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We used S-receiver functions (i.e. S-to-P converted signals) to study seismic discontinuities in the upper mantle
between theMoho and the 410 km discontinuity beneath central Europe. This was done by using c. 49,000 S-re-
ceiver functions from c. 700 permanent and temporary broadband stations made available by the open EIDA
Archives. Below Phanerozoic Europe we observed expected discontinuities like the Moho, the lithosphere-as-
thenosphere boundary (LAB), the Lehmann discontinuity and the 410 km discontinuity with an additional over-
lying low velocity zone. Below the East European Craton (EEC), we observed theMid-Lithospheric Discontinuity
(MLD) at c. 100 kmdepth aswell as the controversial cratonic LAB at c. 200 kmdepth. At the boundary of the EEC
but still below the Phanerozoic surface, we observed downward velocity reductions below the LAB in the follow-
ing regions: the North German-Polish Plain at about 200 km depth; the Bohemian Massive, north-west dipping
from 200 to 300 km depth; the Pannonian Basin, north-east dipping from 150 to 200 km depth underneath the
western Carpathians and the EEC. We named this newly observed structure Sub-Lithospheric Discontinuity
(SLD). At the northern edge of the Bohemian Massive, we see a sharp vertical step of about 100 km between
the SLD below the Bohemian Massive and the North German-Polish Plain. This step follows the surface trace of
the Rheic Suture between the continental Saxo-Thuringian and Rheno-Herzynian zones of the Variscan orogen.
A preliminary interpretation of these features is that a prong of the cratonic mantle lithosphere penetrated the
Phanerozoic asthenosphere during the continental collision at the western and south-western edges of the EEC.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The basic geology of central Europe north of the Alps is highly
complex and determined by the Caledonian and Variscan orogenies
which resulted from the collision of the plates of Gondwana and
Laurussia, and numerous Peri-Gondwanan related microterranes
which lay in between. Especially the closing of the Rheic Ocean in
the Paleozoic (e.g. Linnemann, 2007; Nance and Linnemann, 2008; Zeh
and Gerdes, 2010; Kroner and Romer, 2013) caused subduction, volca-
nisms and accretion of a number of terrains (e.g. Bohemian Massif or
Rhenish Massif). The geology of the Mediterranean area is determined
by the Alpine orogeny which is caused by the collision of the African
plate with the European plate and several microplates (Adria, Iberia,
Anatolia) since the late Mesozoic (e.g. Faccenna et al., 2014). The Alps,
the Apennines, the Dinarides and Carpathians are expressions of this
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collision (see Fig. 1 for location of tectonic boundaries). The Tornquist-
Teisseyre Zone (TTZ) is the most significant structure in Europe which
separates the East European Craton (EEC) from Phanerozoic Europe.
Finding the cause of this dynamics of the lithospheric plates requires in-
tegrating images of deep structures with surface geology which pre-
serves the records of motion back in time. Here we are studying the
deep structure. There are numerous seismic techniques used for study-
ing discontinuities in the upper mantle. The oldest technique is wide
angle seismics where the horizontal ray path is much longer than the
vertical one. Gutenberg (1926) foundwith this technique the downward
velocity reduction in the oceanic uppermantle at 60–80 kmdepthwhich
bears his name. He concluded that the mantle was crystalized to that
depth. There are many wide and steep angle controlled source profiles
which sample the structure of the continental mantle below the Moho
in northern Europe, North America and other regions. North of the Alps
and beneath Paleozoic Europe, the Moho is relatively flat at a depth of
about 30 km and shows no significant lateral variations (Grad et al.,
2009). Geology indicates a complex history of accretion and subduction,
followed by late- to post-Variscanmagmatism and oblique-slip tectonics
(e.g., Matte, 1998; Franke, 2000, 2014). Accordingly, the overall laterally
continuity of the European Moho is attributed to this post-Variscan
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Fig. 1.Map of seismic broadband stations used in this study. Black: permanent stations, blue: temporary stations.Major tectonic boundariesmarked in red: TTZ - Tornquist-Teisseyre Zone,
VF - Variscan Front, EL - Elbe Line, RS - Rheic Suture, SxTS - Saxo-Thuringian Suture, AF -Alpine Front, AS - Alpine Suture, AP - Apenninic Front, Dinaric Front. Tectonic units: PB - Pannonian
Basin, EEC - East European Craton, NGPP - North German-Polish Plain, BM - Bohemian Massif. Upper lefthand corner - epicenters of earthquakes used in this study.
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thermal and magmatic equilibration (Oncken, 1998). In contrast, in
Proterozoic and Archean cratons many inclined structures below the
Moho have been observed and interpreted as remnants of subduction
zones (e.g., Babel Working Group, 1990; see also Steer et al., 1998 for a
summary). Bostock (1998) confirmed in the Slave craton in Canada the
existence of such structures with receiver function data down to about
200 km depth. Balling (2000) interpreted in controlled source data
north-dipping structures in the Baltic sea and south-dipping structures
in the North Sea as remnants of fossil subduction zones. Thybo and
Perchuc (1997) concluded mainly from wide angle controlled data the
global existence of a low velocity zone in cratons near 100 km depth
(the 8° discontinuity). At lower crustal depths the location of the tectonic
boundaries in northern central Europe is under discussion (see e.g.
Rabbel et al., 1995). Likely it is of Avalonian origin but altered by post-
Caledonian processes. Gossler et al. (1999) and Bayer et al. (2002)
concluded that the lower crust of the East European Craton extends to
the Elbe Line below the Caledonian upper crust. Steep angle reflection
projects in Germany (DEKORP) found only isolated events of inclined
structures below the Moho which have been interpreted as remnants
of fossil subduction (e.g. Meissner and Rabbel, 1999).

Seismic tomography is probably the most-used method to study
velocity anomalies in the upper mantle. Gradual velocity changes
are resolved by this technique but it is less sensitive to seismic dis-
continuities (velocity jumps of c. 5–10% over c. 0–30 km depth
range). Several groups have produced tomographic images of the
European and Mediterranean area (Zielhuis and Nolet, 1994;
Marquering and Snieder, 1996; Villaseñor et al., 2001; Koulakov et
al., 2009; Bijwaard and Spakman, 2000; Legendre et al., 2012; Zhu
et al., 2012, 2015; Zhu and Tromp, 2013; Auer et al., 2014; Meier
et al., 2016). The results show that under the East European Craton
the velocities, in particular the shear-wave velocity, increase in the
mantle lithosphere by up to 6%. According to these studies, the cra-
tonic mantle lithosphere is about 250 km to 300 km thick. In con-
trast, shear-wave velocities are low in the upper mantle beneath
central Europe and the Pannonian Basin and the thickness of the
lithosphere decreases locally to about 50 km to 60 km. Intermediate
lithospheric thickness is observed between the Tornquist–Teisseyre
Zone and the Elbe Line (e.g., Legendre et al., 2012).

P-wave tomographic studies of the Alps (Lippitsch et al., 2003;
Mitterbauer et al., 2011) and of the greater Alpine region (Piromallo
and Morelli, 2003; Spakman and Wortel, 2004; Giacomuzzi et al.,
2011) indicate a south-east dipping anomaly beneath the central Alps,
interpreted as subducted European lithosphere. More detailed studies
of the area suggest along-strike changes in slab orientation beneath
the Central and Eastern Alps. Lippitsch et al. (2003) interpreted a
subvertical to NNE-dipping anomaly as Adriatic lithosphere (Schmid
et al., 2004) which has since been supported by additional tomography
(Karousova et al., 2013). Other studies conducted at somewhat lower
resolution (Spakman and Wortel, 2004; Mitterbauer et al., 2011) show
ambiguous polarity, with the latter authors arguing for a continuous
European slab beneath the Alps which becomes subvertical to steeply
N-dipping beneath the eastern Alps. P-wave tomography models
indicate a slab gap below the northern Dinarides (Bijwaard and
Spakman, 2000; Piromallo and Morelli, 2003; Spakman and Wortel,



21R. Kind et al. / Tectonophysics 700–701 (2017) 19–31
2004; Koulakov et al., 2009; Serretti and Morelli, 2011; Legendre et al.,
2012; Zhu et al., 2012, 2015). However, Sumanovac and Dudjak
(2016) do not see a gap but a continuous slab in the northern Dinarides.

A more recent technique is the receiver function method which is
sensitive to seismic discontinuities, but less to gradual velocity changes
(e.g., Kind et al., 2012). The discontinuities usually observed in the
upper mantle with receiver functions are the crust-mantle boundary
(Moho), the lithosphere-asthenosphere boundary (LAB), a relatively
recently found Mid-Lithospheric Discontinuity (MLD, Yuan and
Romanowicz, 2010) beneath cratons, the discontinuities bordering the
upper mantle transition zone at 410 and 660 km depth, occasionally the
Lehmann discontinuity (Lehmann, 1959) and perhaps other additional
discontinuities (see for the central and northern European areas:
Gossler et al., 1999—Moho in northern Germany, Denmark and Sweden;
Alinaghi et al., 2003—Moho, 410 and 660 in northern Germany, Denmark,
Sweden and Finland; Kummerow et al., 2004—Moho, 410 and 660 below
the eastern Alps; Wilde-Piorko et al., 2010—Moho, LAB, 410 and 660
across the TTZ; Heuer et al., 2006, 2007, 2011—Moho, LAB, 410 and 660
below Bohemia; Sodoudi et al., 2006, 2015—Moho and LAB below the
Aegean; Geissler et al., 2008, 2010, 2012—Moho, LAB, 410 and 660
below Bohemia, Europe; Lombardi et al., 2008, 2009—Moho, 410 and
660 below the Alps; Jones et al., 2010—LAB in Europe; Hrubcova and
Geissler, 2009—Moho below Bohemia; Plomerova and Babuska,
2010—LAB in Europe; Miller and Piana Agostinetti, 2012—Moho and
LAB below Italy; Knapmeyer-Endrun et al., 2013, 2017—LAB, MLD, 410
and 660 across the TTZ; Bianchi et al., 2014—Moho and LAB below the
eastern Alps). In receiver function processing we usually assume the dis-
continuities are horizontal. Strongly inclined discontinuities generate less
converted waves. Schneider et al. (2013) and Kind et al. (2015b)
discussed P-receiver functions generated at inclined discontinuities and
found that good results are obtained for inclinations up to about 30°. S-re-
ceiver functions at inclined subduction zones are commonly observed
(e.g., Sodoudi et al., 2011). However, it should be mentioned that waves
converted in the heterogeneous Earth are scattered waves and they are
sensitive to any kind of sharp local heterogeneity.

The LAB andMLD of the EEC are so far not verywell imagedwith the
exception of the neighboring Scandinaviawheremore data are available
(Kind et al., 2013) and very recently across the TTZ (Knapmeyer-Endrun
et al., 2017). The question if the LAB of cratons is observed in receiver
functions is a far reaching problem because it is an indication of the
sharpness of this discontinuity. Such observations would indicate that
the cratonic LAB could not be caused by temperature changes alone
(see e.g., Kind et al., 2015a; Hopper and Fischer, 2015). Another still
open question in craton formation is the nature of the MLD. There are
several suggested explanations (Mierdel et al., 2007; Karato et al.,
2015; Selway et al., 2015; Rader et al., 2015). Hopper and Fischer
(2015) discussed these suggested solutions. Their preferred model of
the MLD is a layer of frozen-in volatile-rich melt. The shear velocity re-
duction may be caused by the presence of phlogopite or amphibole.
Rader et al. (2015) conclude that the MLD could be interpreted as a
remnant of the LAB of the emerging craton. Seismic observations may
support this view, since receiver function signals from the LABof tecton-
ically activemargins of cratons are undistinguishable from theMLD sig-
nals within cratons (e.g., Kind et al., 2013; Knapmeyer-Endrun et al.,
2017). Our intention at present is to use the largely untapped data
base of teleseismic Swaves in the European open data archives to derive
higher resolution S receiver functions and thus to contribute to the de-
tection of upper mantle discontinuities and their topography beneath
the North German-Polish Plain (NGPP), the Bohemian Massif (BM),
theAlps, the PannonianBasin (PB) and the SWpart of the East European
Craton (EEC).

2. Data and data processing

The seismic data used in this study are recorded by about 580
permanent and 120 temporary broadband stations in Europe. A
disadvantage of the permanent station is their sparse distribution
in some regions. However, it is an advantage of S-receiver func-
tions that they sample much larger regions than P-receiver func-
tions. Therefore most regions are sampled with data from several
stations recording events from different epicentral distances and
backazimuths. The data are archived in several data centers
(e.g., ORFEUS in Utrecht (orfeus-eu.org), GEOFON in Potsdam
(gfz-potsdam.de/geofon) or the INGV in Rome (ingv.it)) and
made freely available to any user. The data are accessed via the
EIDA portal (European Integrated Data Archive, e.g., eida.gfz-
potsdam.de) which makes the access to all centers very conve-
nient. We obtained data from about 1500 earthquakes. The number
of earthquakes recorded by each station is very different. There are
only 80 stations which have more than a hundred useful records. A
map of the seismic stations and epicenters of earthquakes used is
shown in Fig. 1. We have checked all data visually and selected
events with a signal-to-noise ratio of at least two of the S signal
on the Q component. We also did not use events with high noise
level before the S signal on the L component or with poor approxi-
mation of the delta function on the Q component after
deconvolution. The last step seems to be important since there
has been a relatively large number of traces with poor
deconvolution. The receiver function method is described in
many papers (e.g., Kind et al., 2012). The rotation from the original
Z-N-E coordinate system into the ray L-Q-T system was done with
theoretical backazimuth and incident angles. We used wave shap-
ing time domain deconvolution. Our selection criteria seem very
robust since different people working with the data, including stu-
dents, arrived at very similar results. In total we have obtained
about 49,000 useful S-receiver functions. Fig. 2 shows a map of all
the S-to-P piercing points at 200 km depth. Regions with highest
piercing point density are the ones with highest reliability of the
observational results. The diameter of the Fresnel zone is about
130 km at 200 km depth assuming a period of 8 s.

The data have been band-pass filtered between 8 and 50 s. Unfil-
tered data would lead to more scattered images (Fig. 3). Comparing
the unfiltered shorter period data in Fig. 3A with the longer period
data (bandpass 8–50 s) in Fig. 3B we note that the Moho, the
410 km discontinuity and the LVZ above the 410 have also shorter
period signals in Fig. 3A than in Fig. 3B. This indicates that these dis-
continuities are indeed single and sharp discontinuities. However,
the LAB and the SLD appear in the short period data (Fig. 3A) not as
single discontinuities but are split into several more heterogeneous
discontinuities scattered over a depth range of about 10 km. This
means that in contrast to the Moho, the 410 and the LVZ the LAB
and SLD consist of several relatively sharper discontinuities
scattered over a depth range of about 10 km. Similar observations
have been made for the upper mantle discontinuities in North
America (Kind et al., 2015a).

The final steps in the data processing were the migration from the
time domain into the depth domain (Dueker and Sheehan, 1997;
Jones and Phinney, 1998; Kosarev et al., 1999) along the ray path of
the S phase within the IASP91 global reference model (Kennett and
Engdahl, 1991) and spatial smoothing of the data.

We have assembled the migrated data along depth profiles. In
Fig. 4A and B are shown effects of different profile widths on the
data image. We used lateral profile widths between 200 and
400 km. Such large widths were required to obtain a high signal-
to-noise ratio of the conversions since the spacing between the
permanent stations is relatively large. We cannot give a general min-
imum number of required traces for summation, since this number
varies strongly with local conditions. Fig. 4A and B show that
400 km profile width produces clearly a better signal-to-noise
ratio, although in the 200 km profile wide profile the significant sig-
nals can be identified too. For the migration we divided the Earth
model into 3 × 3 km boxes in vertical and in profile direction. This
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Fig. 2. Piercing point distribution (yellow dots) at 200 km depth of all seismograms used. Regions with piercing point concentrations have the most reliable information.
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is oversampled for the wavelengths we used (~8 s period, ~40 km
wavelength) but it leads to smoother images and the computation
time is still no problem. For the smoothing along the profile and in
Fig. 3. East-west S-receiver function profile between BohemianMassif and Baltic Sea in time do
visible in B, whereas in the unfiltered data in A only the Moho, LVZ and the 410 remain as rela
indicate that there is a fundamental difference in discontinuity structure between the LAB and
vertical direction we used the GMT (Generic Mapping Tools,
Wessel and Smith, 1998) within 3 km vertical and 150 km horizontal
smoothing interval (which corresponds to the size of the Fresnel
main. A - no filter applied, B - 8–50 s band-pass filter applied. All marked phases are clearly
tively sharp discontinuities. The LAB and SLD appear as broad scattered signals. This may
SLD relative to the other discontinuities.
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zone) and cosine arch weighting (Fig. 4A and B). We illustrate in
Fig. 4C and D the effects of different smoothing parameters.

3. Computation of theoretical seismograms and comparison with
observed data

In this section we compare upper mantle structures obtained
from surface wave tomography with those obtained from S-receiver
functions. We use a tomography model, compute the theoretical
seismograms and compare with the observed S-receiver functions.
Surface waves are sensitive to shear-wave velocities down to about
300 km depth. One-dimensional models of absolute shear-wave veloc-
ity (see Fig. 5D) in central Europe are obtained by inversion of local dis-
persion curves, which are determined by surface wave tomography
(Soomro et al., 2016;Meier et al., 2016). An iterative gradient search in-
version followingMeier et al. (2004) is applied. Velocities in the crust as
well as the Moho depth are strongly damped towards the background
models derived from the crustal model EuCRUST-07 (Tesauro et al.,
2008). Below the Moho the background models follow the global
ak135 model (Kennett et al., 1995). Note that because of possible
trade-offs between shear-wave velocities above and below the Moho
and the Moho depth, unrealistic estimates of the shear-wave velocity
obtained from the crustal background model may propagate into
uncertain velocities in the uppermost mantle directly below the Moho.
Enlarged shear-wave velocities in the upper mantle for the model
for the EEC (blue model in Fig. 5D) indicate the cratonic mantle litho-
sphere of the EEC. In contrast, the red model for central Europe shows
the presence of a shallow asthenosphere and the green model shows a
lithospheric thickness of about 120 km for the region of the North
German Basin. Due to the smooth nature of the surface wave sensitivity
kernels, the depth of the LAB ismore difficult to estimate from inversion
results of surface waves but can be approximately found in the middle
of the gradient zone between lithospheric mantle and asthenosphere
(e.g., Bartzsch et al., 2011).

In the following we compute theoretical seismograms of these
models to see what signals could be expected in S-receiver function
data. We used the version of the reflectivity method by Kind (1985)
which has different crustal models at the source and receiver sides
and no multiples like PP are included. We also used the IASP91 global
model with the source side crust omitted in order to avoid its influence
on the seismograms. The theoretical radial and vertical component
seismograms are rotated in L and Q components. No deconvolution
was applied since the source signal is simple and the source side struc-
ture is not influencing this signal. S-to-P conversions at the Moho and
the 410 km discontinuity (blue) are clearly observed in Fig. 5A, B and
C. The negative gradient in the red model in D (Central European Plat-
form) produces in A the red negative signal (marked by the red
arrow). As explained above the complicated structure in the green
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model (North German Basin) between 50 km and 100 km is likely due
to deviations of the crustal background model from the real structure
resulting in several signals at those depths. This model produces several
signals in the theoretical receiver functions in B: a positive (blue) signal
between50 and 100 kmdepth; a negative signal (red) between 100 and
170 km depth; and another positive signal (blue) near 200 km depth.
Themain period of the theoretical seismograms is about 6 s correspond-
ing to about 50 km wave length. Interestingly, the gradients in the 1D
models obtained by inversion of surface wave dispersion curves are
strong enough to give rise to S-P converted phases. The signals marked
“Mohomultiples” in Fig. 5A and also visible in Fig. 5B and C are P multi-
ples in the crust below the stations. It is usually said that S-receiver
functions do not produce multiples before S. This, however, means
only that crustal multiples of the S signals do not arrive before S. How-
ever, P crustal multiples of P waves below a station caused by S-to-P
conversions at uppermantle discontinuities (S410pmp)may still arrive
before the S signal and need possibly to be taken into account, although
they have not been observed in data so far.

The theoretical S-receiver functions of surface wave tomography
models in Fig. 5A agree qualitatively well with our observed S-receiver
functions in Fig. 4A and B for approximately the same region. A velocity
reduction is observed with both techniques at about 50–100 km depth.
This is encouraging for a later quantitative comparison of both tech-
niques. The theoretical S-receiver functions of the tomography model
of the North German-Polish Plate (Fig. 5B) do not agree as well with
the observations of the flat part of the SLD structure in Fig. 6A and B in
about the same region. In the theoretical S-receiver functions we see
two positive structures (blue) whereas we see two negative structures
in the observed data. Although results of both methods do not agree
very well, at least they indicate a layered structure in this region.
Comparing theoretical S-receiver functions of the East European
Craton (Fig. 5C) with the data in Fig. 6, we see that the data have a
negative structure near 200 km depth, whereas the computations
show a positive structure at 100–150 km depth. The reason why
tomography and receiver function results disagree in some cases
are difficult to evaluate. We should recall the principal differences
of both techniques: tomography is insensitive to discontinuities,
receiver function are insensitive to gradual changes. It should be
mentioned that we did not find evidence for crustal multiples in
our data which are caused by the theoretical S410p phase shown in
the theoretical seismograms in Fig. 5.

4. Profiles across the European mantle

We have produced two suites of east-west and north-south profiles
across the European mantle which are shown in their entirety in
Supplementary material (Figs. S1 and S2). Here we show only several
informative examples.

In Fig. 6 are shown four north-south profiles. The two profiles in
Fig. 6A and B range from eastern Alps (marked eAlps) across the
Bohemian Massif to the North German-Polish Plain entirely through
Phanerozoic area. They show a number of seismic phases which can
be correlated over hundreds of kilometers. We see the well-known
Moho and the discontinuity at 410 kmdepth at their expected locations.
We should mention here that the depth of a discontinuity is measured
at the center of the blue or red signal due to the deconvolution used in
the processing. The Moho and the 410 km discontinuities are not the
goal of our study. They serve here merely as indication of the reliability
of the data. We are trying to identify additional major phases which are
coherent over larger distances and broader regions.
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The known subduction of the European lithosphere below the
central Alps is visible in north-south profiles in Fig. S2, slides 3–8 of
the Supplementary material. In the four profiles in Fig. 6 we have
marked an additional signal SLD. This signal is visible at the two east-
ern profiles in Fig. 6C and D a continuous signal dipping from 150 km
depth below the Pannonian Basin and continuing underneath the
western Carpathians to about 250 km below the East European
Craton. In Fig. 7 is shown the possible connection of the SLD with
the cratonic LAB (marked LABc in Fig. 7) in four north-south profile
across the boundary of the East European Craton and Phanerozoic
Europe. The depth of the LABc is near 200 km in good agreement
with the expected depths. Similar signals from the bottom of the cra-
tonic lithosphere are observed in North America and in Scandinavia
(Kind et al., 2013, 2015a). Knapmeyer-Endrun et al. (2017) also ob-
served the MLD east of the TTZ along with weak indications of the
cratonic LAB, but no indication of the SLD west of the TTZ.

It should be noted that below the Pannonian Basin the
Phanerozoic LAB is observed at a relatively shallow depth of about
70–80 km and deepens towards the East European Craton where it
is marked MLD (Fig. 6D). We notice that there is no difference in
the appearance of the seismic signals between the LAB and the
MLD which are usually petrologically interpreted very differently
(e.g., Yuan and Romanowicz, 2010). The similarity of the seismic ap-
pearance of the phanerozoic LAB and the cratonic MLD was con-
firmed across the TTZ by Knapmeyer-Endrun et al. (2017). We also
note that Moho, LAB and SLD are shallowing beneath the Pannonian
Basin (Fig. 6C and D).

Below the SLD signal, near 300 km depth we see in Fig. 6C and D a
blue signal indicating velocity increase downward and marked as
Lehmann discontinuity. The X discontinuity of Shen et al. (2014) agrees
relatively well with our Lehmann discontinuity. This signal is observed
frequently on a global scale and interpreted as bottom of the astheno-
sphere or as caused by anisotropy (Lehmann, 1959; Gu et al., 2001).
The strong observation of this discontinuity in S-receiver functions ar-
gues against a change in azimuthal anisotropy. S-receiver functions
are P-waves therefore with no transverse component in the isotropic
and homogeneous case. We did not observe clear azimuthal variations
of the amplitudes of the converted P-waves. Also the discrimination be-
tween effects of anisotropy and heterogeneitywould not be easy. A rare
positive example of anisotropy observations in S-receiver functions is
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given by Sodoudi et al. (2013) in South Africawhere the sign of the con-
version reverses with backazimuth. Between the Lehmann and the 410
discontinuities we observe another red discontinuity (top of a low ve-
locity zone) marked LVZ. This is a relatively global discontinuity (e.g.,
Tauzin et al., 2010), probably caused by an increased presence of
water (Bercovici and Karato, 2003).

Fig. 8 shows four east-west profiles. The profile in Fig. 8A at 52°N
shows clearly the negative discontinuity at 200 km depth below the re-
gion east of the Elbe Linewhich ismarked SLD. In Fig. 8Awe see also the
Phanerozoic LAB and theMLDabove the SLD signal. The Profile in Fig. 8B
shows a very different structure than in Fig. 8A. The SLD signal is hori-
zontal at 200 km depth north-east of the Bohemian Massif. Below the
Bohemian Massif SLD is west dipping to 300 km depth. Fig. 6A and B
and Fig. 8B show that the inclination of the SLD signal below the
Bohemian Massif has a north and a west component, which means it
is dipping towards the north-west. In Fig. 8C and D are shown two
east-west profiles along 44 and 46°N latitude, crossing the northern
edge of the Adria towards the Pannonian Basin. Both profile show
only weak indication of the SLD structure. This is probably because the
main dip of SLD is towards the north, perpendicular to the profile.

Fig. 9 shows a map of the depth distribution of the newly ob-
served SLD signal derived from the north-south profiles. The accord-
ing data are shown in detail in Fig. S2 and listed in Table S2 in the
Supplementary material. The according plot derived from east-
west profiles is shown in Fig. S1 in the Supplementary material
with depth values listed in TableS1. The agreement of the depth
maps of SLD derived from the two sets of profiles is in some regions
poor. Differences of N40 km are marked in Fig. 9 with plus or minus
signs. Plus signs indicate that the depth derived from north-south
profiles is greater and minus signs indicate greater depth at east-
west profiles. These regions are concentrated at the BohemianMassif
and the Pannonian Basin. In all other regions the agreement is rela-
tively good. That means that the upper mantle below the BM and
the PB is especially complicated and difficult to image with our
data. Our profiles are 400 kmwide and therefore in a complex region
east-west and north-south profiles do not show necessarily the same
depth at the same location. Narrower profiles would be needed to re-
solve such complicated regions which would require denser station
distribution. We think we can estimate from our data that the SLD
discontinuity is dipping roughly to the north-west to a depth of
about 300 km below the Bohemian Massif and probably continues
at 200 km depth below the North German-Polish Basin. The SLD shal-
lows from the Bohemian Massif to about 150 km depth towards the
Pannonian Basin. Below the Pannonian Basin we estimate that the
SLD discontinuity deepens roughly towards the north from about
150 km to 250 km below the East European Craton (see Fig. S2).

5. Discussion and conclusions

5.1. North German-Polish Plain

An important observation in our study is the LAB of the East
European Craton near 200 km depth. The question if the cratonic LAB
can be observedwith convertedwaves is still controversial. It is relevant
for the question if this discontinuity is caused by temperature alone or if
an additional or a different mechanism is required. Converted waves
can only be generated at a relatively sharp discontinuity which would
argue against a pure temperature effect. For example, Hopper and
Fischer (2015) did not observe the LAB in S-receiver functions below
the cratonic North America. In contrast to that, Kind et al. (2015a) ob-
served at least indications of the cratonic LAB there. Good evidence for
the existence of the cratonic LAB was found by Kind et al. (2013) be-
neath Scandinavia. Now we found also evidence for a relative sharp
LAB below the East European Craton. In addition it seems likely that
the observed SLD is a westerly extension of the cratonic LAB to about
the Elbe Line. In tomography the western boundary of the intact EEC
is observed at the Tornquist-Teisseyre Zone (e.g., Legendre et al.,
2012). However, Legendre et al. (2012) also found indications of a tran-
sition zone between the EEC and Phanerozoic Europe reaching from the
TTZ to the Elbe Line. Gossler et al. (1999) found evidence in P-receiver
functions beneath the North German and Danish Basin for an extension
of the Baltica lower crust to the Elbe Line. Dadlez et al. (2005) used
large-scale seismic refraction and wide angle reflection technique to
study the TTZ. They assumed that the lower and middle crust below
the Polish Basin consist of terranes built of EEC crust. Mazur et al.
(2015) also found evidence in an integrated gravity, magnetic and
seismic study for the extension of the middle and lower crust of the
EEC towards the Elbe line.

There is also independent evidence for an extension of the EEC lower
crust towards the Elbe Line. Breitkreuz and Kennedy (1999) and
Breitkreuz et al. (2007) studied SHRIMP U-Pb ages from zircon cores
of inherited zircon grains, derived from Upper Carboniferous to Lower
Permian volcanic rocks from drill cores of the Central European Basin
System. About seventy of their analyses represent Avalonia and subor-
dinately southern EEC crust. Pietranik et al. (2013) continues this re-
search by study of the O- and Hf-isotope composition of inherited
rhyolitic zircons from drill cores across the North German Basin and
found that sediments and basement beneath the NE German Basin are
part of EEC. Independent from seismic and seismologic data this result
also confirms Baltica lower crust there. All these findings including our
own results lead to the conclusion that the Elbe Line is the western
boundary of a transition zone between the East European Craton and
Phanerozoic Europe in the mantle lithosphere. In this transition zone
below the Phanerozoic LAB a prong of the cratonic lithosphere may ex-
tend towards the south-west of the Tornquist-Teisseyre Zone. Also the
shear-wave velocity model for this region (green model, Fig. 3D) indi-
cates enlarged shear-wave velocities at depth between 230 km and
270 km comparable to those in the cratonic mantle lithosphere.
Knapmeyer-Endrun et al. (2013) interpreted the increase of the shear-
wave velocity beneath the asthenosphere as indication for small-scale
convection and downward directed corner flow. In conclusion, there is
evidence from surfacewave tomography, lower crustal seismics, petrol-
ogy and receiver functions that the mantle lithosphere and the lower
crust between about the Tornquist-Teisseyre Zone and the Elbe Line
are related to the East European Craton.

5.2. Bohemian Massif

Another significant new observation is the existence of a structure
below the Bohemian Massif which dips towards its north-western
edge to 300 km depth (SLD signals in Fig. 6A and B and Fig. 8B). We
note that the Phanerozoic LAB is located at a depth of about 100–
120 km, placing the SLD in the upper mantle below the LAB. The LAB
was found in the northern part of the Bohemian Massif at 80–90 km
depth in a study based on anisotropy observations (Plomerova and
Babuska, 2010). A shorter period S-receiver function study found the
LAB deepening to the south from about 60 to 140 km depth (Heuer et
al., 2007) in reasonable agreement with our present longer period ob-
servations (Figs. 6 and 8).

New discoveries about the origin of microdiamond and coesite bear-
ing ultrahigh pressure metamorphic (UHMP) rocks are taken as evi-
dence for continental subduction, collision and exhumation from
depths of N100–250 km, associated with the Variscan orogeny
(Dobrzhinetskaya and Faryad, 2011; Perraki and Faryad, 2014). Both
minerals have been found as inclusions in garnet and zircon in UHMP
rocks, occurring at the surface or near the surface in the northern and
central part of the Bohemian Massif:

(1) Saxothuringian Zone, Erzgebirge/Germany: Seidenbach gneiss,
size of ~1–50 μm (Massonne, 1999), age: 337 Ma (Massonne et
al., 2007) and the Eger Graben area/Czech Republic: kyanite-
bearing eclogite in the T-38 borehole (Kotkova et al., 2011);
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(2) Moldanubian Zone, Kutna Hora Complex/Czech Republic: felsic
granulites (Perraki and Faryad, 2014) and orogenic spinel-garnet
peridotite, size of ~5 μm, age: 340–350 Ma, (Naemura et al.,
2011).

Dobrzhinetskaya et al. (2010) studied carbon isotope ratios in
microdiamonds from Erzgebirge and obtained δ13C ratios belonging to
biogenic matter (between −25.5‰ and −17.8‰). This confirms deep
subduction of continental crustal sediments. Stöckhert et al. (2009) rea-
soned that the decompression rate must have been extremely high and
suggest minimum exhumation rate in the order of 100 m/year, which
corresponds to ascent rates of magma. According to Babuska and
Plomerova (2013) the collisionalmantle boundaries served asmajor ex-
humation channels of the HMP and UHMP rocks. Magmatic equilibra-
tion (Oncken, 1998) indicates a detachment of the slab after the
collision.

However, it is unlikely or not clear if a Variscan slab is causing the
SLD discontinuity beneath the Bohemian Massif because of the north-
ward drift of Eurasia after collision and the thermal equilibration of
the slab. Recent tomographic images show no indication of a plume or
subduction below the Bohemian Massif (Plomerova et al., 2016).
Vecsey et al. (2014) concluded from anisotropy observations that the
mantle lithosphere of the East EuropeanCratonmight extendwestward
to the Bohemian Massif. Further analyses are needed to clarify seismo-
logic, rheological, petrologic and tectonic origin of the uppermantle un-
derneath the Bohemian Massif.

5.3. Alps and Pannonian Basin

Indications of subduction are observed below the Alps (Fig. 4
and Fig. S2, slides 3 and 4). The south-east subduction direction of the
European lithosphere below the central Alps is confirmed by our data.
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Fig. 9. Map of the depth of the SLD discontinuity obtained from the north-south profiles.
All these profiles are shown in Fig. S2 in the Supplementary material with depth readings
of the SLD discontinuity marked. The readings itself are shown in Table S2 also in the
Supplementary material. Plus and minus signs indicated locations where the difference
of the SLD depth between north-south profiles and east-west profiles is N40 km. Plus
signs indicate greater depths in the north-south profiles and minus signs smaller depths
than in the east-west profiles. All data of the east-west profiles are given in Fig.S1 and
TableS1 in the Supplementary material. See Fig. 1 for tectonic units.
The resolution of our data is, however, not high enough for a clear obser-
vation of the subduction direction in the eastern Alps. The depth pene-
tration is near 150 km, which is close to the results obtained from
Lippitsch et al. (2003) in their teleseismic P-wave tomography. Already
Babuska et al. (1990) previously suggested a polarity change between
eastern and western Alps from P residual observations.

Below the Pannonian Basin we observed shallowing of the Moho
and the Phanerozoic LAB. However, beneath the LABwe observed a sec-
ond negative discontinuity. This discontinuity is also marked SLD like
the one below the Bohemian Massif. It seems closely related to the
SLD of the Bohemian Massif (see Fig. 4), however it does not have the
step at the northern end but changes gradually into the LAB of the
EEC. It deepens from about 150 km depth at the south-western edge
of the Pannonian Basin to about 200 km depth beneath the western
Carpathians (see Fig. 7). Therefore we think that the SLD structure
below the PB may be related to the edge of the EEC rather than to a
European (Alpine-Carpathian) or Dinaric (Adriatic) slab, especially
since Miocene European subduction in the Carpathians was to the S
and SE (away from the Bohemian massif) and Paleogene NE-directed
shortening in the Dinarides was far too small in the vicinity of the slab
gap between 44 and 46°N (e.g., Spakman and Wortel, 2004; Handy et
al., 2015).Wortel and Spakman (2000) imaged a slabwithin themantle
transition zone (MTZ) below the Pannonian Basin. The structures
discussed here are well above the MTZ.

5.4. Phanerozoic LAB and cratonic MLD

We have also interesting observations of the Phanerozoic LAB and
the cratonicMLD. Their seismic signature and their depth do not change
significantly across very different tectonic units. The petrophysical na-
ture of the MLD is, for example, discussed by Hopper and Fischer
(2015) or by Rader et al. (2015). The suggestion of Rader et al. (2015)
that the MLD is the inactive remnant of fossil LAB seems in good agree-
ment with the identical receiver function image of both discontinuities.
Their model describes a gradual lateral transition from the original
shallow LAB of the active cratonic margin to the cratonic MLD.

5.5. Final conclusions

We think we have shown that the S-receiver function technology is
an excellent method to illuminate the region between Moho and upper
mantle transition zone, especially in connection with surface wave to-
mography. Results of tomography and S-receiver functions agree not
completely (see Fig. 5). Unknown discontinuities may be discovered
with S-receiver functions which could be very important for under-
standing more details of plate collision. A limitation of the method is
that the signals used are usually below the noise level and must be
made visible by summation of many records. Since large regions of
piercing point distribution are needed, the lateral resolution is limited
if the station coverage is not dense enough. Also the recording period
should be long enough to collect a sufficient number of events. Perma-
nent stations are certainly most useful.

The most significant property of the newly discovered SLD in
the neighborhood of the East European Craton but still below the
Phanerozoic part of Europe is its connection to the LAB of the East
European Craton. The observed northwest and northeast dipping SLD
structures below the BohemianMassif and the Pannonian Basin, respec-
tively, are difficult to reconcile with current knowledge of circum-
Carpathian subduction of European lithosphere, which dipped towards
the Pannonian Basin and away from the Bohemian Massif in Miocene
time. A preliminary interpretation of these features is that a prong of
the cratonic mantle lithosphere penetrated into the Phanerozoic
asthenosphere during the continental collision at the western and
south-western edges of the EEC.

The observation of waves converted at the SLDwhich is about 10 km
sharp (Fig. 3) excludes the option that temperature effects are its only
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cause. If the SLD is considered a continuation of the cratonic LAB it could
be the chemical boundary layer at the bottom of the melt-depleted
and dehydrated peridotites in Jordan's (1978) tectosphere model (see
also Lee et al., 2011 and citations therein). However, only
more seismologic, petrologic and geochemic data could resolve more
precisely the rheology, structure and evolution of the upper mantle
there. This is especially necessary in the regions of the BohemianMassif,
the eastern Alps and the Pannonian Basin.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2017.02.002.
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