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During the last two decades teleseismic studies yielded valuable information on the structure of the upper
mantle below the Alpine-Mediterranean area. Subducted oceanic lithosphere forms a broad anomaly resting
on but not penetrating the 670 km discontinuity. More shallow slabs imaged below the Alpine arc are
interpreted as subducted continental lower lithosphere. Substantial advances in our understanding of past
and active tectonic processes have been achieved due to these results. However, important issues like the
polarity of subduction under the Eastern Alps and the slab geometry at the transition to the Pannonian realm
are still under debate. The ALPASS teleseismic experiment was designed to address these open questions.
Teleseismic waveforms from 80 earthquakes recorded at 75 temporary and 79 permanent stations were
collected during 2005 and 2006. From these data, a tomographic image of the upper mantle was generated
between 60 km and 500 km depth. Crustal corrections, additional station terms, and ray bending caused by
the velocity perturbations were considered. A steeply to vertically dipping “shallow slab” below the Eastern
Alps is clearly resolved down to a depth of ~250 km. It is interpreted as European lower lithosphere detached
from the crust and subducted during post-collision convergence between Adria and Europe. Below the
Pannonian realm low velocities or high mantle temperatures prevail down to ~300 km depth, consistent with
the concept of a Pannonian lithospheric fragment, which underwent strike-slip deformation relative to the
European plate and extension during the post-collision phase of the Alpine orogeny. Between 350 km and
400 km depth, a “deep slab” extends from below the central Eastern Alps to under the Pannonian realm. It is
interpreted as subducted lithosphere of the Alpine Tethys. At greater depth, there is a continuous transition to
the high velocity anomaly above the 670 km discontinuity.
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1. Introduction

Actual plate tectonic processes can be better understood by
imaging the lithosphere and upper mantle using seismic tomography.
Downgoing slabs of low temperature oceanic lithosphere and
continental lithospheric mantle may be represented by bodies of
relatively high seismic velocity, whereas low velocity areas may be
related to areas of thinning crust and upwelling asthenosphere,
mantle plumes or local mantle convection. In the Alpine-Mediterra-
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nean area, the complex history of tectonic movements between Africa
and Europe (e.g., Dewey et al., 1973; Moores and Twiss, 1995) left its
trace in the upper mantle. The spreading of the North and Central
Atlantic Oceans and the closure of the PaleoTethys (~190 Ma) Ocean
led to a sequence of rifting, break up of continental blocks, seafloor
spreading, subduction of oceanic and continental lithosphere, and re-
amalgamation and suturing of micro-plates (e.g., Le Pichon et al.,
1988; Stampfli and Kozur, 2006).

In the area that is the target of this study (Fig. 1), the opening and
closure of the Meliata and Vardar Oceans in the south and the Alpine
Tethys (Piemont-Ligurian Ocean, Penninic Ocean) in the north
strongly influenced the development of the Eastern Alps and the
adjoining Carpathians, Dinarides and Southern Alps. An early orogenic
phase, the Eo-Alpine orogeny, occurred after the subduction of the
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Fig. 1. Tectonic setting of the study area and locations of the seismic network. a) Geological map shows the main tectonic units and major faults; Flysch belts and ophiolites are
mapped in dark gray; the Moho fragmentation (after Waldhauser et al., 1998 and Briickl et al., 2010) is plotted by bold lines; triangles indicate thrust polarity. b) Location of
temporary ALPASS stations (spheres), seismic observatories (squares), and BOHEMA III stations (diamonds).

Meliata Ocean from 130 to 85 Ma. Seafloor spreading of the Alpine
Tethys ended at about 130 Ma and subduction of this ocean was
initiated ~80 Ma with Europe representing a passive margin. The
Adriatic micro-plate or Adria started to move independently from
Africa to the NW, and at ~35 Ma, it collided with Europe (e.g., Schmid
et al,, 2004). In the Oligocene (35-30 Ma), a slab break off occurred
(Wortel and Spakman, 2000) in the central part of the Eastern
Alps. During the Miocene, retreat of the remaining Alpine Tethys
into the Carpathian embayment led to the development of the
Pannonian basin and subsequently the Carpathians (e.g., Royden,
1993). The Apennines and Dinarides (e.g., Doglioni and Carminati,
2002; Horvath et al., 2006; Pamic et al., 2002) formed by subduction
of Adriatic continental mantle to the west and the east. Major
blocks of the East Alpine region (ALCAPA) extruded laterally to the
east into the Carpathian embayment (Decker and Peresson, 1996;
Linzer et al., 2002; Ratschbacher et al., 1991a,b) (Fig. 1). These units
experienced significant extension, before their final collision with the
Paleozoic European platform, which formed the Western Carpathians
(Ustaszewski et al., 2008).

The Helenic arc represents the currently most active area related to
the continued convergence between Africa and Europe. Global and
large scale tomographic models (e.g., Bijwaard et al., 1998; Piromallo
and Morelli, 2003; Wortel and Spakman, 2000) show a slab
subducting into the upper mantle of the Alpine region and suggest
penetration of the 670 km discontinuity. Between the 410 km and
670 km mantle discontinuities, an extensive region of relatively high
seismic velocities exists underneath the Pannonian basin and the
surrounding Alpine-Carpathian-Dinaric orogens. This zone is inter-
preted as the remnants of subducted oceanic plates (e.g., Vardar,
Meliata, NeoTethys, Alpine Tethys or Piemont and Ligurian Ocean)
and will be referred to as the “slab graveyard”. Our use of this term
should not be confused with cold subducted lithosphere, which is
interpreted to have sunk to form a “slab graveyard” at the core-
mantle boundary (e.g., Tackley, in press). Ps receiver functions
derived from observatory data in central and eastern Europe yield
high travel time differences between the 410 km and 670 km arrival
and give additional support for the existence of the slab graveyard
(Geissler et al., 2008). Shallower slabs are resolved for instance
underneath the Alpine arc, the Apennines and the Dinarides.
Paleogeographic reconstructions have shown that there is a balance

between the volume of all these high velocity bodies and the volume
of subducted dense and cold lithosphere (Handy et al., 2010).

A high-resolution tomographic image of the Alpine slab, extending
from the Moho discontinuity to 400 km depth was provided by
Lippitsch et al. (2003). The southward oriented dip of the slab in the
Western Alps showed European lower lithosphere subducting
underneath Adria. The lateral continuity of the slab appears reduced
to the east, and further to the east, a pronounced north-dipping
(~60°) slab was imaged. These results led to the interpretation of a
subduction polarity change from west to east under the Eastern Alps.
These findings have greatly influenced tectonic interpretations of the
region (e.g., Horvéth et al.,, 2006; Kissling et al., 2006; Schmid et al.,
2004, 2008; Ustaszewski et al., 2008). However, more recent results
are in conflict with these tectonic interpretations and favor the more
“classical” interpretation of subduction of the European plate (EU)
under the Adriatic plate (AD) along the whole Alpine arc and
subduction of the Adriatic plate only under the Dinarides and
Apennines (Doglioni and Carminati, 2002). Arguments for the more
“classical” interpretation include the interpretation of the crustal
structure along the TRANSALP transect by Lammerer and Weger
(2008) and the Moho fragmentation and plate kinematics at the
bifurcation of subduction via a triple junction between the European,
Pannonian (PA), Adriatic lithospheric blocks (Briickl et al., 2010). The
fragmentation of the Moho and the uppermost mantle into AD, EU,
and PA blocks is superimposed on Fig. 1. The pattern of the
fragmentation and the polarity of thrusting follow Briickl et al.
(2010) in the Eastern Alps and northern Dinarides. In the Western
Alps and Apennines, the boundaries between the European, Adriatic,
and Ligurian plates follow the Moho map of Waldhauser et al. (1998).
Sumanovac (2010) employed gravimetric modeling to delineate a
significant Moho jump under the Dinarides. This result was
implemented to extend the Moho fragmentation between EU and
PA further to the south (Fig. 1a).

2. The ALPASS project

The ALPASS (Alpine Lithosphere and Upper Mantle PASsive
Seismic Monitoring; http://info.tuwien.ac.at/geophysik/alpass.htm)
project is an international effort to supply new data in the Eastern
Alps and their neighboring tectonic provinces. This project has been a
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cooperation between geophysical institutes from Austria, Croatia,
Finland, Poland and USA. The ALPASS array was specifically designed
to determine subducting slab geometries in the Eastern Alps-
Pannonian-Carpathian (ALPACA) region and to address or even
clarify the issues of the polarity of subduction below the central
part of the Eastern Alps.

In this study, teleseismic tomography using ALPASS and regional
data (Fig. 1b) was employed to produce a high-resolution image of the
upper mantle below the Eastern Alps. The resulting model overlapped
the model of Lippitsch et al. (2003) and extended further to the east.
In our analysis, we took advantage of the most recent crustal models
(e.g. Behm et al., 2007; Briickl et al., 2007; Grad et al., 2009a,b;
Sumanovac et al., 2009) derived from CELEBRATION 2000, ALP 2002
and SUDETES 2003 (Guterch et al., 2003) controlled source seismic
data. As shown below, our tomographic results were compared with
the large scale tomographic model of Koulakov et al. (2009) and the
model of Lippitsch et al. (2003) in the area overlapping with ALPASS.
Most recent tomographic results, based on the CBP (Carpathian Basin
Project) data (Dando, 2010; Dando et al., 2011; Houseman et al.,
2010) and a geodynamic model (Briickl et al., 2010) of the East Alpine
area supplied additional support for the interpretations presented
here.

3. Travel time picking and crustal corrections

Between May 2005 and May 2006, seismic waveforms from 80
earthquakes in the teleseismic distance range (30°-100°) were
collected from 79 seismic observatories and 64 temporary seismic
stations during the ALPASS experiment. Additional seismic wave-
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forms from 11 temporary seismic stations in the area of the Bohemian
Massif were added through data exchange with the BOHEMA III
project (Babuska et al., 2005). A generalized tectonic map and the
locations of the seismic observatories and temporary stations
employed are shown in Fig. 1a and b. Epicenters of the evaluated
earthquakes, their azimuth distribution around the investigation area,
and the frequency distributions of magnitudes and distances are
plotted in Fig. 2. Each of the 154 seismic stations and observatories
shown in Fig. 1b recorded at least 10 earthquakes with sufficient
quality for further evaluation.

Seismic recordings were transformed to the short period response
WWSSN-SP (World Wide Standard Seismic Network) and reduced to
ak135 travel times (Kennett et al., 1995), at a focal depth 15 km
(Fig. 3a). Cross-correlation and adaptive stacking techniques support
high quality estimation of travel time residuals across a seismic
network (e.g., Rawlinson and Kennett, 2004). We chose an interactive
procedure employing the seismic data processing software ProMAX
(Halliburton). The processing sequence is illustrated by the flow chart
shown in Fig. 3a. Reference traces for each event were generated by
stacking after alignment to automatically picked first arrivals. Cross-
correlation of the individual traces with a 15s window of the
reference trace (Fig. 3b) yielded a first estimate of travel time
differences between the traces. These travel time differences were
used for improved alignment and stacking of the reference trace.
Cross-correlation using a 4 s window of the reference trace (Fig. 3c)
was then centered on the first onset and provided accurate travel time
residuals (Fig. 3d, e). The procedure was repeated if the stack of the
reference trace was of low quality. Next, the results were manually
inspected, a signal to noise ratio was determined automatically, and
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Fig. 2. Earthquake data. a) Location of epicenters (80 earthquakes). b) Azimuth distribution of epicenters. c) Frequency of magnitudes. d) Frequency of distances.
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Fig. 3. Travel time picking. a) Flow chart of travel time picking procedure. b) Record s of the 14 June 2005, M6.7 Andreanov Islands earthquake, transformed to WWSSN-SP response,
reduced by ak135 travel times, traces are sorted to increasing epicenter distances from left to right. c) 15 s and 4 s correlation wavelets derived from records shown in b). d) Same
data; correlation with 4 s wavelet; traces are aligned according final travel time picks. e) Initial and final picks of travel time residuals. f) Frequency distribution of travel time

residuals (6634 picks, standard deviation 0.558 s).

low quality traces were removed. A total of 6634 P-wave travel time
residuals were picked by this method. Their frequency distribution is
shown in Fig. 3f.

Resolution of upper-mantle structure by seismic tomography
depends critically on information of the crustal velocity structure
beneath the receiver array (e.g., Koulakov et al., 2009; Lippitsch et al.,
2003). A-priori information is necessary to resolve areas with highly
variable crustal structure, since the ray geometry from teleseismic
sources is not appropriate to resolve these layers with sufficient
resolution. The Alpine region is well known for its complex crustal
structure and station corrections are on the order of seconds and vary
with both back-azimuth and emergence angle (Lippitsch et al., 2003;
Waldhauser et al., 2002). A 3D crustal P-wave velocity model
encompassing the Eastern Alps and its surrounding area (Pannonian
Basin, Dinarides, and Bohemian Massif) was compiled from the 3D
seismic model of Behm et al. (2007) and the 2D seismic profiles of

Liischen et al. (2006), Briickl et al. (2007), Grad et al. (2006, 2009b),
Hrubcova et al. (2005, 2008), and Sumanovac et al. (2009) in the east
and Waldhauser et al. (1998) in the west. The model extends to a
depth of 60 km, and first order discontinuities such as the Moho
topography, sedimentary basins, and strong intra-crustal velocity
anomalies were included.

Crustal corrections for the P-wave arrivals were calculated with
the program Tetra3D (Waldhauser et al, 2002). The result is a
continuous travel time field for each teleseismic event, which
provides information on the contribution of the 3D crustal structure
on the total travel time for each seismic event and each station. After
correction for the 3D crustal structure, the residuals mainly contain
information on travel time differences through the upper mantle
beneath the Alpine region. This same methodology for crustal
corrections was applied by Lippitsch et al., 2003 to the Western
Alps. Corrections for station elevation were also applied. Average
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Fig. 4. Average crustal corrections. Crustal corrections were calculated for each receiver
station (spheres) and earthquake; gray scale and contour lines visualize average of
crustal corrections for each station.
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crustal corrections for the seismic stations are plotted in Fig. 4. These
values vary from —0.526 s (Central Alps) to +0.773 s (Pannonian
Basin, Rhine Graben) and were added to the observed travel times.
Crustal corrections for a single station depend on back-azimuth to the
earthquake and the angle of incidence. The standard deviation of this
variation is 0.157 s on average. The error in the crustal corrections is
about in the same range under the assumption of +2 km error in
Moho depth.

4. Inversion

Wave fronts propagating from earthquakes at teleseismic distan-
ces arrive nearly undisturbed at the upper mantle of the target area.
Uncertainties in focal time and depth, as well as distant propaga-
tion effects can be approximated by subtracting the average of all
residuals of one earthquake from the data before inversion. The ak135
global seismic model (Kennett et al., 1995) was used to reduce the
travel times and crustal corrections were estimated relative to this
model. The velocity field of the target area was defined on aregular 3-D
grid with equidistant spacing of 30 km in all three dimensions, and a
lateral extent of 1140 by 1140 km that was centered at 14.2°E and
47.9°N. The vertical extent reaches from surface to a depth of 570 km.

We used the code provided by N. Rawlinson (e.g., Rawlinson and
Kennett, 2008; Rawlinson et al., 2006; http://rses.anu.edu.au/~nick)

b
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Fig. 5. Inversion approach. We started the inversion using all travel times (a, b) and applying crustal corrections. Thereafter outliers were removed. Trade-off curves (c) supported an
appropriate choice of smoothing and damping factors. Finally station terms were applied. Significant spatial correlation between the station terms (d) was suppressed by
an additional damping factor. a) Depth slice 150 km: inversion using all times, crustal corrections, no smoothing (&€ = 0), damping factor p= 1; b) Depth slice 350 km: inversion using
all travel times, crustal corrections, no smoothing (¢ =0), damping factor. p=>5; c) RMS of travel time residuals versus model roughness. 1 — trade-off curve for all travel times
(e=0,100>p>0.5, optimum p= 15 is marked by red circle); 2 — trade-off curve for travel time data with outliers removed (n=2, 300>¢&>0, optimum € =50 is marked by red
circle); 3 — further optimization by consideration of station terms (damping of station terms v =600, 1= 2, ¢ = 50). d) Station terms: the variogram (inset) demonstrates the lack of

spatial correlation between station terms.
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for the residual travel time inversion. Travel times from teleseismic
events were computed to the base of the local 3-D model using the
ak135 model, which was also used as initial model within the target
area. An eikonal solver, based on the fast marching method (de Kool
et al., 2006) was implemented in order to compute travel times and
ray paths through the local 3-D model. The differences between the
observed and the calculated travel times were inverted for velocity
perturbations along the ray paths in the 3-D model. This procedure
was repeated iteratively such that, at each step, travel times and ray
paths are calculated in the updated velocity model down to its base.
From this level through the mantle to the hypocentre, a 1D solution
derived from the ak135 model was taken. The instability of the
inversion problem was overcome by the introduction of damping and
smoothing factors. Both parameters control the trade off between the
smoothness of the solution and the data fit. Their actual choice
depends on the number of grid nodes and observations, the estimated
picking accuracy and the overall ray coverage. Output of the inversion
is a 3-D model of velocity changes relative to the ak135 model at
greater depths than the crustal model (60 km).

The results of an initial inversion using the complete travel time
data set with crustal corrections are shown in Fig. 5a and b by
horizontal slices through the inverted velocity perturbation at 150 km
and 350 km depth. The smoothing factor was set e=0 and the
damping factor p= 15 determined by the trade-off curve 1 shown in

L =180 km

L =210 km

2  geismic stations

= = high resolution area

Fig. 5c. The number of iterations was set to 4 and remained unchanged
for all inversions. The standard deviation of the residuals is 0.348 s,
which corresponds to a variance reduction to 39% compared to the
initial standard deviation of 0.558 s. A closer look at the residuals
shows that certain travel times have large residuals in all inversions,
which is indicative of outliers in the data set. In order to remove
outliers we defined a boundary of 2.5 times the standard deviation of
the residuals and rejected all travel times that had a residual larger
than this limit (0.87 s). The travel time data set was reduced to 6368
observations by applying these criteria (266 observations were
eliminated). The standard deviation of the original travel time data
set was reduced from 0.558 s to 0.518 s by the elimination of outliers.
The trade-off curve 2 in Fig. 5¢ was used to determine an optimum
smoothing factor of € =50 in combination with a damping factor of
pn=2 for the reduced data set. In addition, the code by Rawlinson
allows for the determination of static corrections (or station terms), in
order to compensate for near surface effects below the seismic
stations. An additional damping factor (v) stabilizes the determina-
tion of these station terms (Fig. 5d). We chose the damping factor for
the static correction v=600 and kept p=2 and € =50 (Fig. 5¢c). A
lower value of v did not significantly reduce the travel time residuals.
The relatively high damping guaranteed also that the station terms
represent only local velocity perturbations with no wider spatial
correlation. This has been verified by a variogram of the station terms

L=120 km

200 -120 0 120 2004,

[ [l [T T T T TN kevs)

Fig. 6. Resolution tests. Positive and negative velocity anomalies (£200 km/s) were superimposed in a checkerboard pattern on the ak135 model and recovered by an inversion with
p=15 and £ =50; cell length of one checker (L) varies from 120 to 210 km; the dashed circular feature around seismic stations in the L= 150 km column approximates the high

resolution area we have emphasized.
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Fig. 7. Depth slices through ALPASS-model from 60 km to 500 km depth. The velocity anomalies relative to the ak135-model are visualized by color; the + 1% contours are medium
black lines that separate the light blue and green areas; outside the high resolution area, the colors are pale. For comparison of the ALPASS model with existing models, + 1% contours
of the K-model are shown as medium dashed black lines (Koulakov et al., 2009) and + 2.5% contours of the L-model are shown as medium dotted black lines (Lippitsch et al., 2003).
Superimposed on the depth slices are coastlines (blue lines), the outline of the Pannonian basin, and the northern and southern thrust faults of the Alpine orogen (pink lines, the
thrust faults with signatures indicating the polarity). Similar to Fig. 1 the Moho fragmentation is shown by thick black lines, and a subdivision within the Pannonian fragment as a
short dashed line.
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shown by the inset in Fig. 5d. The standard deviation of the travel time
residuals was reduced to 0.275 s by the final model. The final model
will be discussed below. However, the main features of the model
were clear even in the initial inversion using all travel times, zero
smoothing, and no station terms. Even omitting the crustal correc-
tions did not substantially change the seismic image at greater depths,
but slightly increased the remaining travel time residuals.
Checkerboard tests (e.g., Hearn and Ni, 1994) are a commonly used
technique to analyze the resolution capabilities of tomographic
inversions. We superimposed velocity anomalies of +0.2 km/s on
the ak135 model, and calculated a set of synthetic travel times.
Gaussian noise with a standard deviation of 0.2 s was added to the
travel times, and they were inverted with the same parameters as
used in the final inversion of the observed travel times. The size of the
checkers was varied between 300 and 30 km, and Fig. 6 shows the
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most important results. A convex boundary enclosing the seismic
stations and observatories was superimposed on the reconstructions.
In general, the resolvability varies with both checker size and depth.
We chose to interpret the checker size of L=150 km, since it appears
as the most representative with respect to the structures. We further
took the boundary enclosing all the seismic stations and observatories
(Fig. 6) as a conservative delimitation of the high-resolution area and
restricted our interpretations accordingly.

5. Results

The 3D P-wave velocity model derived by our analysis is presented
by a series of depth slices between 60 km and 500 km depth (Fig. 7).
Vertical profiles crossing the Alps arc approximately orthogonally to
its strike direction are shown in Fig. 8. We will concentrate on the
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Fig. 8. Profiles through the ALPASS-model. The velocity anomalies are visualized in color similar to Fig. 7. Superimposed on each profile is a crustal model with Moho after Behm et al.
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(P1-P8) including the extent of the high resolution area of the ALPASS-model (bold dashed gray boundary) and the Moho fragmentation (bold gray lines) are shown in the upper left

corner.
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main structures visible on the depth slices, which were robust
independent of the choice of inversion parameters and travel time
errors. This can be checked by comparison of the results of the initial
inversion shown in Fig. 5 with the corresponding depth slices through
the final model shown in Fig. 7. A high velocity body extends from the
western border of resolution of the ALPASS-model (9°-10°E) to ~15°E
under the Alpine arc at the depth levels from 60 km to 250 km, which
we will refer to as the “shallow slab”. This feature was recognized
earlier by global seismic tomography studies (Bijwaard et al., 1998;
Piromallo and Morelli, 2003) and resolved by the models of Lippitsch
et al. (2003) and Koulakov et al. (2009). These latter models will be
referred to as the L- and K-models respectively. Contour lines of L- and
K-models fit our new model well (Fig. 7). The shallow slab is bordered
by low velocity zones to the NE, SE and the Pannonian basin,
indicating higher temperatures in the upper mantle.

Around 300 km depth, the velocity pattern changes configuration.
A high velocity body is well resolved from 350 km to 450 km depth
around ~47°N latitude. This body, which will be referred to as “deep
slab”, begins in the west at ~13°E and extends near to the eastern
resolution border of the ALPASS-model. It is imaged by the K-model as
well, and furthermore, Dando (2010) delineated this slab by
teleseismic tomography based on data from the CBP-project (Dando
et al, 2011; Houseman et al, 2010). Additional support for the
existence of high velocity mantle above the 410 km mantle discon-
tinuity is supplied by receiver functions, which have piercing points in
the area of the “deep slab” (Kummerow et al., 2004). The L-model
does not extend as deep and far enough to the east to resolve this high
velocity body.

At greater depth (~500 km) high velocities prevail in the wider
Pannonian area. This is the level of the slab graveyard (e.g., Handy et
al.,, 2010), which has been imaged by global and large-scale
tomographic models (e.g., Bijwaard et al, 1998; Piromallo and
Morelli, 2003; Koulakov et al., 2009). However, despite the fact that
checkerboard tests indicate good resolution in a wider area, the
ALPASS-model can only resolve the slab graveyard in a restricted area
around the transition from the Eastern Alps to the Pannonian basin.

Profiles P1-P5 (Fig. 8) cross the shallow slab approximately in its
dip direction. Its shallowest section (depth ~60 km) is connected to
the southern end of the European Moho. In the west (profile P1) the
shallow slab dips slightly to the south (~80°), further to the east
(profiles P2 to P5), the slab dips sub-vertically. In the west, from
profile P1 to P3, significantly higher velocities reach down to depth of
~250 km. Profiles P4 and P5 indicate that there is a possibility for the
shallow slab to be connected to the deep slab, which begins at about
300 km depth. Profiles P6, P7, and P8 cross the Eastern Alps east of the
extent of the shallow slab and show only the deep slab. The low
velocity, high temperature zone under the Pannonian fragment is

K-model
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significantly developed along profiles P6 and P7. The contours of the
K- and L-models, which are superimposed on the profiles, confirm the
general shape of the shallow slab. On profile P3, the L-model indicates
a reduced continuity of the shallow slab from west to east more
distinctly than the images provided by the ALPASS-model and K-
models. As mentioned earlier, because of its reduced depth extent, the
L-model does not show the deeper part of the slab. The continuous
transition from the deep slab to the slab graveyard between 400 km
and 500 km depth is best shown by the K-model, because it has the
greatest depth extent.

6. Interpretation and discussion

Fig. 9 shows cross sections through the K-, L-, and ALPASS-models
along the SW-NE directed profile C of Lippitsch et al. (2003) across
the Eastern Alps (see map in Fig. 8). The northern part of profile C is
situated on European lithosphere. Between the latitudes 47.3° and
46.5°, the profile crosses the Pannonian fragment parallel and near to
the boundary between Pannonian and European lithospheres. South
of the latitude 46.5°, profile C is on Adriatic lithosphere. At shallow
depth <100 km the L-model displays high velocity lithospheric
mantle below the Adriatic Moho. The K-and ALPASS-models do not
show this feature clearly. Differences in crustal corrections between
the three models could explain this discrepancy. All three models
image the shallow slab below the Pannonian Moho. The cross sections
through the K-model and ALPASS-model show a steeply (more than
80°) north dipping shallow slab extending to about 250 km depth and
its transition to the deep slab below 300 km depth. In contrast to these
models, the L-model illustrates an ~60° north-dipping shallow slab,
and as discussed earlier, no deep slab. The L-model (Lippitsch et al.,
2003), especially profile C, led to the interpretation of a change of dip
polarity from the European Plate (EU) under the Adriatic plate/Adria
(AD) in the west to AD subducting under EU in the east at about
~12°E, the location of the reduced continuity of the shallow slab (e.g.,
Kissling et al., 2006; Lippitsch et al., 2003; Schmid et al., 2004). This
dip polarity change to the east is explained by the assumption that AD
continental lower lithosphere subducted to the northeast under the
Dinarides during Eocene orogenesis. Former subducted Meliata Ocean
lithosphere diverted the AD slab underneath the Tauern window, the
location where it has been actually resolved by the tomographic
models. However, because of the strong evidence for the deep slab
given by the ALPASS-, K-, and CBP-models, the few seismic stations
implemented into the L-model east of ~14°E, and its limited depth
extent, we believe the new tomographic images of the ALPASS-, and
K-models are more representative than the L-model in this area. We
assume that the implementation of a deep slab as a high velocity body
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Fig. 10. Synopsis of structural features from surface to 670 km discontinuity. The
Adriatic and Ligurian Sea (light blue areas) and the Molasse, Pannonian, Po and
Venetian basins (pattern of gray circles) represent surface features. The Moho
fragmentation is shown by thick, black lines with dip signatures. The European plate,
Adriatic micro-plate, and Pannonian fragment are labeled by EU, AD, and PA. Contours
of the velocity anomalies at 150 km and 180 km depth of the ALPASS-model (+ 1%,
solid lines), the K-model (+ 1%, dashed lines), and the L-model (+ 2.5%, dotted lines)
show the extent of shallow slabs. An average horizontal cross section through the
Alpine shallow slab at 150-180 km depth according to the ALPASS-, K-, and L-models is
shown in red. Shallow Adriatic slabs imaged by the K-model under the Dinarides and
Apennines are shown as dark blue areas. An average horizontal cross section at 350-
400 km depth through the Alpine deep slab is marked by a gray area. The deepest
structural feature above the 670 km discontinuity is the slab graveyard. Its northern
border, according to Piromallo and Morelli (2003) and Handy et al. (2010), is plotted by
a thick, dotted, pink line.

into the L-model would significantly change the image of the shallow
slab east of ~14°E.

Fig. 10 illustrates the interpretation of the observed high velocity
bodies under the Eastern Alps, which was derived from our new
results. The Molasse basin, Adriatic plain, and the Pannonian basin
bound the Alpine, Carpathian, and Dinaric orogens at the surface. The
individual tectonic blocks are separated by relatively sharp bound-
aries at the Moho level due to the fragmentation of the crust and
uppermost mantle into AD, EU, and PA. The lateral extent of the
shallow slab under the Alps is outlined according to the relative
velocity contours (+ 1% and +2.5%) at 150 km and 180 km depth of
the ALPASS-, K-, and L-models. There is agreement between all three
models, and the outline of the shallow slab does not deviate more
than 430 km from the contours of the different models. Obviously,
these results are very robust and not significantly influenced by
ray path distortions from the 3D velocity structure. Ray path
distortions were considered only by the ALPASS- and L-models, and
not the K-model.

Contours of the + 1% velocity deviation at 350 km and 400 km
depth of the ALPASS- and K-models represent the lateral extent of the
deep slab (gray area in Fig. 10). The easternmost part of the Alpine
shallow slab overlaps with the deep slab and a connection between
these two slabs between 13°E and 15°E cannot be excluded. The
northern rim of the slab graveyard is show by the 4+ 0.44% relative
velocity contour, which was extracted by Handy et al. (2010) from the
model of Piromallo and Morelli (2003). The northern boundary of the
deep slab follows this rim approximately. The K- and L-models
delineate deep slabs also in the Western Alps. However, these features
are beyond the scope of our study.

There is general agreement about the nature of the slab graveyard
(~550 km depth, between the 410 km and 670 km discontinuities) as

being remnants of oceanic and lower continental lithosphere, which
were subducted since the breakup of Pangea and the closure of Paleo-
Tethys (e.g., Handy et al.,, 2010; Wortel and Spakman, 2000). The
results from the ALPASS-model confirm this large-scale structure.
However, our results do not shed new light on this question. The deep
slab that clearly developed below 300 km depth with a continuous
transition to the slab graveyard below 450 km depth and is
interpreted as a remnant of the oceanic lithosphere of the Alpine
Tethys on its way down to the slab graveyard. The Moho fragmen-
tation (Briickl et al.,, 2010; Waldhauser et al., 1998) supports the
interpretation of the shallow slab below the Alpine arc. The axis of the
shallow slab follows the Moho fragmentation in general. At longitude
10°E, the axis of the shallow slab is ~20 km south of the
fragmentation, at 12°E just below, and at 14°E, the longitude of the
triple junction AD-EU-PA, ~20 km north of it. The shallow slab is
interpreted as EU continental lower lithosphere delaminated from EU
crust. It has been subducted nearly vertically after collision between
AD and EU about 35 Ma ago, thus supporting further post-collision
convergence between AD and EU. A shallow slab could not be
confirmed below the EU-PA boundary from the triple junction to the
Western Carpathians by our new or by previous models (e.g., Dando,
2010; Dando et al., 2011; Koulakov et al., 2009; Wortel and Spakman,
2000).

The tectonic/kinematic model of Briickl et al. (2010) proposes that
strike-slip dominates along the EU-PA boundary from the triple
junction to the Western Carpathians (Fig. 1) because of the ongoing
lateral extrusion of the Pannonian fragment to the east or northeast. If
this general scheme applies to the relative movements between PA
and EU since the late Oligocene, then we may infer that the EU-PA
plate boundary was essentially a transform structure, and hence did
not lead to the development of a shallow slab. This kinematic model
also postulated extension between AD and PA near the triple junction
(Fig. 1), and also transpression south of 46°N (Fig. 1). Again, this
mechanism does not allow for the development of a shallow slab at
the AD-PA plate boundary north of ~45°N after the collision. Neither
our new model, nor previous models show significant bodies of cold
lower lithosphere in this area. Further to the south, the K-model is in
agreement with other large-scale models (e.g., Bijwaard et al., 1998;
Piromallo and Morelli, 2003), which show a large shallow slab that is
subvertical below the AD-PA plate boundary. This finding fits well to a
kinematic scheme with a larger convergent component of relative
plate movement in this area (e.g., Grenerczy and Kenyeres, 2006).

The western, northern, and southern borders of the deep slab
are well defined by the new ALPASS-model, and there is good
agreement with the K-model. The CBP-model shows a similar struc-
ture. Houseman et al. (2010) and Dando (2010) point out that the
northern rim of the deep slab approximately follows the northern
margin of ALCAPA, as reconstructed by Ustaszewski et al. (2008) for
the Early Miocene. Slab break-off and roll back of the Alpine Tethys
into the Carpathian embayment according to Royden (1993) or
Wortel and Spakman (2000) is problematic, because these mecha-
nisms do not explain the shape of the deep slab east of ~17°E.
Delamination (Bird, 1979) or Rayleigh-Taylor instability (Houseman
and Molnar, 1997) could be more appropriate to explain the observed
structure of the deep slab in the area of the Pannonian basin
(Houseman et al., 2010).

According to our interpretation, the shallow slab under the Eastern
Alps represents EU lower lithosphere delaminated and subducted
during the post collision period since ~35 Ma. Some arguments for
this interpretation were already presented in Briickl et al. (2010): 1)
the upward directed jump from EU to AD Moho between 9°E and 14°E
revealed by the seismic traverses EGT&NFP-20 (Valasek et al., 1991),
TRANSALP (e.g., Kummerow et al., 2004, Liischen et al., 2006), and
Alp01 (Briickl et al., 2007); 2) the results of elastic plate modeling,
indicating EU underthrusting AD; and 3) the close spatial relation of
the axis of the shallow slab to the Moho fragmentation between AD
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and EU. Our new tomographic model supports this interpretation
because we observe the following: 1) a continuous change of dip of
the shallow slab from steeply south dipping near the border between
the Western and Eastern Alps to subvertical and steeply north dipping
in the east under the Tauern window (~12°E-14°E); 2) the eastern
termination of the shallow slab coincides approximately with the
triple junction AD-EU-PA that represents the transition from
convergence between AD and EU to lateral escape of PA to the east;
and 3) the length of the subducted slab corresponds approximately
with the post-collision convergence between AD and EU of about
~200 km (e.g., Frisch et al., 2000; Ustaszewski et al., 2008). There is
also good agreement between the K-, L- and ALPASS-models
regarding dip and extent of the shallow slab on the profiles P1 to P5
(~14°E) (Fig. 8).

An argument against a continuous EU slab below the Eastern Alps
could be the reduced continuity at longitude ~12°E. However, the
deep slab, which extends from ~13°E further to the east may be
connected to the shallow slab or interact with it in another manner,
thus exerting an additional drag on the easternmost part of the
shallow slab in that area. This finding from our new data could explain
the reduced continuity of the Eastern Alps shallow slab and also the
steep north dip at its eastern end.

7. Conclusions

The purpose of the ALPASS teleseismic project was to better
understand the structure of the upper mantle in the area of the
Eastern Alps and their surrounding tectonic provinces. Its main goal
was to provide tomographic images of the shape, and ultimately the
origin, of the lithospheric slab(s) below the Alpine orogen. Prior
studies (Bijwaard et al., 1998; Piromallo and Morelli, 2003; Lippitsch
etal., 2003; Koulakov et al., 2009) supplied valuable images of this and
related structures. However, these results left room for fundamentally
different interpretations in our area of interest. Thus the ALPASS
experiment was undertaken, and the main features of the ALPASS
tomographic model proved to be very robust and displayed no critical
insensitivity to the choice of the inversion parameters or the few
identified travel time outliers.

In our analysis, the ALPASS teleseismic model has been presented
and interpreted employing depth slices (Fig. 7) and vertical profiles
(Fig. 8). In the depth range of 60 km to 250 km, the most significant
structure is a high velocity body that extends from the western border
of the high resolution portion of the ALPASS-model (~9°E) to ~15°E in
the east. This high velocity body, which we refer to as the “shallow
slab”, follows the Moho fragmentation between Europe and Adria
(Fig. 10). From west to east, the dip of the shallow slab changes
continuously from ~80° south to subvertical or steeply dipping north.
The eastern termination of the shallow slab coincides approximately
with the bifurcation of the Moho fragmentation into EU-PA and AD-
PA branches (Fig. 10). No further significant high velocity body was
found eastward toward the Western Carpathians and below the
northern Dinarides above 250 km depth. The Pannonian lithospheric
fragment is underlain by relatively low velocities indicating high
upper mantle temperatures in this area.

At greater depth, below 300 km, another significant west-east
oriented high velocity body referred to as “deep slab” was imaged
below the East Alps and the Pannonian fragment at ~47°N (Fig. 10). It
begins in the west at ~13°E and extends to the vicinity of the eastern
limit of resolution of the ALPASS-model. Profiles P4 and P5 (Fig. 8)
show that there may be a connection of the deep slab to the shallow
slab in this area. At greater depth (below 450 km) the deep slab
continuously transitions into the “slab graveyard”, the well known
high velocity area above the 670 km discontinuity in the wider
Pannonian realm (e.g., Bijwaard et al., 1998; Piromallo and Morelli,
2003; Handy et al., 2010).

We interpret the deep slab to be subducted lithosphere of the
Alpine Tethys (Penninic Ocean) which broke off after collision
between AD and EU around 30 Ma ago (e.g., Wortel and Spakman,
2000). The shallow slab is interpreted as continental European lower
lithosphere, which was delaminated and subducted during ongoing
convergence between Adria and Europe after collision. The main
arguments for this interpretation of the shallow slab as European
lower lithosphere are its good fit to the southern end of the European
Moho and its continuity from near the boundary of the Western and
Eastern Alps to its eastern termination. The new ALPASS-model,
supported by the teleseismic models of Koulakov et al. (2009) and
Dando et al. (2011) does not indicate a change of subduction polarity
from EU below AD in the west to AD below EU in the east as proposed
by Lippitsch et al. (2003) and later integrated into tectonic models
(e.g., Schmid et al., 2004).

The analysis of active tectonics in the Eastern Alps (Briickl et al.,
2010) showed that convergence is still active between AD and EU, but
ongoing lateral extrusion (Ratschbacher et al., 1991a,b) is the main
process affecting the Pannonian fragment. Lateral extrusion of parts of
the Eastern Alps and the Pannonian realm initiated in Upper
Oligocene and Lower Miocene, and we assume that the crustal
boundaries EU-PA and AD-PA were generated or became active at
that time as mainly strike slip boundaries with only minor thrust
components. Therefore, no or no substantial slab was generated and
subducted at the EU-PA Moho boundary from the triple junction to
the Western Carpathians and at the AD-PA boundary north of about
45°N. Further south, the thrust component of the relative velocity
between Adria and the Dinarides increases substantially, and a
shallow slab has been generated, as shown by images of large scale
teleseismic models (e.g., Koulakov et al., 2009; Piromallo and Morelli,
2003).
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