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SUMMARY
Recently the Eastern Alps and their transition to the surrounding provinces (Bohemian Massif,
Pannonian Domain, Southern Alps/Dinarides) have been investigated by the 3D WAR/R
experiments CELEBRATION 2000 and ALP 2002. A new model of the P-wave velocity
distribution in the crust and uppermost mantle has been inferred from the data. The investigated
region covers an area of approximately 600 x 660 km. 94 shots were recorded by approximately
900 recorders, such that almost 79,000 seismic traces were obtained. The observation geometry of
these experiments enables both 2D and 3D inversions. The inversion methods are based on a
combination of innovative stacking techniques and traditional 3D tomography. 2D modelling was
performed along several profiles by interactive ray tracing. TRANSALP and several vintage
profiles provide additional constraints to the model. In general the 3D and 2D models agree well.
The different characteristics of the 2D and the 3D approaches are discussed, focussing on accuracy
and resolution. A final model is derived by combining 3D and 2D results. This new seismic model
provides a sound basis for tectonic interpretations. In this study we concentrate on seismological
applications of the model.
1.

TECTONIC SETTING AND SEISMIC EXPERIMENTS

The investigated area covers the eastern part of the Eastern Alps and the surrounding Bohemian Massif, the
Carpathians, the Pannonian Domain, the Southern Alps and the Dinarides (Figure 1 a). The European Alps are
the result of a long and ongoing tectonic evolution, initiated coeval with the opening of the Atlantic Ocean in the
early Jurassic approximately 180 Million years ago. The alpine orogenesis was very complex, involving several
stages, and is better investigated and understood in the western part of the mountain chain than its eastern
segment. Schmid et al. [2004] give the most recent overview on the alpine orogenesis. Major geodynamic
processes of the Eastern Alps include a first orogenic cycle in the Cretaceous (Eoalpine phase), resulting from
the subduction of the Triassic Meliata Ocean, the subduction of the Alpine Tethys in the Tertiary, and the
subsequent continent-continent collision between the European and Adriatic-Apulian plates. Crustal shortening
of the Eastern Alps in north-south direction followed. The maximum extent of shortening is assumed to be 100
km, which corresponds to 50% of the original width. In the Miocene, the north-westward compressional
movement of the Eastern Alps turned into strike-slip dominated kinematics along several major fault systems
(Periadriatic line, Salzach-Enns-Mariazell-Puchberg line, Mur-Mürz line). Subsequently, large crustal wedges
extruded to the east. Besides the lateral extrusion of the Eastern Alps into the Pannonian Domain, opening of
basin systems in the east and the uplifting of the Tauern Window are considered to be related to these lateral
movements. The main tectonic units in the investigated area are the European Platform, the Adriatic-Apulian
plate, and the Tisza Block.
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Figure 1: (a) Tectonic setting of the investigated area. Eg.L.: Eger Line; AF: Alpine Front; VB: Vienna
Basin; NG; Neogene volcanics; SEMP: Salzach-Enns-Mariazell-Puchberg-Line; M.-M.L: Mur-MürzLine; TW: Tauern Window; PAL: Periadriatic Line. (b) Shot-receiver layout. Grey triangles and circles:
shots and receivers of CELEBRATION 2000; Black inverted triangles and circles: shots and receivers of
ALP 2002. The profiles Alp01 and Alp02 are indicated by rectangles.
The exploration of the Eastern Alps by WAR/R and DSS experiments started with refraction lines around the
Eschenlohe mines about 40 years ago. Seismic lines were distributed around this shot point across the Alps to the
shot points Lago Lagorai and Trieste [Giese et al., 1976]. The projects ALP 75, ALP 77, and ALP 78 provided
further refraction and wide-angle reflection profiles [Yan & Mechie, 1989, Scarascia & Cassinis, 1997]. In
former Czechoslovakia WAR/R as well as DSS experiments acquired data along several international profiles
[Beranek et al., 1979, Mayerova et al., 1994, Tomek, 1993]. The Pannonian Basin in Hungary was explored by
deep reflection seismic profiling of the Pannonian Geotraverse project [Posgay et al. 1996]. In former
Yugoslavia nine deep seismic refraction/wide angle reflection profiles were recorded in the years of 1964-1983
[Dragašević et. al., 1990]. Two of them intersect the investigation area and extend in a souh-west – north-east
direction from the Adriatic Sea crossing the Dinarides to the Panonnian Basin. TRANSALP is a transect of the
Eastern Alps from Munich to Verona including WAR/R, reflection profiling, and passive seismic monitoring.
This project has provided insight into the Moho structure and a large south-dipping crustal ramp [TRANSALP
Working Group, 2002, Lüschen et al., 2004, Bleibinhaus & Gebrande, 2005]. Reflection profiling in NE Styria
reveals the structure of the Rechnitz Penninic window [Grassl et al., 2004].
From 1997 to 2003, central Europe was covered by an unprecedented series of 3D WAR/R experiments
(POLONAISE 97, CELEBRATION 2000, ALP 2002, SUDETES 2003 [Guterch et al., 2003]. In this study we
use data from the 3rd deployment of CELEBRATION 2000, which included 55 shots and 844 receivers deployed
along 7 profiles (total length of approximately 2,800 km). Further, all 39 shots and 947 receivers (4,300 km
profile length) along 13 profiles from the ALP 2002 experiment were integrated (Figure 1 b). Overall, 7 profiles
out of 20 have a sufficient shot- and receiver density for 2D interpretations. The average receiver distance is 2.9
km on high density profiles (1208 receivers) and 5.8 km on low density profiles (583 receivers). Shot charges
were 300 kg on average, which provided maximum observable offsets of 180 km for Pg and 400 km for Pn,
depending on the regional structure. The whole data set comprises of 78,933 traces, of which 80% are crossline
data. The investigated area is illustrated by a rectangle in Figure 1b and has an extension of 600 x 660 km (westeast x north-south). Examples of record sections are shown in Figure 2. In general, the S/N ratio is high for shots
and receivers in the Bohemian Massif and the Pannonian Domain, but low for the Eastern Alpine region.
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Figure 2: Examples of record sections. The left column shows two shots recorded on a profile crossing the
Bohemian Massif. The right column shows two shots recorded on a profile crossing the Eastern Alps, the
Dinarides, and the Pannonian Domain. Note the relatively high S/N ratio in the Bohemian Massif and the
complex wave field on the crossline recordings.
2.

3D MODELLING

Phase interpretation is difficult due to the low S/N ratio in the Eastern Alps, in particular on crossline recordings.
The low S/N ratio and low coherency of phases is probably caused by heterogeneous seismic structure. 80% of
the data set are crossline recordings, and as it can be seen in Figure 2, a wealth of information is inherent to
them. In order to increase the S/N ratio and to simplify the wave field, signal detection and stacking routines are
applied to the data. Signal detection is based on the STA/LTA algorithm, as used by Astiz et al. [1998] for
stacking of global seismograms.
The routines aim to exploit the 3D data set as much as possible and to derive robust 3D models of the P-wave
velocity distribution in the crust and uppermost mantle. Pg travel times picked from stacked data are inverted for
a smooth velocity field, while Pn travel times picked from stacked data are inverted by a delay time approach.
Stacked wide-angle reflections (PmP) yield additional information on the Moho topography. Compared to
traditional travel time tomography based on picks from single-fold (non-stacked) record sections, the models
derived by stacking prove to be more robust and cover larger areas. However, they also exhibit low resolution
and systematic shifts. Therefore final models are created that integrate the benefits from both techniques
(inversion of stacked data vs. travel time tomography of single-fold picks). The modelling procedure is described
in detail by Behm [2006].
2.1 Modelling the crustal structure
A 3D model is established by assigning smooth 1D velocity-depth functions vPg(z) to specific locations called
cells. The cells are located on a raster with 20 km lateral spacing. CMP (common mid point) sorting of the traces
is performed to obtain the necessary travel time data (1D travel time curves) for the 1D inversion approach and
the sorted traces are assigned into the cells. They are processed to enhance the first arrival and subsequently
stacked in offset bins (COS stacks). The results of this procedure are ~700 1D travel time curves (Figure 3) that
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are thought to represent the crustal velocity-depth function of each cell. Each travel time curve is picked and
inverted to a 1D velocity-depth function. A 3D model is obtained by combination of all velocity-depth functions.

Figure 3: Six 1D travel time curves from the southern part of the Eastern Alps (a), the Molasse region (b),
the Bohemian Massif (c), the Adriatic Foreland (d), the transition from the Bohemian Massif to the
Eastern Alps (e) and the northern part of the Eastern Alps (f). The travel time curves are LMO- corrected
by 6 km/s. The time axis has a range off 11 s. Signal detection and strong bandpass-filtering lead to a long
wavelet. Note that in most cases Pg waves are observed over large offsets.
The main advantage of stacking is the increased S/N ratio, thus making Pg arrivals recognizable over longer
offsets than in single-fold sections. It therefore provides larger lateral coverage and penetration depths. However,
details are lost due to large cell sizes and bins such that the derived model may have relatively low resolution.
Further, small systematic shifts are introduced by the signal detection and stacking routines. Therefore the travel
time picks from the single-fold traces are used to check, calibrate, and refine the model derived by inversion of
stacked data.
Tomographic inversion of 9530 Pg travel times with the software package by Hole [1992] leads to alternate
velocity models. The direct comparison and quantitative analyses [Behm, 2006] show that the same gross
features are present in both models. The model derived by stacking has low resolution, in particular near surface,
but proves to be unbiased by the choice of the starting model for the 1D inversion. The robustness is also
expressed by the insensivity to random errors of input data. The model based on tomography is more accurate in
the uppermost crust, but has significantly lower coverage and it is more sensitive to the initial model and picking
errors. An improved velocity model of the crust is constructed using the robust 3D model derived by inversion of
stacked data as an initial model for a 3D tomographic inversion, and considering results from resolvability
studies (checkerboard tests). This combined model has large coverage, is near to the global minimum, systematic
shifts are absent and reliable high-frequency improvements from the 3D tomography are introduced. Depth slices
of this final model are shown in Figure 4.
The Pannonian, Vienna and Molasse Basins are well represented by low velocities (3000 m/s – 4500 m/s). The
Mid-Hungarian mountain range, which interrupts the Pannonian Basin shows higher velocities (~5500 m/s). In
the most north-western part, lower velocities (~5500 m/s) separate Cretaceous Basins from the Bohemian Massif
(5800 m/s – 5900 m/s). High velocities (5900 m/s – 6100 m/s) are found again in the Eastern Alps and
Dinarides. Between 3 km and 8 km depth, the most remarkable features are a high-velocity zone (6100 m/s –
6200 m/s) north of the Tauern Window and in the area of the Paleozoic units within the Eastern Alps, lower
velocities in the Tauern Window itself (5900 m/s – 6100 m/s) and a rise from low (5900 m/s – 6000 m/s) to high
(6100 m/s – 6300 m/s) velocities in the transition from Moldanubian to Moravo-Silesian units. Exceptionally
high velocities (6400 m/s – 6600 m/s) are found in the Istrian region and its transition to the Dinarides.
Furthermore, the area of the Saxo-Thuringian units at the north-western edge of the investigation area shows
higher velocities (~6200 m/s) at depths around 8 km.
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Figure 4: Seven selected depth slices through the final velocity model of the crust.
At depths between 10 km and 15 km, low velocities (5900 m/s – 6000 m/s) can be traced beneath the Molasse
Basin. Similar values in this depth range can be assigned to the area of the Mid-Hungarian line, although there is
a velocity increase at about 14 km depth. In the Eastern and Southern Alps and in the transition from the
Moldanubian to the Moravo-Silesian domain velocities range between 6200 m/s and 6400 m/s. Further to the
West, the Moldanubian region shows a velocity increase from 6000 m/s to 6200 m/s.
Velocities between 6400 m/s and 6500 m/s are found at and below 20 km depth in the southern part of the
Eastern Alps, in the Moldanubian and Moravo-Silesian region. Low velocities around 6100 m/s can be assigned
to a region between the Dinarides and the southern Pannonian Domain. At this depth, the area beneath the
Pannonian Basin shows higher velocities (6600 m/s – 6800 m/s).
2.2 Modelling the Moho
The Moho topography and velocity of the uppermost mantle are modelled by a delay time decomposition of Pntravel times. Delay times are proxies of Moho depths and are specified on grid points. The traces are sorted into
SR cells (source/receiver cell; either the source or the receiver is in the cell). All traces in the corresponding cell
are time corrected for the delay time at the surface location outside the cell and the traveltime of the Pn wave
between source and receiver along the Moho discontinuity. At a second step, these traces are signal processed,
and stacked in the cells. The arrival time of each cell stack is picked as the delay time of the grid point. The Pn
velocity is derived from CMP-stacks. The procedure needs several iterations.
Analogously to the crust, this model is refined by delay times obtained from picks from the single-fold record
sections. The trade-off between resolution and coverage is analogue to the crust. An important step was to
perform the calculations at a deeper reference level of Z = 33 km. The data were downward continued to this
depth by the use of the Pg velocity model.
Stacked wide-angle reflections provide additional information on the structure of Moho by two-way travel times
(T0). PmP phases are stacked according to conventional reflection seismic processing, including CMP-sorting,
NMO correction and introduction of a reference datum at Z = 10 km in order to reduce effects from shallow
structures (sedimentary basins). Pn delay times are transformed to T0 using the Pg and Pn velocities. A unified
representation of the Moho topography in the time domain is derived by combining the transformed delay times
and T0 obtained from the stacked PmP arrivals. Finally this combined T0 information is migrated and
transformed to the depth domain. Both, the Pn (SR)- and PmP-stacks, show significant vertical discontinuities of
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Moho topography (Figure 5), which are considered in the construction of the final Moho depth map (Figure 6a).
We determine three Moho fragments (“Europe”, “Adria” and the new piece “Pannonia”). Both Europe and Adria
are interpreted to underthrust Pannonia. The situation between Europe and Adria is not as clear, but we are in
favour of southward directed underthrusting. Overall, the Moho depths vary between 51 km in the Eastern
Alpine region and 24 km in the Pannonian Domain.

Figure 5: Four slices through the 3D volumes of stacked Pn arrivals (a,b) and PmP arrivals (c,d). The
interpreted boundaries between Adria and Pannonia (a,d), between Europe and Pannonia (b) and
between Europe and Adria (c) are indicated by the green arrows.

Figure 6: The final Moho depth map (a) and Pn velocity model (b). Gaps in the Moho depth map are due
to lack of data and/or difficult interpretation in regions where the three Moho fragments have contact.
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3.

PRELIMINARY RESULTS FROM 2D MODELLING

2D modelling has been performed along several lines by interactive ray tracing. Preliminary results along Alp01
and Alp02 (location see Figure 1b) [Bleibinhaus et al. 2004] are presented.
On profile Alp01 (Figure 7) the upper crustal structure is generally well constrained, either with low resolution
from ALP 2002 data or with high resolution from boreholes and shallow seismic exploration. Velocities of the
Northern Calcareous Alps (NCA) and the Tauern Window (TW) were taken from the TRANSALP model
[Bleibinhaus & Gebrande 2005]. Constraint from ALP 2002 data for these structures and velocities is poor, but
they fit the data. Like in the 3D model, remarkable high velocities are found below the southern Alpine/western
Dinaridic Foreland (Istria). Velocities in the middle crust are constrained to some extent by wide-angle
reflections from the top of the lower crust. The top of the lower crust is best constrained in the north, while in the
south there is few evidence for a discontinuity, i.e., the transition from middle to lower crust might have gradient
character. The Moho structure is quite well resolved except for a gap around the Alpine root. Moho reflections
from the European Moho can be traced down to a maximum depth of 46 km.
Like on Alp01, on Alp02 (Figure 8) additional information from boreholes and exploration seismology has been
introduced to constrain the upper crustal structure. The ALP 2002 data show a small high velocity body between
the shotpoints 202 and 203. Reflections from the top of the lower crust give evidence of the velocities in the
middle crust throughout the profile. Indications for the high velocity lower crust below the Pannonian Basin are
few, and could also be omitted. (In that case, the Moho would be lifted by about 2 km). In the WNW, the depth
of the Moho is very poorly constrained in the 2D model. At the transition to the Pannonian Domain, the Moho
rises abruptly to ca. 30 km depth. This feature agrees well with the Moho fragmentation in the 3D model.
The Moho boundary derived by 3D modelling is superimposed on both cross sections (Figures 7 and 8). The
general trend and depth range agree very well. Further, the results from these and additional new and vintage
refraction profiles (e.g ALP75) support the concept of a fragmentation into three distinctive parts.

Figure 7: 2D model along the profile Alp01 derived by interactive ray tracing. Numbers show the velocity
in km/s. The Moho is located at the transition from the blue to the violet coloured region. The white line
shows the Moho depth obtained from 3D modelling. Inverted triangles & numbers at the surface indicate
shot points. Vertical exaggeration is 5:1. NCA: Northern Calcareous Alps-
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Figure 8: 2D model along the profile Alp02 derived by interactive ray tracing. Numbers show the velocity
in km/s. The Moho is located at the transition from the blue to the violet coloured region. The white line
shows the Moho depth obtained from 3D modelling. Inverted triangles & numbers at the surface indicate
shot points. Vertical exaggeration is 5:1.
4.

SEISMOLOGICAL APPLICATIONS

4.1 Travel time corrections for teleseismic studies
Currently several passive seismic studies (ALPASS, Carpathians & Pannonian Basin Project, BOHEMA III)
target the structure of the upper mantle structure of the Eastern Alps and their surroundings. In order to prevent
projection of travel time residuals accounting for crustal structures to the mantle, the proposed 3D model of the
crust and uppermost mantle is used to substitute standard 1D models (e.g., IASP91). Figure 9 gives an estimate
of the expected time correction to IASP91 for an event with an epicentral distance of 85° in SSW direction of the
investigated area. Crustal structures (0 – 50 km depth) cause variations of +0.25/-0.35 s in the arrival time of the
incoming P-waves. Both the effects of the Moho structure and of the basins add up and must not be neglected.
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Figure 9: Teleseismic travel time corrections to IASP91 for an earthquake in the SSW with epicentral
distance 85°. Arrows indicate direction of rays.
4.2 Hypocentre localization
Hypocentre localization is frequently based on 1D velocity models of the crust and uppermost mantle. The
proposed 3D model offers the possibility to increase the accuracy of localization by introducing the 3D velocity
structure of the crust and upper mantle. In order to test the potential of the 3D model, the localization of a shot of
the ALP 2002 experiment is performed with the IASP91 1D model and with the new 3D model. Input data are
the travel times of 6 Pg phases (shot receiver distances between 70 km and 125 km) and of 3 Pn phases (shot
receiver distances between 215 and 245 km). The program NonLinLoc [Lomax et al., 2000] was used for the
calculation of focal parameters from these data. The results for the determination using the IASP91 model (1D)
and the new 3D model are shown in Table 1.
Table 1: Results for hypocentre localization of the shot 31100 (longitude = 13.453°; latitude = 48.410°;
elevation = 300 m); Δx, Δy, Δz are the spatial deviations of the calculated hypocentres from the actual, Δt
is the standard deviation of the travel time residuals.
Velocity
model
IASP91
3D Model

Δx (East)
[km]
-3.15
-0.95

Δy (North)
[km]
-0.35
-0.85

Δh (horizontal)
[km]
3.17
1.27

Δz (vertical)
[km]
2.20
-4.85

Δt (traveltime)
[s]
0.22
0.13

The application of the 3D model results in significant better determination of the horizontal position and smaller
travel time residuals. Deviations from the actual focal depth (surface our case) are larger for the 3D model.
However, the structure of the near surface velocity field does not allow for an accurate determination, as the
travel time differences of the used seismic phases are insensitive to variations of focal depth near the surface.
Further tests are planned in order to quantify the advantage of the new 3D model concerning determination of
focal parameters.
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