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SUMMARY

The structure of the lithosphere is reflecting its evolution. The Moho of the European litho-
sphere has already been studied intensively. This is, however, not yet the case for the lower
boundary of the lithosphere, that is the lithosphere—asthenosphere boundary (LAB). We are
using S-to-P converted seismic waves to study the structures of the Moho and the LAB beneath
Europe including the greater Alpine Area with data from the AlpArray project and the Euro-
pean networks of permanent seismic stations. We use plain waveform stacking of converted
waves without deconvolution and compare the results with stacking of deconvolved traces. We
also compare Moho depths determinations using S-to-P converted waves with those obtained
by other seismic methods. We present more detailed information about negative velocity gra-
dients (NVG) below the Moho. Its lower bound may be interpreted as representing the LAB.
We found that the thickness of the European mantle lithosphere is increasing from about 50°N
towards the Alps along the entire east—west extension of the Alps. The NVG has also an east
dipping component towards the Pannonian Basin and the Bohemian Massif. The Alps and
their northern foreland north of about 50°N are surrounded in the east, west and north by a
north dipping mantle lithosphere. Along 50°N, where the NVG is reversing its dip direction
towards the north, is also the area along which the volcanoes of the European Cenozoic Rift
System are located. Our results possibly indicate that the Alpine collision has deformed the
entire lithosphere of the Alpine foreland as far north as about 50°N.
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mid-lithospheric discontinuity (MLD) in the upper mantle, have

INTRODUCTION been carried out using P- and S-receiver functions (examples are

Seismic methods continue to play a significant role in imaging tec-
tonic structures. Especially steep angle seismic studies essentially
increased our knowledge about the crustal structure of the European
lithosphere (e.g. Meissner ef al. 1991). Most deep seated tectonic
structures within the mantle have been studied by controlled source
long range seismic experiments (e.g. Kind 1974). Receiver function
studies have shown that stacking methods may raise small seismic
phases, like converted waves, above the noise level and lead to new
results. Thereby they play a significant role in upper mantle studies,
similar to the steep angle seismic in crustal studies. Many studies
addressing the lithosphere—asthenosphere boundary (LAB) and the

*A list of the Working Groups members can be found in the Acknowledge-
ments.

Abt et al. 2010 on a continental scale or Schiffer e al. 2015 in east
Greenland). P- and S-receiver functions are also used to study the
influence of plume conduits on the upper mantle seismic disconti-
nuities (e.g. Li et al. 2000). Kosarev et al. (1999) and Kind et al.
(2002) have studied the continent—continent collision in Tibet using
receiver functions. They imaged the subducting Indian and Asian
mantle lithosphere below the southern and northern parts of the
Tibetan Plateau down to 200 km. In the Alpine continent—continent
collision zone Handy et al. (2021) imaged with P-wave tomogra-
phy the south-dipping European slab and a detached slab below the
eastern Alps. They observed a 180-km-thick European lithosphere,
which differs greatly from the 100 to 120 km thickness of the with
seismic body waves determined European lithosphere, suggested,
for example by Geissler et al. (2010). Our goal is to study the struc-
ture of the European Plate in the greater Alpine collision zone with
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S-receiver functions using the recently available large amount of
new data.

In most cases the receiver function technique uses deconvolution
before stacking in order to equalize the waveforms of different earth-
quakes. This step may lead to failures in the deconvolution process
as shown by Kind et al. (2012), Kind ef al. (2020) and Krueger et
al.(2021). Hua et al. (2023) studied upper mantle discontinuities on
a global scale using S-receiver functions. They especially discuss
possible problems due to the application of deconvolution. Their
conclusion is that deconvolution causes no problems. However, we
will show below that deconvolution may cause significant problems
if the noise level is high.

Besides improving the images of the NVGs located within the
European mantle, the second goal of our study is the comparison
of Moho depth determinations in central Europe obtained by Sp
conversions with those inferred by other seismic methods.

DATA AND METHOD

Earlier work on the AlpArray project (Kind er al. 2021) was ex-
tended by adding data from permanent seismic broad-band net-
works in larger regions of Europe beyond the AlpArray (Hetényi
et al. 2018) to study the Moho and the mantle lithosphere at a larger
scale based on observations of S-to-P converted teleseismic signals.
A map of the stations used is shown in Fig. 1. Most data were ob-
tained from the AlpArray project. All networks providing data to
our work are listed in the Acknowledgements. Most of them pro-
vide open data. The data set comprises about 2700 permanent and
temporary stations used. All data have been copied from the EIDA
archives in several countries. For most portals this worked without
any problem. We selected events with magnitudes greater than 5.4
and copied continuous data in a time window of 300 s before and
after the theoretical onset of the S wave.

The basic idea of our method is to study weak S-to-P converted
waves by stacking of original seismic broad-band records. The in-
fluence of the different source regions on the recorded waveforms
would be reduced by the summation and the effects of the identical
near station region would be amplified. Summation is necessary to
suppress the noise since in most cases the amplitudes of the con-
verted signals are below the noise level in individual records. They
are only a few per cent of the incident SV wave. Some process-
ing steps are necessary before summation. We used the Seismic
Handler software package for data processing (Stammler 1993;
https://www.seismic-handler.org). The following processing steps
have been applied:

(i) Rotation of the Z, N, E components into the P, SV, SH coor-
dinate system: Theoretical backazimuths and incidence angles are
used. The incidence angles are computed using the IASP91 global
Earth model (Kennett & Engdahl 1991).

(i1) Providing a common time scale for all records by using the
SV arrival times as zero time: The arrival of the SV signals on the
individual SV components were picked by the algorithm of Baer &
Kradolfer (1987). The signal-to-noise threshold was chosen at 4 and
the amplitude was not allowed to fall below that limit for a duration
of at least 1 s. Negative signs of the SV signals were reversed.
All traces have been normalized by the maximum amplitude of
the SV signal within the first 3 s after the onset. As a second
noise criterion it was chosen that the noise before the expected
Moho conversion on the P component should not be bigger than
50 per cent of the SV signal. We obtained more than 80 thousand
records by applying these criteria. The picked SV onset times of
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the individual records have not been checked visually. However,
the stacks of subgroups have been checked visually. We mention
that the automatically picked arrival times of the SV signal are on
average over all traces about 1.2 s later than what we would pick
visually. Therefore, we shifted all traces manually by this amount.

(iii) For time domain stacking a distance (or slowness) moveout
correction was applied for a hypothetical slowness of 6.4 s/° using
the IASP91 global reference model (Kennett & Engdahl 1991).
This slowness value was chosen because it is frequently used in
P receiver function processing and it makes Sp precursor times
directly comparable with the according Ps delay times.

(iv) A 30 s high pass filter was also applied to suppress longer
period noise.

(v) Common conversion point stacking: Coordinates of Sp pierc-
ing points for all traces are computed for a chosen depth using the
IASP91 model and traces with piercing points within a certain ge-
ographical area were stacked, independent of the location of the
recording station.

Precursor times of Moho conversions have been obtained the
following way:

We computed theoretical piercing points for a conversion depth
of 50 km and summed all traces within piercing point cells of 1° lat-
itude and longitude. We covered the entire region of central Europe
between the Alps and Scandinavia with such cells. The number of
traces within each cell is given in Table 1 of the Supporting Infor-
mation. It ranges from just a few traces or several tens of traces in
Scandinavia to about thousand traces in some of the Alpine regions.
This implies that we obtain an average value of the Moho depth
for each 1° x 1° cell. The stability of the averaged Moho signal
depends on the azimuthal coverage of the source regions, which is
not perfect.

We are aware that many published Moho depth determinations
have higher lateral resolution compared to our data set. However, our
goal is not to improve the resolution of the Moho map. Higher reso-
lution can be obtained with other methods, for example with shorter
period P-receiver functions. Instead, the goal of our S-receiver func-
tion study of the Moho is the comparison of different methods, and
additionally, the check of large-scale agreement of results obtained
with different methods. In the Alps we could have used smaller cells
due to higher data density. However, we have chosen to use the same
cell size for the entire study area for easier comparison.

We visually selected only cells with clearly identifiable Moho
signals in the stacks. We have chosen not to pick arrival times of the
Moho signals with an automatic method like we used for picking
the SV arrival times. Instead, we compared the waveforms of the
SV signal with the waveforms of the Moho signals. This was done
by visually shifting the SV signals of stacked traces in time until
it reached the best fit with the Moho signal. The applied time shift
represents the Moho precursor time, which is used to compute the
depth of the Moho with an assumed velocity model (IASP91). The
whole procedure is explained in Fig. 2(a) for a number of cells. The
coordinates of the centre of the cells used are given on the left of
Fig. 2(a). The black traces are the stacked SV components for each
cell with amplitudes reduced to 20 per cent. The red traces are the
P components with the Moho conversions as biggest signals. The
grey traces are the shifted SV traces. In most cases it appears that
the Moho signals fit the SV signals reasonably well.

Fig. 2(b) shows the P traces from Fig. 2(a) (red traces) in an east—
west profile around 47°N latitude along the strike of the Alpine
orogen with the resulting Moho precursor times marked by green
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Figure 1. Map showing the locations permanent and temporary seismic stations. The stations within the square are used in this study. Most stations in the
Alpine area are temporary stations within the AlpArray Project, the dense cloud of stations in the eastern Alps are mostly from the SWATH-D Project. AF,
Alpine Front; AP, Apennine Front. EL, Elbe Line; IPT, Iapetus Suture; PL, Periadriatic Line; RS, Rheic Suture; STS, Saxothuringian-Moldanubian Suture;
STZ, Sorgenfrei-Tornquist Zone; THOR, Thor Suture; TTZ, Tornquist-Teysseire Zone and VFE, Variscan Front.

dots. Moho signals are coloured in blue (velocity increase down-
ward) and velocity decrease downward are coloured in red. Many
more similar profiles are shown in the Supporting Information. The
Supporting Information also provides in Table 1(a) list of the coor-
dinates of the centres of all cells used along with the Moho precursor
times for a slowness (related to the incidence angle or epicentral dis-
tance) of 6.4 s deg™!. The Moho depth is calculated for the IASP91
model. The number of traces summed in each cell is also listed in
Table 1 in the Supporting Information. This number is also impor-
tant for the quality of the Moho signals. In a few exceptional cases
we think that a few traces might already be sufficient. However, in
most cases at least several tens of traces are necessary. In a number
of cases, it was difficult to fit the SV and Sp waveforms because of
a complicated structure of the signals. An example is shown in the
east—west profile in Fig. 3(a), located around 54°N latitude, that is
approximately along the German coast of the North Sea and Baltic
Sea. As usual we matched the waveform of the biggest precursor Sp

signal with the SV signal. However, in the longitude range between
7°E and 11°E the large Moho signal marked by the green dots has
a weak positive precursor near about 7 s (marked MOHO-S). This
could be explained by a second downward velocity increase below
the Moho near 65 km depth (right scale of Fig. 3a), which might
be interpreted as a remnant of a fossil subduction or a petrological
discontinuity.

Fig. 3(b) shows examples of summed SV signals along the same
east—west profile as shown in Fig. 3(a). Fig. 3(b) serves for demon-
strating the influence of the near station structure on the waveforms
of the incident seismic waves. The scale of the normalized ampli-
tudes is given on the left side of this figure. The normalization of
SV to 1 was done for each individual trace. After stacking the nor-
malized amplitude is no more equal to 1 because the maxima of SV
do not occur at exactly the same time in the individual traces. The
SV signals are lined up along the picked SV arrival times. We note
a significant difference in the waveforms of SV along the profile.
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Figure 2. (a) Red traces: stacked S-to-P converted signals from the Moho with piercing points at 50 km depth. Black traces: Stacked and amplitude normalized
SV signals. Grey traces: Shifted SV signals to fit the Moho waveform for determination of the precursor times of the Moho conversion. Zero time is the
SV arrival time before stacking. Coordinates on the left side are the centres of the 1° x 1° latitude and longitude cells used for stacking. (b) Example of
an east-west profile between 46.5° and 47.5° latitude with Moho conversions (blue) and weaker conversions (red) from velocity reductions below the Moho.
Green dots are Moho precursor times determined by waveform comparison and not by picking of onsets.
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Figure 3. East—west profile located between 53.5° and 54.5° latitude. (a) P-wave component with Moho conversions and approximate onsets marked by green
dots. (b) SV component of the same stacked records shown in (a). Its signal form strongly changes across the Tornquist-Teysseire Zone, which shows that
the SV signal form depends on the local geological structure beneath the station. European Moho: Moho-E; Moho of the east European craton: Moho-EEC;

Scandinavian Moho: Moho-S.

Between 7 and 15°E longitude the duration of SV is about 3 s, and
between 17 and 24°E longitude it is about 1-2 s. This change occurs
across the Tornquist-Teisseyre Zone, which separates the East Eu-
ropean Platform from the Mesozoic Europe. We conclude that the
differences in the SV signals are probably caused by differences in

the crustal properties, especially of the uppermost part of the crust
in both regions.

Although we have used in our Moho depth determinations com-
mon conversion point cells with a size of 1° longitude and 1° latitude,
we show in the following Fig. 4 that much higher resolutions are also

202 UDJBIN 8Z UO Josn ayaa)ol|qig Baly Sulpn 1p Ipn)s 116ap eyisioniun Aq Z889v2.2/Z€81/2/SE/aIoMEIB/WOoo"dno"olwapeoe//:sdiy oy papeojumoq


art/ggad324_f2.eps
art/ggad324_f3.eps

1836 R Kind et al

\"F 4
Latitude °N S

46 45 44

N (a)

0
Sp/S

—
o

. o
=
=

w
—
-
T
—
T
W ™nN
n w

Precursor Time (s)

Tl T
i

T LN R

@ 8.00-8.50°LON

© o YU &» &

IRER ARARE RRRTL FRRTA ARARA ARARL

-
o

46"

45" ¢

IvZ

Latitude ° N S
48 46 45 44
0 —_ Ll ‘ Ll L1l J Ll I] L Ll
Sp/Ss 7 E
=1 _: :_
{ 0.1 A F km
-2 { }
B 3 F 23
g -4 E 32
= E E
5 5 E = 41
4 E =
3 43 ’ 51
[

-9.00 ° LON

Figure 4. N-S profile between 8.0 and 8.5°E across Alps, Ivrea Zone and Po-Plain. Note that the Moho is segmented into European, Adriatic and Ligurian
Moho according to Spada et al. (2013). (a) Piercing point cells are 0.5° in east-west direction but 0.1° in north—south direction. (b) Similar to (a) but piercing
point cells are 0.5° in north—south direction. Red dots in (a) and (b) are Moho depths from Grad et al. (2009), black bordered yellow dots in (a) are Moho
depths from Spada et al. (2013). Ivrea Zone (IVZ) in (a) and (b) is marked by a red line and in (c) as yellow area. Red dashed line and green triangle in (a)

mark the Periadriatic Line and the Mantle Wedge (Schmid ez al. 2017).

possible with S-receiver functions if the ray density is high enough.
Fig. 4(a) shows a north—south profile with piercing point cells 0.1°
wide in north—south direction and 0.5° wide in east—west direction.
As a result the Moho signals are clearly imaged in this figure. The
red dots are Moho depths obtained by Grad ef al. (2009). They
fit our Moho observations (first arrivals of blue phases) north of
46°N well. There are exceptions south of the Alps (south of 46°N).
The black bordered yellow dots are Moho depths from Spada et al.
(2013). The Spada data show significant jumps at 46°N and 44.4°N.
This jump at 44.4°N is not observed in the blue Sp signals. The
profile in Fig. 4(a) is cutting through the Ivrea Zone (Schmid et al.
2017) which is marked in Fig. 4(c). The mantle wedge (dashed
green triangle) and the Periadriatic Line (dashed red line) are also
marked in Fig. 4(a) (Schmid ef al. 2017). The Adriatic crust south
of the Periadriatic Line contains many sources for S-to-P converted
waves. Their structure, however, still cannot be resolved with longer
period S waves, which we are using. In Fig. 4(b) the same profile
as in (a) is shown for comparison however with a latitude spacing
of 0.5°. The difference in resolution is obvious and demonstrates
the advantage of a high ray density, which permits smaller sizes of
common conversion point cells.

The question if deconvolution in receiver function processing
could potentially cause problems was discussed controversially (see
Kumar et al. 2010; Kind et al. 2020; Krueger et al. 2021; Hua
et al. 2023). The debate focused on the influence of sidelobes. In
Fig. 5, we provide new evidence which increases doubts regarding
the usage of deconvolution for studies of weak converted phases.
We are comparing plain stacking of signals with pre- and post-
stacking of deconvolved traces. Post-stacking deconvolution means
first stacking of traces and deconvolution after that. Pre-stacking

deconvolution means deconvolution of each trace first and stack-
ing after that. Plain stacking does not use deconvolution. In the
case of post-stacking deconvolution, weak phases, also below the
noise level, may be enhanced by stacking and the subsequent de-
convolution will just modify the shape of the phases. In the case of
pre-stacking deconvolution, deconvolution of the individual traces
with signals below the noise level might just change the noise and
destroy the weak converted signals. In case of plain stacking, onsets
of the SV and the Moho conversions may be picked directly from
the summation trace (Fig. 5a). If deconvolution is used times are
picked at the maxima of the SV and Moho wave forms (Fig. 5b).
In Figs 5(c)—(e) plain stacks, pre- and post-stack deconvolved pro-
files are shown, respectively. Moho and NVG signals are marked. A
very similar Moho and north dipping NVG signals can be seen in
the plain stacking and the post-stacking deconvolution (Figs 5¢ and
e). The converted NVG signals of the pre-stacking deconvolution
(Fig. 5d) have no similarity with the results from plain stacking and
post-stack deconvolution. The larger Moho signals are less dam-
aged by the pre-stack deconvolution. We used plain stacking only
in order to avoid possible problems of deconvolution.

OBSERVATIONS

Moho depth

Plots of the stacked traces in 1° x 1° cells with useful data are
shown in the Supporting Information in Slides 5-29 for east—west
profiles and in Slides 31-48 for north—south profiles along with a
table listing the obtained Moho precursor times and Moho depths
(Table 1 in the Supplementary Information). These Moho depths
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Figure 5. Comparison of stacking of plain traces and stacking of deconvolved traces. (a) Plain stacking of individual traces along a NS profile centred on
longitude of 6°E (similar to Fig. 8a). In total there are 2586 SV wave records selected with piercing points at 100 km depth located close to the profile. For
each individual trace the onset of the SV wave is picked on the SV component and P components are aligned along these onsets. (b) Deconvolved stacks.
The maximum of the deconvolved SV component is used for alignment and times of converted waves (P component) are also picked at the maximum of the
converted signal. (c) North—south profile with plain stacking. (d) N—S profile of pre-stacking deconvolution. (e) N—S profile of post-stacking deconvolution.
The NVG results of (¢) and (e) agree reasonable well. The pre-stacking deconvolution in (d) shows a very different picture of the converted waves.

are displayed in the map of Fig. 6(a) as colour-coded filled circles
within the European map of the Moho depth provided by Grad et al.
(2009) and shown in background colours. There are many regional
Moho depth determinations with P- and S-receiver functions. A
comprehensive review is given by Knapmeyer-Endrun ez al. (2014).
Spada et al. (2013) also published a detailed Moho map of the
Alpine area while Ziegler & Dézes (2006) published a European
Moho map. Here we restrict the comparison of our data mainly to
the map of Grad et al. (2009). This map was obtained on the basis
of seismic profiles, surface waves analysis and receiver functions.
We emphasize that we did not apply any smoothing between results
of different cells. We checked locations with the largest differences
between the two maps and kept only those where the waveform fit
was considered sufficient. The accuracy of the depth determinations
in the Grad map was estimated as +3—6 km. The accuracy of our
determinations of Moho precursor times of the averaged signals
within the 1° x 1° cells is estimated as +-0.2 s if a good quality Moho
signal is overlaid by the SV signal. This theoretically corresponds

to about +2 km depth using the IASP91 global velocity model
and a slowness of 6.4 sdeg™'. However, in cases of not very clear
waveforms, a wrong signal could be picked, which could lead to
much larger differences. In complex areas the 1° x 1° cells will
be too large for detailed and accurate Moho maps. The reader may
check these estimates by comparing the SV signals and the Moho
waveforms of all traces in the figures provided in the Supporting
Information.

For easier comparison of our depth results with those of Grad et al.
(2009), Fig. 6(b) also provides a map that depicts the differences
in Moho depths in Fig. 6(a). White dots indicate differences of
less than £5 km. It is obvious that the entire region of the Variscan
Europe is dominated by such white dots. The Alpine collision region
and the region south of the coast of the Baltic Sea and Scandinavia
show much larger differences in the Moho depths. In the Alpine
region this is probably due to stronger heterogeneities caused by
the plate collision and due to different resolutions and different
smoothing in the two methods. In Scandinavia it might be due

202 UDJBIN 8Z UO Josn ayaa)ol|qig Baly Sulpn 1p Ipn)s 116ap eyisioniun Aq Z889v2.2/Z€81/2/SE/aIoMEIB/WOoo"dno"olwapeoe//:sdiy oy papeojumoq


art/ggad324_f5.eps

1838 R Kindetal

-5

[—— ]
20 25 30 35 40 45 50 55 60
MOHO depth in km

(b)

65" T

T_‘Qm)utn oo
CIIDd DD IIIII NI I 1
d . J..JJJ.)JJJJ.)JJJJJJJ L 450
4‘3,,_)';_)'.)J.JJ.JJJJJ.)JJJJJ;J,’JJ.U L :
}4))..1.! )JJ))JJJA')J LI ST 1 Wa

RN N ) AU 000 J... \\_0_‘

J,).JJJJ.JJJ.‘.JJ’J.J.JJJ_)...J.JJ..
45 | $000 8, 0, 06 Lo moooooody" 145
.JJJ).J.J)J...J... ® oUW L ).

B JIee .‘J...J‘-—h\ ’®

e [SFa] 1 VW) L3 3
| = T .\ ...JJJJ .
T TN Y oooqug

T | i 1 il

-5 0 5 10° 15° 20
[ 2 2aanaa—
-15 =10 -5 0 5 10 15

red-Sp Moho shallower ——- blue-Grad Moho shallower (km)

40

Figure 6. (a) Comparison between our determinations of Moho depths in Central Europe with those by Grad et al. (2009). Background colours indicate the
data obtained by Grad ez al. (2009), colours of the dots are our values. (b) Map of the differences in Moho depths between the two methods.

to a still insufficient amount of data. Slide 2b in the Supporting
Information shows a diagram of the differential Moho depth as
function of the Sp Moho depth. This figure shows the majority of
the data points agree within 5 km with each other. The three east—
west profiles along 50°N, 47°N and 45°N in Slides 19, 22 and 24 in
the Supporting Information show the Grad Moho depths marked in
the Sp data. The agreement is very good in Slide 19 in the Variscan
area and in Slide 22 approximately along the strike of the Alps.
The scatter in Slide 24 is large in our data but also in the data
of Grad et al. Therefore this likely indicates a complication of the
Moho in this area. Slides 37 and 40 in the Supporting Information
provide this comparison also for four north—south profiles. Within
the Variscan area (between the Variscan Front in northern Germany
and Alpine Front) the agreement is also very good. However, the
differences are larger outside the Variscan area. Grad & Tiira (2012)
also discuss differences of a European Moho map based only on
receiver functions with the map of Grad et al. (2009). They attribute
most of the differences to the different crustal models used for the
depth calculation. Our confirmation of a relatively homogeneous
Moho across the Variscan orogenies in central Europe supports an
idea proposed by Meier ef al. (2016) who discussed reworking of
the lower crust and Moho during or after the Variscan orogenies.

Sub-Moho structures

Fig. 7 shows the location of seismic profiles indicating converted
waves (NVGs) that are shown in Figs 8—13. The north—south profiles
are displayed in Figs 8—11 and the east—west profiles in Figs 12 and
13, respectively. The widths of the profiles in Fig. 7 are marked
by black lines. We chose narrower profile widths where the dip
of the European mantle lithosphere is rapidly changing in east—
west direction, that is near 6° and 14° longitude. The blue dots in

Fig. 7 mark the approximate locations of the Quaternary volcanic
Eifel fields, the Miocene Vogelsberg volcanic field and the Upper
Cretaceous to Quaternary volcanism of the Eger Graben (from west
to east).

The term ‘NVG zones’, frequently used in seismic investigations,
aims at locating seismic discontinuities characterized by down-
ward decreasing velocities in the mantle lithosphere. The question
whether or not NVG zones mark the LAB in a thermal and/or
rheological sense is still not satisfyingly answered, since seismic
data are only one part of the characteristics defining that bound-
ary. Thermal modelling is needed to identify the LAB. Hence,
we prefer to use the term NVG as we provide only seismic ev-
idence. Many questions regarding mantle dynamics, particularly
in the eastern Alps, are still much disputed, especially regarding
the slab structure. The recent seismic AlpArray and SWATH-D
experiments (Heit er al. 2017; Hetényi et al. 2018) significantly
expanded the amount of data and our general knowledge. In spite
of this there are still many open questions, particularly concerning
the eastern Alps, for example the dip direction of the slab below
the eastern Alps or the thickness of the European lithosphere (e.g.
Kind er al. 2017, 2021; El-Sharkawy et al. 2020; Kistle et al. 2020;
Paffrath et al. 2021a,b; Bianchi ef al. 2021; Handy et al. 2021;
Plomerova et al. 2022; Rajh et al. 2022; Mroczek et al. 2023). For
the stacking of traces addressing the sub-Moho structure we have
computed coordinates of theoretical S-to-P conversions (piercing
points) at 100 km depth for all traces. Then we defined geographic
rectangle cells and stacked all traces with piercing point coordi-
nates within such a cell (common conversion point stacking). This
procedure implies that we are focus at 100 km depth, which is
at about 11 s precursor time using the IASP91 model. The pre-
cursor times of the converted waves in Figs 8—13 are shown on
the left of the profiles and the estimated depth on the right. The
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Figure 7. Location of seismic profiles shown in Figs 8—13. Note that the widths of the profiles strongly vary. Their boundaries are marked by black lines. The
figure numbers of all profiles are marked. The green and black arrows mark south and north dipping Negative Velocity Gradient below the Moho, respectively.

More NVG profiles are shown in the Slides 50—-64 in the Supporting Information.

precursor times are observed times without any model involved,
whereas the depths given on the right requires a velocity—depth
model. Profiles with cell sizes of 1° x 1° in longitude and latitude
are shown in the Supporting Information providing an overview
of the entire area. From visual inspection of these profiles and
many additional test profiles we judged the similarity and dissim-
ilarity of neighbouring profiles for identifications of discontinu-
ities.

Observations along north—south profiles

Figs 8—11 present north—south profiles with very different profile
widths. In all these profiles we observe more or less coherent NVG
phases with first arrivals approximately marked by straight lines.
Fig. 8 shows two profiles obtained by choosing cell sizes of 0.5°
latitude 1.0° longitude (see Fig. 7 for the locations). Note that the
NVG phases marked in Fig. 8(a) (at 6°E) and Fig. 8(b) (at 7°E) are
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Figure 8. Two north—south profiles across the study area with a small width of 1° latitude in E-W direction, which is indicated at the bottom of the figures.
The centres of the profiles in Figs 8(a) and (b) are 6 and 7°E, respectively. The elevation profiles at the top of the figures are taken along these longitudes. VF
is the Variscan Front. Moho signals are marked in blue and negative velocity gradient (NVG) signals are marked in red. The piercing point depth is 100 km.
The widths of the profiles in east-west direction are shown at the bottom of the figures. The spacing between stations in north—south direction is 0.5° latitude.
Seismic phases below the Moho, which we used for the interpretation are marked by continuous lines. In panel (a) we see a north dipping NVG structure while
in panel (b) a south dipping NVG structure is marked by a green line.
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Figure 9. Two other north—south profiles similar to Fig. 8. The green line in Fig. 8(b) was transferred to (a) and (b) for easier comparison of the three profiles.
This shows that the same south dipping NVG structure exists between 6.5°E (Fig. 8b) and 14°E (b). The dotted ellipse in Fig. 7(a) marks the approximative
location of the south dipping lithosphere identified by Lippitsch e al. (2003). The black lines in Figs 7(a) and (b) mark a north dipping NVG in northern
Germany. BM is the NVG below the Bohemian Massif.

very different. In Fig. 8(a) the NVG phase is clearly north dipping into the profiles of Figs 9(a) and (b) for comparison. In three profiles
(black line). This structure is marked in Fig. 7 by the westernmost (Figs 8b and 9a, b), which cover the longitude region between 6.5°E
black arrow pointing to the north. In Fig. 8(b) a NVG phase is equally and 14°E, the green lines mark the same south dipping structure.

clearly south dipping (green line). The green line has been copied This indicates our data show a relatively homogeneous south dipping
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Figure 10. Two north—south profiles are shown running across the eastern Alps between 14° and 15°E longitude. The black line in Fig. 10(b) indicates a
possible north dipping NVG structure. The dotted ellipse in Fig. 10(a) indicates location of the NE-dipping slab in the eastern Alps observed by Lippitsch et al.
(2003). The cyan lines in Fig. 10(a) mark the tomographic bottom of the European lithosphere (E), of the Adriatic lithosphere (A) and of the European Moho

(M) from fig. 4(c) by Handy ef al. (2021).

NVG below large parts of the northern Alpine foreland and the
main part of the Alps. Note that due to the vertical exaggeration of
around a factor 8.5 the angle of dip is strongly exaggerated. The area
characterized by a southerly dip stretches from about 49°N (90 km
depth) to 46°N (130 km depth). Note that these are averaged values.
It is marked in Fig. 7 by a green south pointing arrow. This structure
could be interpreted as lower boundary of the subducting European
Plate. The locations of the north dipping black NVGs in Fig. 9 are
also marked in Fig. 7 by a north pointing black arrow. A very narrow
profile between 14°E and 14.5°E is shown in Fig. 10(a). Apparently
no clear correlation over a larger distance, which could be identified
as NVG, is detectable. This is similar to the situation in Fig. 10(b).
However, we marked a possible north dipping structure there with
a black line. The reason is that in Fig. 11 the same north dipping
NVG exists and was also marked by black line. The according
arrow is also shown in Fig. 7 (see easternmost north pointing black
arrow). We only marked signals as seismic discontinuities which are
observed in neighbouring not overlapping profiles [green phases in
Figs 8(b), 9(a) and (b); black phases in Figs 9(a), (b) and black
phases in Figs 10b and 11]. More north—south profiles with one
degree E-W extension and marked phase correlations are shown
in the Slides 50 to 58 in the Supporting Information. There figures
indicate that the north dipping NVG below northern Germany may
extent further to the north than marked in Fig. 7.

The dotted ellipses in Figs 9(a) and 10(a) indicate the locations
of the SE- and NE-dipping slabs in the central and eastern Alps
observed by Lippitsch et al. (2003), respectively, using tomography.
The cyan lines in Fig. 10(a) mark structures obtained by Handy
et al. (2021) in a tomographic study (their fig. 4c). They observed
the European Moho (marked M) and the European and Adriatic
LABs (marked E and A, respectively). In Fig. 10(a) (across the
eastern Alps between 14°E and 14.5°E) our data look extremely
complicated. Also the data of Handy et al. (2021) and Lippitsch
et al. (2003) show anomalies in that region.

Observations along east—west profiles

Four east—west oriented profiles with a width of 2° in latitude are
shown in Figs 12(a), (b) and 13(a), (b) (see Fig. 7 for the locations).
The profile shown in Fig. 12(b) is located between 46°N and 48°N
and runs obliquely across the WSW-ENE striking part of the Alpine
chain. The green line in Fig. 12(b) between about 7°E and 14°E
highlights the eastward dipping of the NVG below most of the
Alps (showing the east-west component of the dip). This interval
of longitudes closely corresponds to the width of the European
NVGs we see south dipping in Figs 9(a) and (b) where they are
marked also in green (showing the north—south component of the
dip). This indicates that the dip of the European NVG has a south
dipping as well as an east dipping component, the true dip probably
being towards SSE or SE. Between about 14°E and 17°E we see in
Fig. 12(b) the NVG rising eastward towards the Pannonian Basin
(black line). This feature can also be seen in Figs 13(a) and (b) to
the north of the Alpine Front. It is probably of Miocene age, that
is related to a late asthenospheric rise in the area of the Pannonian
Basin that is only partly installed within the European lithosphere.

Mantle transition zone below the central European
Cenozoic Igneus Province

The mantle transition zone discontinuities at 410 and 660 km depth
are attributed to phase transitions that lead to density and viscosity
increases. The topography of these discontinuities is temperature
dependent and is used to identify mantle flow, that is the location of
slabs or plumes (Bina & Helffrich 1994; Helffrich & Wood 2001).
The mantle transition zone, especially the 410 km discontinuity and
a low velocity zone (LVZ) about 50 km above the 410 km discon-
tinuity have been studied by, for example Vinnik & Farra (2007),
Tauzin et al. (2010), Kind et al. (2020) and Goes et al. (2022).
Dezes et al. (2004) or Meier et al. (2016), for example, reviewed

202 UDJBIN 8Z UO Josn ayaa)ol|qig Baly Sulpn 1p Ipn)s 116ap eyisioniun Aq Z889v2.2/Z€81/2/SE/aIoMEIB/WOoo"dno"olwapeoe//:sdiy oy papeojumoq


art/ggad324_f10.eps

1842  R. Kind et al.

3 _ Sudetes Dinarides
E 24 Pannonian 8, Apennines
> (1)— Basin ‘
m ey
I
=1 T T T T

N Latitude S

Sp/S

Precursor Time (s)

IITI|IlIIIllIEIITIIlIIIIlHIIIIIIIlIHI|IIII|HII|IIII|IIII|IITI|IIII|ilIIIIllllHIIlIIIITIIIIIIHIl
(o 2]
©

183

@ 17.00 ° EAST £ 2.00 °

Figure 11. North—south profile located east of the Alps between 15°E and 19°E. The black line is identical with the one shown in Fig. 10(b). They indicate a
broad structure of north dipping NVGs reaching from the Pannonian Basin underneath the eastern part of the Bohemian Massif and the Sudetes.

the evolution of the lithosphere in the area of the European Ceno-
zoic Rift System and its volcanoes. The Eifel volcanic region, for
example, was studied by Ritter et al. (2001) who found a low ve-
locity plume-like structure extending to about 400 km depth using
seismic tomography. Budweg et al. (2006) found, using receiver
functions, a depression of the 410 by 15-25 km below the Eifel
plume and explained it by a temperature increase of 200-300 °C.
Seiberlich ef al. (2013) found a thinner lithosphere in the Eifel re-
gion and Dahm ez al. (2020) mapped a magma reservoir in the crust.
However, there is an alternative explanation of the central European
volcanoes, besides the plume hypothesis. Bourgeois et al. (2007),
for example, interpreted these volcanoes as being caused by litho-
spheric deformations related to the Alpine orogeny. A discussion
of these two interpretations is given by Koptev ef al. (2021). In a
tomographic study Plomerova et al. (2016) found no plume-like
structure below the Eger Graben. Instead, they found a velocity de-
crease in the upper 200 km, which they interpreted as the possible
source of the volcanoes.

The data presented in Fig. 14 show the structure of the uppermost
mantle along an east-west profile approximately along the latitude

that hosts the three volcanic areas marked by blue dots in Fig. 7
(Eifel, Vogelsberg and approximately the Eger Graben volcanoes).
The profile in Fig. 14 is 1° wide in latitude and centred at 49.5°N.
The piercing points were chosen at 300 km depth in order to focus
on the discontinuities around 410 km depth and several tens of kilo-
metres above it. Fig. 14 clearly shows a phase of blue waveforms,
which is the well-known global seismic discontinuity at 410 km
depth (marked 410 and by a black line). Above the 410 km discon-
tinuity we see a second discontinuity of red signals, which indicates
velocity reduction (marked LVZ and by a green line). This discon-
tinuity is less well known and is probably caused by an increase in
the amount of water (Bercovici & Karato 2003; Liu ez al. 2018).
It appears to exist globally, but not as a laterally continuous signal
(Vinnik & Farra 2007; Geissler et al. 2008; Tauzin et al. 2010;
Kind et al. 2013). Both discontinuities (410 and LVZ) are found at
their usual depth below the Eifel and Vogelsberg volcanoes. This
means that there is probably no indication of a temperature increase
directly beneath these volcanoes near 400 km depth. In the con-
trary, looking at the 410 and LVZ signals beneath the Eger Graben
volcanoes reveals that both these discontinuities are rising there.
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Figure 13. Two east-west profiles located north of the Alps. The green line in (a) marks the northerly continuation of the eastward dipping lithosphere below
the Alps. The black lines mark the eastward shallowing lithosphere below the Bohemian Massif.

Lombardi et al. (2009) did not observe shallowing of the 410 below
the Bohemian Massif in a P-receiver function study. They did not
observe low velocity zone above the 410.

However, we note that the updoming of the green and the black
signals below the Eger Graben is not parallel. This indicates that
upper mantle velocity changes above both discontinuities can not be
the cause of the updoming of both discontinuities. However, to our
knowledge, it is not yet sufficiently clear what causes the updoming
of the LVZ.

INTERPRETATION AND DISCUSSION

Moho

Our Moho results essentially confirm those of Grad et al. (2009),
which are obtained with different methods, especially within the
Variscan Europe (see Fig. 6b). Larger disagreements are observed
in some of the Alpine regions (eastern Alps and at the southern
Alpine Front), in Scandinavia and in northern Germany north of
the Variscan Front. In these regions the differences between our
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data and those of Grad et al. are at many sites larger than 5 km. The
Alpine region is a tectonic active region where larger heterogeneities
are expected. The reason for larger heterogeneities of the Moho in
Scandinavia is not clear.

In the Supporting Informations (Slides 5-29) we show each of
the Moho signals used together with its SV signals that generate the
Moho conversions. The SV signals are shifted and overlaid with the
Moho signals until the optimal similarity is reached. This permits
easy verification of the measured Moho precursor times.

E-W profile along the Po Valley

The collision and deformation processes of the Adriatic and Eu-
ropean plates have been discussed in many papers; we refer, for
example, to Schmid ef al. (2004) and Handy ef al. (2021). Partic-
ularly interesting are the slab structures, which so far were mainly
studied with tomographic methods. Késtle et al. (2018, 2020) have
compared results of different tomographic studies, which we here
compare with our results of studies of S-to-P converted teleseismic
waves. In their fig. 3 Késtle ez al. (2020) show several body and
surface wave tomographic profiles from different authors crossing
the Alpine region. Their approximately west—east oriented profile
A is shown in their fig. 3 (first published in Kistle et al. 2018)
runs from the western Alps across the Po Plain just south of latitude
45°N, touching the northern rim of the Apennines. Hence it overlaps
with the location of our E-W profile shown in Fig. 12(a). In this
figure we marked with a dotted ellipse a NVG zone that, according
to Kistle et al. (2020) consists of two slabs, European and Adriatic
(their fig. 3a). We also marked a NVG zone below the easternmost
Po Plain (at about 80 km depth) and the northernmost Adriatic
Sea by a black line (Fig. 12a). The same profile is also shown in
Slides 63a and 64a in the Supporting Information with narrower
profiles to make the correlation even more clear. Inside the ellipse
(Fig. 12a) we see many NVG signals; there is no single phase, which
could be interpreted as representing a LAB. This diffuse pattern is
probably due to the fact that this ellipse encloses mantle domains
belonging to both European and Adriatic lithosphere according to
the interpretations of the tomography provided by both Kiéstle et al.
(2018) and Handy et al. (2021). The entire region appears very het-
erogeneous and produces many scattered NVG signals that are, in
general, easterly dipping all the way from the western Alps below
the Po Valley and the northern most Apennines to the easternmost
Po Plain. In any case, the dotted ellipse in Fig. 12(a), highlighting
the results of Kistle et al. (2018), agrees well with our NVG signals
enclosed in this ellipse. The tomographic results of other authors
shown in fig. 3 by Késtle et al. (2020) are taken from Lippitsch ez al.
(2003), Koulakov et al. (2009) and Zhao et al. (2016). They exhibit
significantly steeper high velocity patterns, located further in the
west and that do not reach easternmost Po plain. There is another
tomographic study using surface waves and showing a depth profile
between the western Alps and the Dinarides (El-Sharkawy et al.
2020; Fig. 8, Profile B). They observed a high velocity anomaly
between the western Alps and the Adria between 100 and 200 km
depth, which agrees with our results and those by Kistle e al.
(2020). Still another body wave tomography study was performed
by Paffrath et al. (2021b). They observed a low velocity anomaly
between western Alps and Adria in the depth range between about
100 and 200 km (their fig. 14a profile P1), where Kistle et al.
(2020) observed high velocity anomalies and we observed negative
velocity gradients. Converted waves are sensitive to velocity ratios
at discontinuities, not to absolute velocities. Tomographic studies

Sp converted waves reveal structure of lithosphere 1845

are sensitive to velocities. It seems possible, however, that positive
or negative velocity discontinuities may exist within greater areas
characterized by high or low velocity anomalies. Hence, it seems
possible that converted waves observe velocity reductions within
tomographic high or low velocity anomalies.

N-S profiles across the Alps and their foreland

Figs 9(a) and 10(a) allow for a comparison with the mantle tomog-
raphy of Lippitsch et al. (2003). In Fig. 9(a) we marked the ap-
proximate location of the south dipping positive velocity anomaly
assigned to the European Plate (Lippitsch ez al. 2003, their fig. 12,
profile B) that runs NW-SE and intersects with our profile at about
10°E. The agreement seems to be very good. In Fig. 10(a) the dotted
ellipse encloses the northeast dipping anomaly of Lippitsch et al.
(2003, their fig. 12, profile C) attributed to the Adriatic Plate by
these authors. It intersects our profile at about 14°E and is located
at around 46°N. There is no signal within the location of the el-
lipse in our Fig. 10(a). Fig. 10(b) shows an indication of a northerly
dipping NVG, which continues further towards the east as can be
seen in Fig. 11. The structure of the mantle lithosphere below the
eastern Alps has also been studied by Bianchi et al. (2014) using
P- and S-receiver functions. We plotted LAB depths from their EW
profiles (their Fig. 9, profiles D and E) into our EW profile shown in
Fig. 12(b) (green dots). The agreement with our data is very good.
The east dipping structures within the mantle lithosphere below the
Alpine chain are thus confirmed by surface wave and other receiver
function data. If we compare the Figs 12(b) and 13(a), we see an
astonishing similarity (not identity) of the east—west components of
the NVG structure below the Alps and their far northern foreland.
Also below the Po Valley, the main visible feature is an east dipping
NVG (Fig. 12a). That means that there are between the Po Valley in
the south and about 50°N, where the line of the volcanoes is located,
significant similarities in the NVG structures.

The LAB in northern Germany

There are S receiver function studies of the LAB structure in north-
ern Central Europe that confirm our observations of a shallow NVG
at 49-50°N and a deeper LAB further north. Knapmeyer-Endrun
et al. (2017) observe in the region from about 8°E to 24°E and 48
to 52°N the LAB near 10 s precursor time, which corresponds to
about 90 km depth (see their Fig. 4). Also Geissler et al. (2010) us-
ing S-receiver functions in northern Germany observed LAB depths
near 100 km near 50°N and about 120 km further north. In an area
around the northeastern part of the Bohemian Massif Geissler ez al.
(2012) observed, also in an S-receiver function study, LAB depths
between 80 and 110 km. They used higher resolution piercing point
cells of 0.5° x 0.5° latitude and longitude and observed relatively
large scattering of the LAB depths in this area (see Geissler et al.
2012; Fig. 6). Heuer et al. (2007) observed LAB depths near 100 km
in the northern part of the Bohemian Massif and LAB depths close
to 150 km in the southern part of the Bohemian Massif. At about
12.5-14.5°E and 46—49°N Plomerova et al. (2022) obtained with
tomography high velocity anomalies which have been interpreted
as a double north dipping slab. However, our Fig. 9(b) shows at the
same latitudes and at 10-14°E a clearly south dipping NVG, but
further north we see indications of a north dipping NVG.
Comparing different continent—continent collision zones we find
on the basis of receiver function studies, performed in the Alps and
in Tibet, subduction only of the mantle lithosphere, not the crust,
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down to about 150 km depth. This means the crust is separated from
the mantle lithosphere and stays at a shallower depth. In the Pamir
collision zone exists deep seismicity and the crust is observed down
to about 150 km. In the Pamir and Tibet a crustal doubling was
observed, apparently not in the Alps (Schneider et al. 2019).

Maximum Moho depth

We also compare our observations with the results of a Moho study
by Mroczek et al. (2023) in the eastern Alps based on receiver
function analysis. In their fig. 2(b) they show a north-south P-
receiver function profile at 13.3°E. A parallel profile of S-receiver
functions was shown by Kind et al. (2021, their figs 8a, b). In both
papers the deepest Moho was observed near 60 km below the Tauern
Window. The Moho trough there was also observed by Hetényi et al.
(2018). Mroczek et al. (2023), however, postulate a continuation of
the south dipping Moho further to the east (at 14° longitude, their
fig. 3b) where a depth of about 150 km depth is inferred based
on the SH component of the P-receiver function. They also noted,
that their Moho observations of the SH component of the P receiver
functions follow in parallel the NVG data of Kind ez al. (2021) down
to about 150 km depth. The Moho depth observations of Kind et al.
(2021) in S-to-P conversions, however, do not exceed 60 km at the
same location. Moho depths observations of 150 km also disagree
with other previous studies concerning the depth of the Moho in
that area located east of the Tauern Window (e.g. Grad et al. 2009;
Spada et al. 2013). We think finding a stable model to explain a
Moho signal at 150 km depth observed in the SH component of
P-receiver functions would require considering anisotropy and 3-D
inhomogeneity.

The 410 km discontinuity

Knapmeyer-Endrun et al. (2017) suggest that no low velocity zone
above the 410 km discontinuity is required to produce a negative
signal following the 410 signal. They suggest instead that these sig-
nals could be caused by interference of the 410 signal with ScS660p
and SKS660p. Yuan et al. (2006) discussed this question already
using theoretical seismograms. Fig. 15 shows theoretical seismo-
grams computed with a version of the reflectivity method by Kind
(1985), which permits different structures at the source and receiver
sides. The TASP91 model was used for the computation. However,
we omitted the crust at the source and receiver sides for simplicity.
Fig. 15(b) shows theoretical seismograms with a low velocity zone
added to the model above the 410 km discontinuity. This zone is
30 km thick and its velocities are reduced by 10 per cent. The 410
and LVZ phases are clearly visible in spite of conversions from ScS
and SKS at the 410 and 660 km discontinuities. This indicates that
the observations of a low velocity zone above the 410 km discon-
tinuity in the S-to-P converted phases is real and not an effect of
superposition of several other phases.

CONCLUSIONS

Simple stacking of seismic traces is the oldest method to raise
weak signals above the noise level. We have shown that this version
of stacking without any modifications of the waveforms, like for
example deconvolution, is able achieve this. We have also shown

that conventional receiver function processing using deconvolu-
tion might produce erroneous signals if deconvolution is used be-
fore stacking. Deconvolution after plain stacking produces sim-
ilar results like plain stacking. This applies essentially to weak
signals like, for example conversions from below the Moho. We
have also shown that in many cases plain stacking of converted
waves produces high quality Moho signals, which can be directly
compared with the signal forms of the converting SV signal for
improved identification of Moho signals. We compared Moho
depth determinations obtained with our new method with those
obtained by Grad et al. (2009) and obtained in the Variscan Eu-
rope good agreements within 5 km. In the Alpine region and in
Scandinavia we found larger disagreements, which might be due
to larger heterogeneities there. The relative homogeneous Moho
in the Variscan Europe may be the result of a reworking of the
crust-mantle boundary after the Variscan orogenies (Meier et al.
2016).

The most significant results obtained with our method is the
improved imaging of seismic discontinuities in the upper 200 km in
the Alpine region and its northern foreland. In this region we found
coherent signals of negative seismic discontinuities, which might
be related to the lower boundary of the involved plates. In the entire
region along the volcanic chain from the Eifel to the Eger Graben
and in the south approximately from the western to the eastern Alps
we found indications of the south dipping lower boundary of the
European Plate. The Moho is not following the lower boundary of
the plate. Below the central and eastern Alps the European Plate
has also an east dipping component. Such an east dipping structure
is also imaged beneath the western Alps and the Adriatic Plate
beneath the Po Plain, which may have a thickness of about 80 km.
Surrounding this southeast dipping part of the European lithosphere
in the west, in the north and the east we observe a northern dip of
the European lithosphere.
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