error is relatéd to the incomplete reconstruction of the travel-time field that is only

sparsely sampled due to the receiver locations. Both types of bias scale with the magni-
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tude of.the velocity heterogeneities. Most affected by the spurious W5 anisotropy are areas
inSideand at the border of low-velocity zones. In the isotropic velocity distribution, most
of the bias cancels out if the azimuthal coverage is good. Despite the lack of resolution
in many parts of the surveyed area, we identify a number of anisotropic structures that

are robust: in the central Alps, we find a layered anisotropic structure, arc-parallel at mid-
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crustal depths and arc-perpendicular in the lower crust. In contrast, in the eastern Alps,
the pattern is more consistently E-W oriented which we relate to the eastward extrusion.
The northern Alpine forleand exhibits a preferential anisotropic orientation that is similar

to SKS observations in the lowermost crust and uppermost mantle.

Key words: Seismic anisotropy — Seismic interferometry — Seismic tomography — Wave

propagation — Continental tectonics: compressional

1 INTRODUCTION

With the availability of very dense seismic network data, array-based surface-wave measturements,
such as the ambient-noise technique, as well as array-based tomographic imaging methods have-found
increased popularity. The Eikonal tomography method, so termed by Lin et al, (2009) because of
its relation to the Eikonal equation (e.g., Wielandt 1993), relies on dense arraysmeasurements and is
based on the direct conversion of phase travel-times into phase-velocity maps_without the need for an
inversion. The method has been successfully applied to the USArray using surface wave measurements
both from ambient noise and from earthquakes (e.g., Lin et al. 2009; Lin & Ritzwoller 201 1a) but also
on more local scales (e.g., de Ridder & Dellinger 2011; Mordret etal. 2013; Xu et al. 2016).

In the present study we make use of ambient-noise,sutfaceswave measurements from the AlpAr-
ray experiment (Fig. 1, Hetényi et al. 2018) evaluated over two years (2016 —2017). It has been shown
in various regions that crustal anisotropy can be/imaged with ambient-noise techniques (e.g., Lin et al.
2009; Fry et al. 2010; Lin & Ritzwoller 2011a3Gallego et al. 2011; Guo et al. 2017). The additional
information contained in the azimuthal anisotropy can help to understand the tectonic evolution, be-
cause it is sensitive to preferential orientation of structures from the smallest (mineral alignment) to
the largest scale (kilometer scale folds and faults, asthenospheric flow field) (e.g., Nicolas & Chris-
tensen 1987; Kern 1990; Silver 1996). This adds a dynamic component to the observations, linked to

temporal variations such as.the strain field.

The European Adps are a complex and relatively small mountain belt which was mainly formed
by the continental collision of the European and Adriatic plate around 35 Ma ago (Fig. 1, Handy
et al. 2010; Carminati et al. 2012, and references therein). The indentation of the Adriatic plate into
the'European one led to major crustal reorganizations such as a mantle wedge being pushed to crustal
depths in the Ivrea zone (e.g., Malusa et al. 2015; Zhao et al. 2015) and, in the Neogene, to the

sinistral movement along the Giudicarie fault and the exhumation of the Tauern window (e.g., Scharf
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Figure 1. Tectonic overview map showing station locations (black trianglesy,permanent and temporary AlpAr-
ray stations) and a simplified principal stress field (cyan, stress directionssaveraged in 100 km radius, dataset
from Heidbach et al. 2016). AF Adriatic Front, ApF Apenninic/Front, DF Dinaric Front, PF Periadriatic Fault,
GF Giudicarie Fault, SEMP Salzach-Ennstal-Mariazell-Puchberg fault. Tectonic units and major lineaments

simplified from Schmid et al. (2004, 2008); Handy et al! (2010),

et al. 2013; Verwater et al. 2021). The latter was supported by an eastward extrusion of the eastern
Alpine units between the Periadriatic’Faultiin’ the South and the SEMP fault in the north (Scharf
et al. 2013). This movement was likely triggered by the northeastward retreating subduction of the
last remnants of the Tethys ocean'during which the arcuate shape of the Carpathians was formed and
the Pannonian basin openedy(Handy et al. 2014, and references therein). The Carpathians are now
almost entirely separated from the Alps by the Pannonian basin and the Vienna basin (Fig. 1). At the
junction, the Carpathians bend northeastward around the Bohemian Massif, an area of thick and old
continental crust.that was amalgamated during the Variscian orogeny (e.g., Schulmann & Gayer 2000;
Franke et,al."2017). These major changes, first from the continental plate collision and later the large
reorganizations at the beginning of the Neogene, severely affected both crustal and mantle structure in
the'Alpine region. For example, slab break-offs have been proposed at different times and for different
parts of the Alps (for a review see Kstle et al. 2020). Indications for a slab break-off under the eastern
Alps have been found by Qorbani et al. (2015) when evaluating the azimuthal anisotropy from SKS
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splitting data. The pattern of crustal seismicity in the central Alps has been explained with bouyant
crustal material that was dragged down by the retreating European slab (Kissling & Schlunegger
2018). Such a process is expected to affect the strain field in the Alps and thus leave an imprint in the
crustal anisotropy. Currently, there are, however, hardly any studies that image the anisotropic structure
in the Alps at sufficiently high resolution to provide an understanding of how anisotropy links to past
and ongoing tectonic processes (Fry et al. 2010; Alder et al. 2021). With this work we will thus present
and discuss Eikonal tomography as a potential method to image azimuthal anisotropy at crustal and
uppermost mantle level from surface waves. In the following we will continue previous efforts (Kstle
et al. 2016) to provide an automated and robust phase-velocity picking algorithm from ambient-noise
based Love- and Rayleigh wave cross-correlation measurements. The phase-velocity curves are then
used to create azimuthally anisotropic maps of the phase-velocity structure by applying the Eikonal
tomography method. The potential but also the limits of the method that can lead to a significant bias
in the amplitudes of the inferred anisotropic field will be discussed. Both methods (phase-velocity
picking and Eikonal tomography) are made available as Python based tools that‘are free to use, easy

to modify and run platform independent on any machine (supplement).

2 METHODS
2.1 Data preparation and cross-correlation calculation

In this study, we use two years of continuous data recorded)at all available AlpArray seismic network
stations (permanent and temporary). The data processing is handled with a slightly modified version
of the ANTS 2 toolbox (link in acknowledgements); which includes the following steps: (1) Removal
of time windows after large earthquakeés (MW.2> 5.6), for which the earthquake information is taken
from the GCMT catalog (Dziewonskiet al'1981; Ekstrm et al. 2012). The length of the time window
to be removed from the record\is chosen according to the approximation by Ekstrm (2001). (2) Local
earthquake events are requested via the IRIS catalog (www.iris.edu) and a time window, a few
seconds before the estimated first P-wave arrival until all direct signals traveling with velocities 1 km/s
have passed, is remoyed. (3) Seismic signals from events that do not appear in the used catalogs and
other high-energy sources are removed, applying a filter that compares the signal standard deviation
of subsequent time windows according to Boue et al. (2013). (4) Cosine tapering, detrending and
demeaning of all data. Each window has a maximum length of one day. (5) Antialias (lowpass) filter
with a cutoff frequency at 1 Hz. (6) Downsampling to 2 Hz. (7) Removal of the instrument response
with a waterlevel deconvolution, including a pre-filter (flat between 2 — 200 s, cutoff periods at 333 s

and 1 s).
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Azimuthal anisotropy from Eikonal Tomography 5

From the pre-processed data, cross correlations are calculated between the vertical records (ZZ) of all
available stations pairs. Stations pairs with an inter-station distance smaller than 20 km are skipped.
The data is cut into windows of 1 hr, witch successive windows having an overlap of 60%, each
window is cosine tapered (2.5% at the beginning and end of each window) and linear trends are
removed. We then apply a Fourier transformation and whiten the signals in the frequency domain
by division with the absolute of the spectrum plus a waterlevel for stabilization. From the whitened
spectra, the daily cross correlations are calculated and stacked resulting in a total number of 261,388

vertical-component correlations.

2.2 Phase-velocity extraction

From the cross correlations, phase velocities between station pairs are determined by,/tsing the zero
crossings of the cross-correlation spectra (Aki 1957; Ekstrm et al. 2009; Kstle et al, 2016). The method
is based on the assumption of a 2D wavefield (e.g., surface waves) composed of plane waves travel-
ing in random directions. If this wavefield is recorded for a sufficiently long.time at two stations, cut
into windows, correlated and stacked, the resulting cross-correlation spectrum will resemble a Bessel
function (Aki 1957). The argument of the Bessel function depends on the inter-station distance times
frequency divided by phase velocity, thus, for a given set of these\parameters, its zero crossings are
known. The phase velocity can therefore be determined from a cross-correlation spectrum by fitting
its zero crossings to the ones of the Bessel function. This)approach does not rely on the amplitude
information of the cross-correlation spectrumswhich. is normally distorted by the variability of en-
ergy arriving for different frequencies and’by applying the spectral whitening. The cross-correlation
spectrum is often affected by noise, inhomogeneous microseismic source distributions and very low
energy at the low-frequency end of the spectrum. Consequently, zero crossings may be missed or dou-
ble crossings appear and it becomes impossible to fit a unique Bessel function to a given spectrum.
The non-uniqueness can be partially resolved by restricting the range of allowed phase velocities to re-
alistic values. In the case of . Rayleigh-wave phase velocities, extracted from the ZZ cross correlations,
we only allow values,between 1.5 — 5.0 km/s which represent the range of expected phase-velocities
for these waves.at our periods of interest (2 — 200 s). The procedure is illustrated in Figure 2 and
consists“of the followings steps: (1) Cross correlations for which less than 150 days are stacked are
discarded;, (2) applying a time domain filter that suppresses signals arriving with a velocity below
1 km/s and above 5 km/s. This results in a smoothed spectrum in the frequency domain; (3) the signals
at positive time lags and negative time lags are treated separately and if the picked phase velocities

for the two arrivals are too different (mean difference >0.3 km/s), the whole cross correlation is dis-
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Figure 2. Example of the zero-crossing picking method for the station pair OX.FUSE,"Z3:A073A, at an inter-
station distance of 398 km. Panels a and b show the vertical component cross cotrelation in the frequency and
in the time domain. The red dashed lines illustrate the effect of the velocity filteribetween 1 — 5 km/s. The time
domain cross correlation is further symmetrized by discarding the imaginary. part of the cross-correlation spec-
trum. The resulting phase-velocity curve is shown in the bottom panel. ¢ shows the phase velocities associated
to the zero crossings, exemplarily illustrated by the gray dashed line/between panels a and ¢. d shows the good
fit of the dispersion curves when only the cross correlation at positive/negative lag times or the symmetric (final)

one is used.

carded (eliminates ~20% of the available data); (4) otherwise, the correlation is symmetrized and a
final phase-velocity dispersion curve'is picked.

The picking procedure itself 1s.similar to the one described in Kstle et al. (2016). Each zero cross-
ing in Figure 2 can be associated'with multiple phase velocities as illustrated in Figure 3. To resolve
this ambiguity between parallel branches, a reference curve, for example, derived from a regional av-
erage velocity model;,is necessary that guides the picking algorithm at the low-frequency end of the
spectrum. For low frequencies, the branches are sufficiently far apart, so that a unique pick can be
taken. The original procedure of Kstle et al. (2016) is modified such that the phase velocities are not
picKed ditectly from the zero crossings as this may result in rough dispersion curves or wrong picks
in case of noisy data. Instead, an elliptical-shaped area around each zero crossing is defined and an
intensity is assigned within this area, ranging from 1, at the location of the zero crossing, to 0, at the

boundary of the ellipse (Fig. 3). By summing the overlapping contributions from all ellipses, a smooth
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Figure 3. Procedure to extract phase velocities from the zero crossings of the cross correlation spectra. For'each
zero crossing, a multitude of Bessel functions can be found that pass through it, resulting in the ambiguity of
the sub-parallel branches. The correct branch is chosen by starting the picking procedure close to the reference
curve, at the low-frequency end. The algorithm stops automatically when the data quality:is too bad to choose
a good next pick. The background colors scale with the number of nearby zero.crossings and are controlled
by the white ellipses around each zero crossing. For better visual clarity, onlythe ellipses along two branches
are shown in panel a. The zero crossings in panel a are from the crosscorrelation in Figure 2 (OX.FUSE,
Z3.A073A). Panel b shows the same for a station pair with lower data‘quality (SK.MODS, Z3.A359A). At the
low frequency end, the branches are too far from the chosen reference,curve’so that the choice of the right branch
is ambiguous. The picking algorithm starts thus at higher frequencies. Because of jumps in the crossings, the

picking is not completed and the result discarded.

intensity field is created and picks are taken ' where the intensity is maximized. This can be understood
as a Kernel Density Estimation (KDE) witha Cosine shaped kernel varying between 1 in the center
and O at the edge of the ellipse. Size and orientation of the kernels/ellipses have to be chosen carefully,
as the x- and y-axis have very‘different values and as the branches become narrower with increasing
frequency. We deal with thisissue by making an estimate of the y-axis distance between branches and
the x-axis spacing between, subsequent zero crossings. The estimate is based on the reference curve
and on previous picks, which also controls the orientation of the elongated axis of the ellipses. Our
implementation‘allows to easily adjust the picking behavior by modifying the kernel sizes depending
on the application and data quality. The full code is available online and in the supplement to this arti-
cle.With'the applied criteria, we obtain a total of 164,116 phase-velocity curves from ZZ correlations.
The,described program can also extract phase velocities for the horizontal component correlations
(TT, RR), in this case the second order Bessel function term is taken into account as discussed in Kstle

etal. (2016).
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2.3 Isotropic Eikonal tomography

The procedure described in the following is available as a Python tool from the supplementary material
to this article. We adapted this tool from previous works of Lin et al. (2009) and Lu (2019). The Eikonal
tomography method was originally proposed by Lin et al. (2009) and is based on the Eikonal equation
(e.g., Shearer 2009),
C% =| VT |, (D
which relates the phase velocity c to the gradient of the travel-time field VT, valid at the high-
frequency limit. Lin et al. (2009) argue that the method takes ray bending into account and, despite
the high-frequency assumption, approximates the influence of the finite-frequency kernel. It has‘been
shown for ambient-noise applications that the typical error introduced by this high-frequency ‘approx-
imation is below 2% of the mapped velocity variations (Lin & Ritzwoller 2011a; Mordrét etal. 2013).
The application of this method is straightforward, the travel times from one arbitrarily, chosen central
station to all other stations are interpolated onto a regular grid. By taking the‘inverse.of the gradient
of this travel-time field, the distribution of velocities is obtained (Eq. 1, Fig. 4). This procedure is
repeated for all possible central stations. The final, isotropic map is calculated-from the average of the
ensemble of maps. In general, the method requires no regularization,\compared to well-established
linearized inversion approaches that apply damping or smoothing (e.g., Boschi & Dziewonski 1999).
However, the method of interpolating the travel times from the single station measurements to a reg-
ular grid can have an important influence on the result” Small errors in the travel times can lead to
strong variations in the gradient field which, by taking the inverse of these spurious gradients, may
cause large velocity jumps. It is thereforehecessary to apply an interpolation scheme that produces
sufficiently smooth travel-time fields, t0 compensate measurement errors, without oversmoothing and
thus loosing information. In practiceyprevious works (Lin et al. 2009; Lin & Ritzwoller 2011a; Mor-
dret et al. 2013) have often applied the spline-in-tension method (Smith & Wessel 1990). However,
we prefer to use (smooth) radial basis splines (a comparison of four different interpolation schemes is
shown in supplementary Figure S2). For the spline-in-tension method, the interpolated surface is re-
quired to pass through all nodal points (i.e. stations where a travel time has been measured), while the
tension parameter can suppress spurious oscillations between points (Smith & Wessel 1990). With the
use of smooth radial basis splines, we have the additional option to obtain a smooth surface without the
necessitytofit all nodal points which can be advantageous in the case of measurement errors. Our tests
indicate that the difference from the chosen interpolation method is relatively small at most periods,
if spurious velocity spikes are removed (step (iv) below) before all models are stacked (Fig. S2). To

be as independent as possible of user-defined regularization parameters, the smoothing parameter for
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Figure 4. Example of the Eikonal tomography procedure for a single central\ station for data measured at a
period of 6.5 s. Panels a—c show phase travel-time measurements, interpolated travel-time field, curvature of
the travel-time field and the deduced phase velocities, all before any data rejection or interpolation smoothing
has been applied. Panels d—f show the same after processing. The final phase-velocity map is created by taking
the processed maps f and stacking them for all available central stations. Gray parts of the map indicate that
measurements in these areas have been rejected, because the/Closest station is too far away, the azimuthal

coverage is bad or there are too few values to obtain‘a stable’average velocity estimate.

the interpolation is only controlled by the obtained velocities. The user has thus to define a threshold
given in terms of deviation fromsthe.mean velocity, which is more intuitive and related to a physical

property of the medium. The procedure is illustrated in Figure 4 and consists of the following steps:

(i) A central station is chosen and all phase-travel-time measurements between this station and all
other stations are\extracted from the dataset. Measurements from stations that are closer than one
wavelength from the-central station are ignored. We set a minimum threshold of 10 measurements.

(i1) An, initial interpolation where the travel-time surface passes through all nodal points reveals
areas of .strong curvature. Travel-time measurements at stations that are associated with a curvature
thatdeviates by more than a threshold of two standard deviations from the mean are considered outliers
and are discarded. This rejects about 5% of the measurements.

(iii)) The smoothing parameter of the interpolation starts at zero (no smoothing) is iteratively in-
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creased until all velocities are below a user-defined threshold (in this work, three times the regional
average velocity). If the interpolation grid is finer, it will automatically lead to a larger smoothing
parameter, as a rough grid causes implicit smoothing by taking the blockmean of all station measure-
ments within one grid cell.

(iv) Regions of the velocity map that show velocities that deviate by more than a second threshold
(in this work, 50%) from the average velocity are removed from the map. This removes on average
less than 1% of the mapped area.

(v) Regions of the velocity map that are outside the convex hull defined by the station locations, as
well as regions that are too far away from the next station are removed. We choose a distance limit of
50 km at short periods, and one wavelength at long periods.

(vi) Steps 1 -5 are repeated for all available central stations.

(vii) At all grid points, the mean and the standard deviation of the phase-velocities is/calculated.
Velocities that deviate by more than two standard deviations from the mean are rejected.

(viii) The final phase-velocity map is obtained by splitting the mapped phase velocities into az-
imuthal bins and taking the mean of the phase velocities in each bin. Areas where the gap in azimuthal
coverage is greater than 60° and where less than 50 phase-velocity values are\averaged are rejected.
Secondly, the contributions of all bins are averaged for each grid cell,, This two-step averaging proce-

dure makes sure that the average is not biased by the number of measurements from different azimuths.

The example in Figure 4 shows how the procedure removes roughness in the travel-time field and
very high amplitudes in the phase-velocity map. It is-0bservable that the highest variance in the travel-
time field appears at large distances from the central station, leading to spurious phase velocities. We
checked that this is independent of the chosen interpolation method and interpret it as an effect of
increasing measurement uncertainty with distance for the given dataset and also increasing distortions
of the travel-time field by velocity variations within the medium. The effect is especially strong around
the shown period of 10 s and decreases towards both shorter and longer periods. We also achieve good
results for the Eikonal tomography method if we reject measurements that are further away than about
300 km from the central station. In this case, the interpolation smoothing becomes unnecessary (not
shown here). Howeyer, because this leads to a rejection of a very large part of the dataset, we decide

not to apply anupper distance limit.

2.4 “Anisotropic Eikonal tomography

As shown by Lin et al. (2009), the Eikonal tomography method can be used to determine the az-

imuthally anisotropic velocity structure. For each central station, we can estimate not only the velocity
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Azimuthal anisotropy from Eikonal Tomography 11

in each cell of the interpolated grid, but also the direction of the travel-time gradient, i.e. the direction
of propagation. With this information it is possible to determine azimuthally dependent velocity vari-
ations by fitting them to the following equation for slightly anisotropic media (Smith & Dahlen 1973)

to which we added a ¥, term, similar to previous works Lin & Ritzwoller (2011a):
c(w, ) = co(w) (1 + Arcos(vp — W1) + Agcos(2(¢ — W2)) + Ascos(4(y — U4))), 2)

where ¢(w, 1) is the phase velocity, depending on the angular frequency and the azimuth, ¢ is
the isotropic velocity and A, As and A4 are the amplitudes of the ¥, Wy and ¥, components. In
practice, values of A, and W, are found by optimizing the least-square fit to the ¢ values, identified
as described above. The ¥; term is non-physical, because it means that two waves propagatingn
opposite directions have not the same velocity which violates the reciprocity of the wave equation.
However, Lin & Ritzwoller (2011b) have shown that the azimuthal velocity measurements can be)bi-
ased in such way that there appears a ¥; periodicity. Inclusion of the ¥; term can thug avoidstradeoff

with the ¥, and ¥, components and serve as an indicator for biased measurements (discussed below).

It can be difficult to get stable estimates of the anisotropy, because the expected amplitude of the
azimuthal phase-velocity anisotropy is in the range of 0 — 3% (e.g., Fry et'al. 2010) and therefore close
to the expected range of measurement errors deduced from the mapped)standard deviations and from
previous works (1 — 2%, Kstle et al. 2016). Additionally, the,sensitivity of the Eikonal tomography
method to small travel-time errors can yield very large yelocities at some locations and travel azimuths.
It is therefore necessary to average over a larger ared, which/has already been shown in previous works
(Lin et al. 2009; Lu 2019), while taking care not to lese too much information in regions where the
fast axis direction shows strong lateral variations. After some testing, we found a good compromise
by averaging over circular regions of 30.kmrTadius and summarizing the azimuths of the velocity
measurements into bins of 15°. The ‘anisotropic parameters are only determined at locations where
the total azimuthal coverage is more than 300°. In each cell, the isotropic phase-velocity is subtracted
before performing the regional averaging and fitting procedure to minimize trade-off effects between

isotropic velocity variations,within the circular region and the anisotropic parameters.

3 SYNTHETIC EXAMPLE

We set up,a test model as shown in Figure 5 and calculate synthetic travel-time data using the Fast
Marching Method (FMM) so that the rays are bent according the the velocity structure. The isotropic
model is based on a satellite image which serves as approximation to a characteristic earth structure

with different anomaly sizes and shapes. For this example, we use the same path coverage as in the
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Figure 5. Synthetic test for an isotropic model (transformed from satellite image, credit: ESA, CC BY-SA 3.0
IGO) overlain by patches of either N-S oriented, E-W oriénted anisotropy (2%) indicated by yellow bars. The
data coverage is identical to that of the real dataset at'6:S s period with the station configuration shown in ¢. a
shows the synthetic input model, b the recovered.model. The red circle indicates exemplarily the 30 km averag-
ing radius for the determination of the anisotfopic parameters. The red bar highlights one example location for
which the fit to the anisotropic parameters,is shown in d. The blue dots in the background give the individual

measurements within the 30 km averaging.radius.

measured dataset comprising.~71,000 measurements between station pairs resulting in phase-velocity
models from 656 different central stations. An error is added to the synthetic data, defined in terms
of velocity with a standard deviation of 0.02 km/s, which corresponds to a relative velocity error of
0.5%. This means that the absolute travel-time errors are larger for large inter-station distances, as is
expectedfrom the attenuation and the subsequently lower signal-to-noise ratio over large distances.
Thelsame'processing steps and parameters as listed above are used to recover the model. The smooth-
ing\parameters in the interpolation was always zero as the velocity error never exceeded the threshold

for the synthetic measurements (step (iii) in sec. Isotropic Eikonal tomography).
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Azimuthal anisotropy from Eikonal Tomography 13

The large scale features of the example model are well recovered, smaller features are smoothed
out leading to a general reduction of the anomaly strength, especially for smaller structures. Structures
of sizes below about 30 km are not being recovered. The smoothing is caused by two related factors:
(1) the travel-time field from each central station is only sampled at a subset of the stations shown in
Figure 5c and is therefore missing details and (2) the incomplete reconstruction of the travel-time field
causes errors in the velocity field (see blue dots Figure 5d) that lead to a smooth model when averaged
over the models from all available central stations. The smoothing effect is also seen in the anisotropic

parameters between patches of identically oriented anisotropy, as well as at the border of the patches.

In a next test, we check how stable the Eikonal tomography works in the presence strong velocity
heterogeneities. We do so by increasing the amplitude of the isotropic velocity variation while Keeping
the anisotropic pattern identical to the one already shown in Figure 5. The resulting maps in Figure
6 show that the quality of the recovered isotropic model remains almost constant, illustfated by the
stable relative errors (a relative residual of 10% for the 15%-anomaly model means an‘absolute error
of 1.5%, i.e. 0.06 km/s). While the relative isotropic velocity residual does_not change significantly
with the anomaly strength, there is a clear dependence on the anisotropie,residual. For the 5% model
in Fig. 6, the anisotropic residual is relatively small and is visible mastly inside the patch regions with
the same orientation as the input anisotropic direction. This indicates that the recovered anisotropy
points in the right direction but has a smaller amplitude than the one in the input model. The residual
tends to be larger for small patches and close to the medel boundaries. An additional smoothing effect
in the anisotropic structure can be explained by the fact-that our approach averages measurements
inside circular regions of 30 km radius for the determination of the anisotropic parameters. For higher
isotropic anomalies (15 — 25%), the anisotropic|fast axis orientation is still mostly correct within the
patches, but a spurious signal appearsyoutside these regions. It becomes clear that strong isotropic

velocity variations introduce a bias-in.the anisotropic model.

3.1 Anisotropic bias

To better understand,the source of this anisotropic bias and how it would affect the results for the
Alpine models, a synthetic test with a purely isotropic velocity model, taken from the real-data mod-
els (shown below) is implemented (Fig. 7). The velocities in this example vary by -30% to +16% from
the mean‘velocity. The very slow velocities are related to the thick sedimentary basin in the Italian Po
plain. The synthetic travel times are modeled with a finite difference solver (Devito: Luporini et al.
2018; Louboutin et al. 2019) using a source wavelet with a dominant period of 6.5 s so that we can

include finite frequency effects and reflections. The phase travel-time is measured in the frequency
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Figure-6. Synthetic tests to illustrate the effect of strong isotropic velocity heterogeneities. The input model
for these‘tests is the same as shown in Figure 5a, however, the maximum isotropic velocity anomaly varies
from, £5% (a, identical to Fig. 5) over +15% (b) to £25% (c). The strength and pattern of the anisotropy is
identical between tests. Panels d—f give the isotropic velocity difference as color image and anisotropic residual
calculated as vector difference. The isotropic residual maps are slightly smoothed for visual clarity. White

dashed lines indicate the location of the anisotropic regions in the input model (Fig. 5).
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Azimuthal anisotropy from Eikonal Tomography 15

domain from the phase of the cross-correlation function between source signal and the signal at the
receiver locations. The recovered, final model in Figure 7b shows strong, spurious anisotropy with
amplitudes of more than 5%. The areas where the anisotropic bias is most prominent coincide with
areas where the travel-time field is strongly curved and concave shaped. In this example, no error is
added to the data and the data coverage is idealized with all recorders active for all possible central
stations (station locations in Fig. 5c). No data rejection based on local strong velocity variations, as
we did in Figure 6, is performed: in the previous tests, the areas in the seas and close to the model
boundaries were rejected because of bad station and bad azimuthal coverage. The spurious anisotropy
seems to be less pronounced when the azimuthal coverage is good, but even in regions with perfect
coverage (low velocity basin in southern Germany and directly north of the Po basin) the bias is still

significant (2 — 3%).

The phase-velocity map for the single-central-station example in Figure 7c shows that there are
significant errors in the recovered velocities, most prominent behind low-velocity, zones. One rea-
son for these artifacts is the occurrence of a secondary wavefront downstream from the sedimentary
basins (Feng & Ritzwoller 2017). The first wavefront results from the\signals traveling around the
low-velocity area deforming it to a concave shape. The second wayefront is caused by the slower
propagation velocity inside the basin. The basin itself acts like a lens that focuses the waves, therefore
it is possible that the secondary wave package may have a higher amplitude. Typically, first and sec-
ondary waves are not clearly separated in time and-will thus interfere (Fig. S4). The effects of slow
sedimentary basins on wave propagation angles and‘amplitudes is discussed in detail in Feng & Ritz-
woller (2017). Another effect is caused by’back seattering which leads to an undulating phase error
(and consequently velocity error) with’a A\ /2,périodicity (i.e. wavelength A ~ 20 km at period 6.5 s)
as described in Bodin & Maupin (2008);Eehujeur & Chevrot (2020). The station sampling distance
in Figure 7 is larger than this“periodicity, thus making it hardly visible, but the effect can be seen at
longer periods and for very dense'sampling examples (Figs. S5-S9).

Lin & Ritzwoller (2011b) study in detail the bias in anisotropy from inhomogeneous media when
applying Eikonal tomography to data from the USArray. The typical station spacing is ~70 km in
USArray and ~50 km in AlpArray which gives a comparable setup for testing. They mainly attribute
the biaste finite frequency effects causing backwards scattering in the vicinity of the receiver locations
(mostly résponsible for a bias in the ¥; anisotropy) and to wavefront healing (Nolet & Dahlen 2000)
dueyto the large size of the sensitivity kernels (responsible for a bias in the W5 anisotropy). Both Bodin
& Maupin (2008) and Lin & Ritzwoller (2011b) find that the bias becomes stronger with increasing

velocity contrast, as is the case in our study.
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Figure 7. Synthetic test with input model taken from the real data model at 6.5 s..The dominant period for the
source signal is chosen accordingly. For the single station example in ¢, the same central station as in Fig. 4 is
used. In this idealized example, the travel time field is recorded at all station locations that are shown in Fig. Sc.
The final model in b is derived from the ensemble average of all individual, single-central-station models. The
bars indicate the anisotropy. Red/yellow color of the bars indicate-whetherthe standard deviation of Az (eq. 2)
is above/below 0.5. The velocity residual in d gives the difference between the models in ¢ and a. White dashed

lines indicate the iso-contours of the travel-time field.

This class of errors from wave interference” affect the phase-velocity measurements directly. It could
be reduced by picking first (direct) arfival times in the time domain which would be valid for our
synthetic test where the source is almostyperfectly monochromatic (Fig. S4). Preliminary tests show
that using only the first-arrival‘travel-time field can indeed reduce the mapped artifacts (Figs. S5-S9).
Realistic applications, however, typically deal with dispersive waves and make use of a frequency
domain approach to-determine phase travel-times, as for example the FTAN or the Bessel function
method described insthe previous sections where the entire wave train is taken into account. More than
that, if direct and scattered wave packages are too close it becomes difficult or even impossible to

isolate the first arriving wave.

The errors related to finite-frequeny effects in the recovered velocity field can be better under-
stood in the context of the Eikonal equation (Eq. 1) that is only valid for smoothly varying media

and approximately plane waves (e.g., Wielandt 1993). Equation 1 is a simplification, derived from a

120z Jequisdeq 0| uo Jesn AONI Aq 661G L19/£57qeB6/16/€601 01 /10p/8]01B-80UBADE/I[B/WO0 dNO"0lWepEI.//:Sd)Y WOl) papeojumoq



Azimuthal anisotropy from Eikonal Tomography 17

Helmholtz representation of the wave equation, in which the amplitude term has been neglected. The

full equation reads (Wielandt 1993):
1 V2A 0? 0?
— =| VT > - V= +—
c? | | w2A’ ox2  oy?’

where A is the amplitude of the wavefield. In terms of Wielandt (1993), the application of the

3)

Eikonal equation leads to the dynamic phase velocity, not the medium phase velocity which can only
be obtained when the amplitude distribution is taken into account (even then an error remains as shown
by Friederich et al. 2000). The curvature of the wavefield from the point source in Fig. 7 causes only a
relatively low error (< 0.1 km/s), but other effects such as wave focusing in low-velocity zones have a
more severe influence (Figs. S5-S9). The influence of the amplitude term has been studied in several
previous works (Bodin & Maupin 2008; Lin et al. 2009; Lin & Ritzwoller 2011a; Lehujeur & Cheyrot
2020) and it has been proposed that it becomes negligible at short periods (increasing w in/Eq. 3); for
example, below 1 s for the local dataset of Mordret et al. (2013) or below 40 s for the western part of
the USArray data in the work of Lin & Ritzwoller (2011a). Our tests confirm that at long periods much
larger portions of the map are biased if the amplitude correction is omitted (for a long period example
see supplementary Fig. S8-S9). Specifically, the A\ /2-periodic phase bias is strongly period-dependent

and becomes larger at long periods.

Our tests indicate, however, that also in the short-period (6.5 s)finite difference simulation (finite
frequency) and the FMM simulation (infinite frequency)‘a significant bias in the ¥, anisotropy ap-
pears. In both cases, effects such as wave-front healingsshould play only a minor or no role. At high
frequencies, the observed bias is mainly controllediby the incomplete reconstruction of the travel-
time field by only being able to sample it at the reeeiver locations. If the travel-time field is strongly
distorted, as expected behind strong velocity heterogeneities, extremely dense sampling would be nec-
essary to be able to properly recover'it. Typically, this is not the case, resulting in a smoothed version
of the travel-time field and thus a.phase-velocity bias that is dependent on the azimuth of the wave
propagation with respect to the location of the anomaly. The infinite frequency tests (FMM) in Figures
S5-S8 show that in case of perfect sampling and if no finite-frequency effects appear the recovered
phase-velocity fieldwis almost identical to the input model, as expected. The only remaining artifacts
appear in narrow. sttipes, where the size of the grid cells is larger than the curvature of the travel-time
field, andithus the estimation of the travel-time gradient fails. For a stable gradient estimate, the wave-
front has“to be approximately plane in the area covered by the gridpoint and its four neighbor points
used to calculate the gradient. To prove the important influence of the travel-time field sampling in
the Eikonal tomography method, we have repeated the test shown in Figure 7 calculating synthetics

with the FMM method, i.e. no finite-frequency effects such as back-scattering, secondary wave fronts,
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etc. appear. The resulting anisotropic bias is, however, almost identical to the one shown in the finite-
frequency simulation (Figs. 7, S10-S11). From this we conclude that at short periods, finite-frequency
effects are indeed negligible as proposed by Lin & Ritzwoller (2011a) or Mordret et al. (2013), but
the wavefield under-sampling becomes the dominant factor. Short periods are in this context to be
understood as relative to the inter-station spacing and depending on the complexities of the travel-time
field caused by the velocity heterogeneities. The bias from incomplete travel-time sampling can affect
the ¥y, U5 and ¥, anisotropic components alike, it is therefore recommendable to model all of them
to avoid for example wrong mapping of a spurious ¥; component into the U5 anisotropy (Lin & Ritz-
woller 2011b).

Different from the finite frequency effects that directly bias the measured phase-velocities between
station pairs, and thus will affect also other tomographic methods, the issue of the incomplete travel-
time field sampling is unique to the Eikonal tomography method. The bias from the undersampled
travel-time field may be partially mitigated by choosing a different interpolation schemej however,

with the herein discussed methods, we did not note a significant difference.

3.2 Addressing the U, bias

In the isotropic phase-velocity maps, most of the discussed bias cancels out by azimuthal averaging.
This has been shown analytically for the finite-frequency effects by:Lehujeur & Chevrot (2020) and is
also suggested by our tests that show a relatively stable isotropic error with increasing velocity anoma-
lies (Fig. 6). However, for the estimation of the azimuthal anisotropy, the contributions from different
azimuthal directions need to be treated separately, thus a bias remains. Bodin & Maupin (2008) and
Lin & Ritzwoller (2011a) already indicated that including the amplitude term from eq. 3 can sig-
nificantly reduce the influence from the discussed finite-frequency effects which we confirm in our
tests shown in Figures S5-S8. However, abias will remain, since also the Helmholtz equation is only
approximately valid for surface wave propagation in a laterally heterogeneous medium (Friederich
et al. 2000; Lin & Ritzwoller 2011a). We will not discuss this option in detail, because we estimate
it to be unfeasible fot,typical ambient-noise applications for two main reasons: amplitude measure-
ments from ambientsnoise are difficult because of issues such as non-uniform source distribution or
typical non-linear pre-processing steps that affect different station pairs and time windows differently
(e.g., Fichtner et al. 2020). More important, however, is the issue of interpolating the strongly vary-
ing amplitude information from the station locations onto a dense, regular grid, necessary to calculate
the'Laplacian of the amplitude field (eq. 3). In our synthetic example at 6.5 s period, we observe an
increase in the wavefield amplitude by a factor of 4 in a very narrow stripe that is caused by the in-

terfering wavefields, refracted from the strong velocity contrasts in the model (Fig. S6). In our tests,
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we are only able to record and properly correct for the amplitude effect if we have perfect sampling,
i.e. an extremely dense distribution of stations with a sub-wavelength spacing which is unrealistic in
most real applications at short periods. Otherwise, the amplitude field is smeared out or distorted and
cannot be used to correct the dynamic phase velocity. Finally, the incomplete reconstruction of the
travel-time field poses an even more important source of bias at short periods that cannot be addressed
by the amplitude correction.

An alternative to correcting the velocity bias is removing measurements in the map where the travel-
time field is strongly curved and thus violates the plane-wave assumptions made in Eikonal tomog-
raphy method (e.g., Mordret et al. 2013). The mapped region rejected by this approach changes with
different central stations and at short periods only small areas need to be removed thus making it nec-
essary to remove only a few percent of the measurements and still being able to recover thé\entire
region in the ensemble average. This approach works very well in our tests where we have a perfectly
dense station distribution (not shown here for the sake of brevity). However, in the case“of realistic
station distributions, as shown for example in Fig. 7, the regions of highly curveditravel-time become
smoothed out and cannot be properly identified anymore thus making this approach ineffective.

Lin & Ritzwoller (2011b) propose that the presence of the nonphysical.W; anisotropy may be used
as indication of the presence of a bias in Wy. In Figure 8 we check for a spatial correlation of the
bias in with the the ¥, intensity, as well as with the velocity gradient and the uncertainty in the Wy
amplitudes (i.e. std Ao). We find that in all three cases the spatial correlation is weak such that it is not
straightforward to filter out biased anisotropic measurements using these three parameters as proxy.
The closest spatial correlation is found with the uncertainty in As which we calculate from the covari-
ance of the least-squares fitting procedure to eqa2. We will reject measurements where the standard
deviation of As is greater than 0.5. This value is based on the synthetic test results presented in Figure
6 and 7b (see red bars). From the diScussion here it is clear that the Ao standard deviation is only a
proxy but no guarantee that all-biased anisotropic measurements are excluded. For example, not all
of the spurious anisotropy shown, invFigure 6 is also related to areas above the threshold of 0.5 which

would get rejected by this approach.

4 RESULTSFOR THE ALPARRAY DATASET

We applyithe Eikonal tomography method to the presented AlpArray dataset and extract azimuthally
anisotropic maps at periods between 3 and 80 s (Fig. 9). We only show isotropic velocities in regions
where we have enough values for the averaging procedure and with good azimuthal coverage (see
list'in sec. Isotropic Eikonal tomography), the remaining parts are greyed out. The same applies for

the anisotropic parts of the map. We additionally use the uncertainty in the anisotropic intensity, Ao,
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Figure 8. The anisotropic bias presented in Figure 6f (+=25% isotropic velocity variation) is compared to three
different parameters: a: to the strength of'the W, anisotropy, b: to the gradient of the velocity field calculated
from the input model and c: to the standard deviation of A, (amplitude of the Vo anisotropy; its standard
deviation can be calculated from,the fitting procedure to Eq. 2). A weak spatial correlation between the biased

anisotropy and the strength of\all three chosen parameters can be seen.

to identify regions where the anisotropic fast axes are likely biased. We shows these measurements in
grey as opposed to the remaining areas that are below this threshold, colored in yellow in Figure 9. The
comparison-of the potentially biased anisotropic areas of the maps with the results of the synthetic test
in Figure 7 reveal that the anisotropic bias is mostly an issue in and around areas of very slow phase
velocity. The anisotropic fast axes strengths and directions that are identified as biased follow a similar

pattern as in the synthetic test: the fast axes align with the shape of the low velocity anomalies, parallel
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to the elongation axis within the low velocity areas and curving around the edges, i.e. parallel to the
boundary of the velocity contrast. The uncertainty in Ag is lowest around 20 s period and increases
both towards shorter and longer periods. However, the analysis of the A5 standard deviation can only
serve as a proxy for biases anisotropic measurements, there are also other factors that influence the
uncertainty, such as errors in the measured phase travel-times. Some regions where the anisotropic fast

axis is biases may not be identified at all as can be seen from the test in Figure 8.

For each map shown at a certain period, we give a depth range which we derive from the calcu-
lation of sensitivity kernels based on the model of (Kstle et al. 2018, Fig. S1). The min/max values
of the depth ranges are chosen so that, on average, 50% of the surface under the sensitivity kernel
lies within that range. Low velocity areas, such as the sedimentary cover in the Po-basin or the, thick
crustal root underneath the Alps, shifts the peak sensitivity to shallower depths. For example, in‘the
map at 30 s in Figure 9, velocities and fast axis directions under the Alps and Apennin€s are most
influenced by crustal structures, while outside, they are mostly influenced by -mantle)features. The
isotropic structures are very similar to the ones obtained by other inversion approaches previously
applied in the Alpine area (e.g., Kstle et al. 2018; Lu et al. 2018). The mapped velocities are smoother
compared to these previous studies with slightly reduced anomaly amplitudes compared to a linearized
inversion approach (Fig. S2). This observation is, however, strongly.dependent on the chosen thresh-
olds in the Eikonal tomography method (see sec. Isotropic Eikonal tomography) and the regularization

parameters in the linearized inversion.

5 DISCUSSION
5.1 Variance reduction

The variance reduction serves astasmeasure to compare the final models data fit to the fit to a constant

velocity model. We define it as
2
Z (tlmod o t?bs)
2
S (6 — 1)

where t; is'thetravel time between the i-th station pair in the observed data (obs), in the final

variance,eduction = 1 +

“4)

phase-velocity maps (mod) and in the constant velocity reference model (ref). The variance reduction
gets/ closér to 1 as the fit improves. The travel time in the final phase-velocity model is not a direct
output of the Eikonal method. We approximate it calculating the travel time on a straight ray path
between station pairs.

For the real data case, the variance reduction of the purely isotropic model is around 0.8 for short
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Figure 9. Rayleigh fundamental-mode phase-velocity maps at selected periods. Velocities are given as devi-
ations from the mean velocity shown in the top left corner of each panel. Yellow bars indicate the direction
and,strength of the azimuthally anisotropic fast axis. Greyed out bars indicate that the standard deviation of As
exceeds 0.5. In regions where the majority of the bars are grey the anisotropic parameters are thus likely to be

biased. White boundaries show tectonic limits and major faults from Schmid et al. (2004)
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Table 1. Variance reduction and mean anisotropic amplitudes (percent) at different periods. The variance re-
duction values are calculated from eq. 4 using the real data results presented in Fig. 9 for the isotropic and
anisotropic velocity variations. The variance reduction is always higher when the anisotropy is taken into ac-
count except at 50 s period. The anisotropic amplitudes represent an average over the entire mapped area based

on the regression applied to eq. 2.

Period isotropic anisotropic avg. A; avg. Ay avg. Ay

3.0 0.758 0.793 1.25 1.40 0.96
5.0 0.734 0.764 1.77 1.70 0.90
8.0 0.831 0.843 1.32 1.15 0.72
12.5 0.778 0.791 0.91 0.99 0.56
20.0 0.836 0.856 0.67 0.98 0.37
30.0 0.533 0.558 0.70 0.79 0.44
50.0 0.057 0.052 0.74 0.69 0.54
80.0 0.013 0.021 0.84 0.76 0.76

periods up to 25 s (Tab. 1). At longer periods, it decreases to values close;to.zere (no improvement
compared to the constant velocity model). This behavior is also observed with classical inversion
approaches (Kstle et al. 2018) and has three main reasons: (1) the ray,approximation used in this test
which is not valid for the large wavelengths at longer periods; (2)*the data quality decreases above
30 s for the presented ambient-noise measurements making it more difficult to get a good data fit; (3)
the phase-velocity model at long periods shows only/small‘velocity variations such that it is always
closer to the constant velocity reference model. Including-the anisotropy has only a small but positive
effect on the variance reduction (~0.01), improving the data fit which we take as indication that the
method is working. We note that, at perieds below 30 s, the anisotropic variance reduction gives
slightly improved values if we choose to average measurements in within a smaller radius, instead of
the 30 km radius applied above:

The variance reduction in the synthetic example in Figure 6 gives similar values, with a slightly more
pronounced effect from including the anisotropy (~0.03). Of course, there is no period dependence,

as the synthetic data is calctlated with the same error and same ray approximation for all periods.

5.2 Non-homogeneous noise source distribution and ¥, anisotropy

Ambient<noise based travel-time measurements require a homogeneous distribution of noise sources
from all azimuthal directions, otherwise the result may be biased (Yang & Ritzwoller 2008; Tsai 2009;
Weaver et al. 2009; Yao & van der Hilst 2009; Kstle et al. 2016). We have noted earlier that even small

errors in the travel-time field can lead locally to large phase-velocity variations and thus an increase in
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uncertainty of the final phase-velocity maps. An inhomogenous noise-source distribution would likely
influence neighboring station measurements similarly and therefore only make a small contribution to
the roughness in the travel-time field. Lin et al. (2013) similarly argue that the inhomogeneous noise
source distribution plays a minor role for the Eikonal equation tomography, because the gradients are
less influenced, compared to classical straight ray tomography. Also, averaging over the ensemble of
phase-velocity maps will cancel out most of this bias. However, for the determination of the anisotropic
parameters, the effect may have a negative effect on our final maps. Synthetic tests of Kstle et al.
(2016) for a typical situation in the Alpine region indicate that the bias from non-homogeneous source
distribution varies with a ¥4 periodicity with an amplitude of 0.5%. We therefore assume that the bias
on the discussed W4 anisotropy is low compared to the observed anisotropic amplitudes. The observed
amplitude of the ¥4 anisotropy is always about 30 — 50% smaller compared to the ¥y anisotropy.at
periods up to 25 s (Tab. 1). At longer periods the difference approaches zero. Also in the synthetic
example, the amplitudes of the W, anisotropy are non-negligible and about 70% smallet"than those
of the Wy anisotropy. Our synthetic tests indicate that the spurious W, anisotropy is not confined to
the region of the anisotropic patches so that we can exclude a mapping of the Ws.anisotropy into the
W, anisotropy. We can also exclude any bias from a non-homogeneous neise source distribution in the
synthetic example. Thus, we infer that part of the W4 anisotropy is catised by errors in the reconstructed

travel-time field, related to data errors and to the sparse sampling.ofithe travel-time field.

5.3 U, anisotropy

Tests for the herein presented dataset indicate that thexW; anisotropy appears at all periods and concen-
trates around certain areas such as the Ivrea’zone inthe western Alps, the sedimentary basins, and the
borders of the mapped region (Fig. 10)¢'The model-averaged amplitude of the ¥ anisotropy is slightly
smaller than that of the Wy anisotropy below 40 s and equal or larger above; the variation is small,
however (Tab. 1). Lin & Ritzwoller (2011b) propose that a strong amplitude of the W, anisotropy can
be taken as proxy for a biasyin Wo. They find in a synthetic test that the spurious ¥; component is
strongest at the bordeér of low-velocity zones with their fast-axis pointing towards the fast velocity
region. The sameisstrue for the real-data example shown at 8 s period in Figure 10a. The synthetic
tests of Lin & Ritzwoller (2011b) further show that the spurious ¥, component, tends to be strongest
inside the, low-velocity regions, aligned with the major elongation axis of the low-velocity patches,
similar te‘Figure 7b. We infer that this spurious Ws component leads to an increase in the A standard
deviation. This can be seen from Fig. 10e,f which exhibit both a strong ¥; component but also a larger
scatter in the mapped phase velocities, compared to the points in Fig. 10c,d. This justifies our choice

of basing our rejection scheme in Figure 9 on the uncertainty in the amplitude of the Wy anisotropy
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Figure 10. Azimuthal anisotropy at selected locations for the phase-velocity map at\8 s period. a: Amplitude
of the Wy anisotropy and its direction. b: Standard deviation of A,. c—f: Mean \velocities obtained in different
azimuthal directions (black dots) and the regression fit (red line). The anisotropic parameters shown at the
bottom of each panel correspond to those in eq. 2. The data for the panels,e—f were taken from circular regions

with 30 km radius as indicated in panels a and b.

which is spatially better correlated with the spurious ¥ component. Different from Lin & Ritzwoller
(2011b), we find that the ¥, anisotropy is already. pronounced at short periods (Fig. 10 at 8 s period).
This may be due to the strong velocity contrasts from the sedimentary basins in our model area which
did not play an important role in the studies)of Lin & Ritzwoller (2011a,b) that only consider periods
>40 s. It further indicates that-the“effect from under-sampling of the travel-time field has a similar

influence on the mapped anisotropic bias (in ¥, Uy and ¥,) as from finite-frequency effects.

5.4 Sources of anisotropy

Different mechanisms can cause the azimuthal anisotropy in the crust and it is not easy to distinguish
between these processes when interpreting the imaged structures. Laboratory experiments on rock
samples.show that at shallow depth, down to about 200 MPa (~5 km), the bulk anisotropy is domi-
nated by microcracks (Kern 1990; Kern & Schmidt 1990). These (fluid filled) cracks are expected to
be aligned perpendicular to the minimum stress direction and thus approximately parallel to the max-

imum horizontal stress and the anisotropic fast axis (Crampin 1994). An alignment of the fast axis is
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also expected with structures such as rock foliation (Lschen et al. 1991), faults, folds or inclusions. All
of these effects can be summarized as shape-preferred orientation (SPO) of the anisotropic fast axis.
In contrast, the alignment of anisotropic crystals such as olivine (e.g., Nicolas & Christensen 1987),
mainly in the mantle, or amphibole and biotite (Barruol & Mainprice 1993) which are also abundant in
the lower crust, is classified as lattice-preferred orientation (LPO) and is the main source of anisotropy
at greater depths. The named minerals show an alignment of their fast axis parallel to the main strain
direction, however, other minerals such as pyroxene can have an opposite effect (fast axis perpendic-
ular to the strain direction) and thus lower the observed bulk anisotropy (Barruol & Mainprice 1993;
Silver 1996). In this work, we will apply the simplified assumption that the bulk LPO, and thus the

anisotropic fast axis, is aligned parallel to the main strain direction.

5.5 Tectonic interpretation of the anisotropy pattern

The methodological uncertainties described above demand caution when interpreting the Wo/anisotropic
pattern. We will thus focus on areas where the potential bias is low (yellow bafs,in Figure 9). Our re-
sults indicate that in the valid model regions, the entire crust and uppermost mantle is affected by
moderate levels (1 — 4%) of azimuthal anisotropy. This is different from-teeent results of the radi-
ally anisotropic structure which show anisotropy mostly underneath the Alpine and the Apenninic
orogens (Alder et al. 2021). A comparison between our results and this study is difficult because of
methodological differences and the different sensitivities of azimuthal and radial anisotropy to verti-

cally/horizontally aligned fast axis.

The average principal stress direction.in the Alps is N-S oriented except for the northern part of
the western Alps and transition from eastermyAlps to the Pannonian basin where an E-W orientation
dominates (Fig. 1). According to the'discussion above, we expect a parallel alignment of the fast axis
direction with the principal stress direction at shallow depth. The shortest-period anisotropic measure-
ments (3 — 5 s) have large uncertainties due to a stronger bias that make a conclusive comparison with
the stress direction difficult, An agreement between principal stress direction and fast axis orientation
is only visible in few,parts of the map such as in parts of the central Alps and at the eastern edge of
the eastern Alps. This may be due to the discussed methodological uncertainties, but the anisotropy
may alsoybe*dominated by fault and fold structures instead of the stress field. In the eastern Alps,
we inferfrom the higher phase velocities that the depth sensitivity of the Rayleigh waves should be
deeper (Fig. S1) and thus the peak sensitivity may already lie below the 5 km estimate for the stress
dominated anisotropic fast-axis alignment. A stress-related fast axis orientation at short periods is also

proposed by Schippkus et al. (2018, 2019) who study the anisotropy in the Vienna basin region (Fig.
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Figure 11./.Comparison of the isotropic and anisotropic phase-velocity maps in Switzerland between this work
(left panels) and the one of Fry et al. (2010, right panels) at four different periods a 8 s, b 16 s, ¢ 24 s, d 34 s.
The color model and the length of the anisotropic bars have been adapted to provide comparability between the

models.
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S12). A direct comparison between the studies is not possible, because Schippkus et al. (2019) use
group velocities that have a different depth sensitivity; the strong velocity contrast to the adjacent low-
velocity basin and the position at the edge of our model area limits the interpretability of the results
in our study. The observed anisotropic fast axis curve around the low-velocity Vienna basin and are
aligned in SW-NE direction within the basin correspond very well to the bias modeled in Figure 7 and

are accordingly greyed out in Figure 9.

For the mid-to lower crustal depths, we can compare our results to the study of Fry et al. (2010)
who image the azimuthal anisotropy in Switzerland at periods between 8 s and 40 s (Fig. 11). Both
the isotropic and the anisotropic part are highly compatible between the two models up to a period
of 24 s. In this period range, the fast axis are aligned roughly parallel to the arcuation of the Alpine
orogen. Also in the western and northwestern foreland, this orientation can be observed (Fig. 9)! This
may be due to major thrust faults that formed the Alpine edifice but also other major lineaments such
as the Periadiatic line (Fig. 1). Alternatively, LPO of crustal minerals due to compression (Fry et al.
2010) could cause this pattern. From 8 s to 24 s period (transition from mid to lower crust in the
Alps), a change in fast axis orientation from arc-parallel to arc-perpendicular can be observed (Fry
et al. 2010). The northern limit of the arc-perpendicular orientation at, 16.s’and 24 s coincides spatially
with the Alpine front. It is interpreted by Fry et al. (2010) in_terms.of lower European crust which is
uplifting in slices after European slab break-off and following slab retreat. In their model, this results
in two displacement components, a vertical one, whichus not imaged by the azimuthal anisotropy, and
a northward one, which gives the arc-perpendicular,orientation. This mechanism has been thermo-
mechanically modeled showing both a northward and vertical component of the lower crustal stress
tensor (Singer et al. 2014). Accordingto ourtesults, this process would be limited to the central Alps,
as we do not observe a clear arc-perpendicular fast-axis orientation in the eastern or western Alps at
periods between 20 — 30 s. This would be in agreement with models that suggest an attached slab in
the central, but detached subduction slabs in the western and eastern Alps (Kstle et al. 2020; Paffrath
et al. 2021; Handy et4al. 2021).

In the eastern Alps;»we expect to see an imprint of the eastward extrusion (Frisch et al. 1998) in the
anisotropic fastaxis-directions. Indeed, we observe higher, E-W oriented, anisotropic amplitudes be-
tween 3=20's, compared to the rest of the Alps. The SEMP fault to the north, and the Periadriatic line
to the south’(Fig. 1) limit the extrusion area in agreement with the highest observed W, amplitudes
at 8,s and 12.5 s. We infer that the E-W pattern may be due to LPO of the minerals, parallel to the
eastward motion. Above 12.5 s period, the E-W orientation is most prominent around the Periadriatic

Fault zone which thus seems to affect the structure down to the lowermost crustal depths.

120z Jeqwsde QL uo Jasn AON| Aq 6615 L19/£5qeb6/16/c601 01 /10p/a[01e-80uUBApE/I[B/W 09 dno-olwsepese//:sdiy woly papeojumoq



Azimuthal anisotropy from Eikonal Tomography 29

The measured Rayleigh waves start sampling the uppermost, lithospheric mantle above periods of
about 20 s in the forelands, and 40 s in the Alps (sensitivity kernels in Fig. S1). This is largely con-
trolled by the crustal thickness variations as can be seen from the lower velocities underneath the
Alps, e.g. at 20 s period. Fry et al. (2010) find that at these periods, the fast axis in Switzerland orient
consistently in N-S direction. We do not observe the same pattern, instead the images in Figure 11
suggest a continuation of the arc-parallel anisotropic fast axis orientation in the western and northern
Alpine foreland up to approx. 50 s. The arc-parallel foreland structure can be followed eastwards to
about 13"°E where they turn northwards. This coincides spatially with the border to the Bohemian
Massif (Fig. 1). We infer thus that there may be LPO orientation in the uppermost, lithsopheric mantle
in the European plate. The herein presented results are compared to those obtained with Pn waves
(sensitive to the uppermost mantle; Diaz et al. 2013) and a compilation of SKS results (most sénsitive
to the upper mantle; Wiistefeld et al. 2009, and references therein) in Figure 12. At 20 s period, the fast
axis orientations in the northern Alpine foreland are highly compatible between Pn- and sarface-wave
results, including the arc-parallel flow that turns northward at approx. 10°E. Within the)Alps, the 20 s
surface-waves are mostly sampling the lowermost crustal structure and therefore Pn results and those
from this work do not match well. SKS waves are sensitive to deeper structure and thus we see the best
compatibility for long periods surface waves (Fig. 12). Both methods,show the well known flow field
around the western Alps and the arc-parallel orientation under the *Alps and underneath both southern
and northern forelands (Wiistefeld et al. 2009; Barruol et al:2011 ; Salimbeni et al. 2018; Petrescu et al.
2020). The herein presented surface-wave results thus help to/better understand the depth-sensitivity

of SKS splitting studies in the Alpine region.

6 CONCLUSIONS

We extract phase-dispersion curves from.ambient-noise cross correlations for two years of AlpAr-
ray data. The resulting Rayleigh-wave phase-velocity measurements are used to obtain azimuthally

anisotropic maps at periods between 3s and 80s with the Eikonal tomography method.

Through a suiteof synthetic tests, we illustrate how strong velocity variations may bias the mapped
anisotropy. We attribute the bias to two mechanisms: (1) finite frequency effects that directly affect the
phase velocity measurements between station pairs. These are caused by low-velocity zones that can
produce a'secondary wavefront downstream from the velocity anomaly and interference between direct
andyreflected/refracted and/or multiple waves. These produced artifacts are period-dependent and can
be significantly reduced if the amplitude information is taken into account (Helmholtz tomography).

This is, however, only possible if good amplitude information at densely spaced sample (i.e. station)
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locations is available. (2) artifacts due to incomplete sampling of the travel-time field. This problem
is most pronounced at short periods where the wavefront is very complex and thus only a smoothed
and distorted travel-time field can be recovered. We show that at short periods (relative to the inter-
station spacing and the strength of the wavefield distortion due to velocity heterogeneities), the under-
sampling is responsible for most of the reported bias.

The spurious W9 anisotropy appears most prominent within low-velocity regions and at the borders
of large velocity contrasts. For the shown application to the AlpArray network with typical station
spacing of 50 km, a bias from velocity heterogeneities of +10% and less seems negligible, at the
herein studied periods. In the isotropic velocity distribution, most of the bias cancels out, given that
there is good azimuthal coverage.

We find that the anisotropic bias has a rough spatial correlation with the amplitude of the ¥; aniSetropy
and the mapped uncertainty in Ay, with the latter being more consistent. We therefore luse the’As
uncertainty as indicator for potentially biased regions in our final maps and we exclude anisotropy
estimates for those regions from our final maps. For the remaining regions in the real'data maps we

interpret the anisotropic structures as follows:

e At mid-crustal depths, an E-W orientation of the anisotropic fast axis«is‘observed in the entire
Alpine arc. This could be explained with the orientation of major faults and lineaments and the LPO
of crystals due to compression as proposed by Fry et al. (2010).

o In the lower crust, an arc-perpendicular pattern emetges in the central Alps. In the eastern Alps,
the pattern remains rather E-W oriented. We interpset, the consistent E-W orientation in the eastern
Alps as imprint of the eastward extrusion and find the most pronounced effect on the anisotropic fast
axis around the eastern Periadriatic Fault zone:

o In the northern Alpine foreland a simple, arc-parallel pattern of fast axis becomes visible at lower
crustal and uppermost mantle depths, limitéd in the east by the Bohemian Massif. This orientation is
similar to the one observed from'Pn waves and in SKS studies and is probably related to the Alpine

orogeny.
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Figure 12. Comparison ‘between Pn anisotropy from Diaz et al. (2013, blue bars), a compilation of SKS fast
propagation directions (SKS FPD, light red bars) modified from Wiistefeld et al. (2009); Diaz et al. (2013) and

the anisotropic fast-axis results from this work (yellow bars) at 20 s and 50 s period. The red lines indicate major

tectonic lineaments (Fig. 1).
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