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Abstract

The Pannonian region is a back-arc basin located within the arcuate Alpine—Carpathian
mountain chain in central Europe. Beneath the basin both the crust and the lithosphere
have smaller thickness than the continental average. During the last few decades several
studies have been born to explain the formation of the Pannonian Basin but several key
questions remain unanswered. In this study we construct a new high-resolution 3D P-wave
velocity model of the crust and uppermost mantle in the Pannonian Basin which may help
us to understand better the structure and evolution of the region. For the 3D P-wave veloc-
ity structure estimation over 32 thousand traveltime picks have been derived from the ISC
bulletin and the local Hungarian National Seismological Bulletin, and altogether we used
more than 3200 seismic events (local, near-regional and regional) and more than 150 seis-
mic stations from the time period between 2004 and 2014. For the 3D velocity field inver-
sion we used the FMTOMO software package which uses the so called Fast Marching
Method for calculating the traveltime estimations, and the subspace inversion method to
recover the model parameters. We also performed several checkerboard tests both to select
the appropriate regularization parameters and to help the interpretation of the resulting
P-wave velocity model. On the resulting tomographic image the seismic velocity anoma-
lies well resolve the effects of deep sedimentary basins and also Moho topography and the
associated updomings of the asthenosphere below the Pannonian Basin. Different major
tetonic units and fault zones separating those seem to show characteristic velocity anoma-
lies. Subrecent volcanic activity or associated melt and fluid percolation, heat transfer in
the upper mantle and crust may also have an impact on the propagation of seismic waves.
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1 Introduction

The Pannonian Basin (Figs. 1, 2) is a back arc basin located within the arcuate Alpine—Car-
pathian mountain chain. Together with the Aegean Trough and the Western Mediterranean
basins it forms one of the backarc basins in the tectonically active broader Mediterranean
region. Its evolution is ultimately linked with slab rollback, asthenospheric updoming, and
formation of the Carpathian mountain chain in the east and the Alpine—Dinaric orogeny in
the west. Tectonically the Pannonian Basin comprises the AlCaPa unit that is of Adriatic
origin and the Tisza-Dacia unit that is of Eurasian affinity. These units are separated by the
Mid-Hungarian zone that is not associated with pronounced lateral variations in the topog-
raphy. However the boundaries of the main tectonic units are less well defined.

The formation of the Pannonian Basin took place in the last 20 Ma (e.g. Faccenna
et al. 2014; Handy et al. 2015; Horvath et al. 2015). Several models have been proposed
to explain the extension in the Pannonian Basin within the collisional setting of the
Alpine—Carpathian mountain chain but many key questions are still under debate. Often
the thin lithosphere is interpreted as a result of thinning of a previously thicker litho-
sphere by subduction roll-back (Horvath 1993; Lenkey et al. 2002; Horvéth et al. 2006),
by delamination of mantle lithosphere (Houseman and Gemmer 2007; Ren et al. 2012),
asthenospheric flow (Kovécs et al. 2012; Kiraly et al. 2018; Song et al. 2019). The pres-
ence of widespread Miocene calc-alkaline volcanism (Kovacs and Szab6 2008; Harangi
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Fig.1 The Pannonian Basin and the surrounding regions. Tectonic domains: DB Drava Basin, LHP Little
Hungarian Plain, AM Apuseni Mountains. The dashed line indicates the research area
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Fig.2 Tectonic map of the greater Alpine orogen region with the main structural features (Hetényi et al.
2018)

and Lenkey 2007; Seghedi et al. 2004) was also associated with this extension. In the last
few decades it became clear that the recent compressional tectonic setting (i.e. tectonic
inversion) is a result of the counter-clockwise rotation and realative northeast movment of
the Adriatic microplate (e.g. Bada et al. 2007; Bus et al. 2009).

The crust in the Pannonian Basin is quite thin. Its thickness ranges from 24 to 30 km
beneath the basin and from 30 to 50 km beneath the surrounding orogenic regions (Grad
et al. 2009; Kalmar et al. 2018). The lithosphere is also thinned but the topography of the
lithosphere—asthenosphere boundary is not very well constrained. The average thickness
of the lithosphere has been estimated to approximately 60—70 km in the center of the basin
(Tari et al. 1999; Lenkey 1999). There are also indications for thin lithosphere and shallow
asthenosphere from active seismic (Behm et al. 2007; Grad et al. 2006), receiver function
(Kalmar et al. 2018; Hetényi et al. 2015) magnetotelluric (Praus et al. 1990; Adém et al.
2017; Adém and Wesztergom 2001) and tomographic (Szanyi et al. 2013; Dando et al.
2011; Ren et al. 2013) studies.

To decipher the evolution of the Pannonian Basin, it is pivotal to know the velocity
structure of the area. Accordingly, in the last decades many seismological investigations
were carried out. A huge portion of these studies were 2D refraction and reflection meas-
urements mostly on the western and northern part of the Pannonian Basin (Behm et al.
2007; Grad et al. 2006). 3D seismic velocity models have also been developed recently,
based on ambient noise and earthquake generated surface wave measurements (Szanyi
et al. 2013; Ren et al. 2013; El-Sharkawy et al. 2017; Kastle et al. 2018). However, the last
traveltime tomography calculations date back to the early 2000’s (Bus 2001; Wéber 2002).
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Unfortunately, the resolution of these models is rather poor due to the sparse station den-
sity. During the last 20 years many new stations have been installed in the area leading to a
huge improvement both in the number of arrival-time measurements and in the reliability
of the hypocentre determinations (Graczer et al. 2018). Using the collected large amount
of good-quality data, in this study we construct a new high-resolution 3D P-wave velocity
model of the crust and uppermost mantle in the Pannonian Basin.

After a short description of data collection and the applied method, we review the math-
ematical representation and the robostusness of the tomographic model. Then the achieved
3D P-wave velocity field based on the available permanent stations is discussed, followed
by a detailed interpretation of the vertical and horizontal pattern of the obtained seismic
velocity anomalies.

2 Data and method

To estimate the 3D velocity structure beneath the Pannonian Basin, we analyzed seismic
traveltime data from the Bulletin of the International Seismological Centre (ISCB) (ISC
2013) and the local Hungarian National Seismological Bulletin (HNSB) (Bondar et al.
2018) for the seismic events that were recorded between the time period 2004 and 2014.
In this study we combined local events occured in the research area and teleseismic earth-
quakes to accomplish a joint inversion. A majority of the collected phases were P, and P,,,
but the dataset also included numerous P phases owing to teleseismic earthquakes. Most
of the local events occurred in the orogens near to the edges of the area, but only relatively
a few events occur in the centre of the basin due to low seismicity. This combined data-
set contained more than 65 million traveltime picks of more than 3.5 million hypocentre
determinations. To standardize the data collection, we recalculated the traveltime residual,
and primary- and secondary azimuthal gap (Bondar et al. 2004) values for all the events.
The 1D traveltime predictions were calculated by the TauP software package (Crotwell
et al. 1999). The applied 1D reference model has velocities in the upper mantle defined
by the ak135 earth model (Kennett et al. 1995), and velocities varying in the crust—above
30 km—based on the Graczer—Wéber model (Graczer and Wéber 2012). For choosing the
best input dataset (traveltime picks; hypocentre determinations) we used various filter-
ing criteria (Table 1). These filtering parameters were optimized by maximizing the ratio
between the number of events and the number of traveltime measurements.

This filtering process reduced the input tomographic dataset to 32,569 P,, P, and P
arrival pick data for 3267 seismic events at 150 seismic stations (Figs. 3, 4).

For the inversion we used the FMTOMO non-linear tomographic inversion software
package (Rawlinson et al. 2006). The inversion procedure applies the multi-stage Fast
Marching Method (FMM) (Rawlinson and Sambridge 2004) for calculating the forward
step, and the subspace inversion method to retrieve the model parameters. The multi-stage
FMM is a grid based eikonal solver algorithm which uses the finite-differences method that

Table 1 Optimal filtering criteria

L Traveltime  Primary Secondary
for local and teleseismic events . . .
residual (s) azitumtal azimuthal
gap (°) gap (%)
Local earthquakes 0+2.6 < 180 <200
Teleseismic earthquakes 0.6 + 1.5 <120 < 160
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Fig.3 Map showing the locations of the seismic stations (yellow triangles) and local earthquakes (red cir-
cles) used in this study. The black lines show the vertical sections in Figs. 10 and 11. (Color figure online)

implicitly tracks the evolution of wavefronts in 3D layered media. This approach allows us
to calculate multiple types of body wave datasets including local reflections (P,), refrac-
tions (P,), and teleseismic (P) data. Moreover, the software can invert simultaneously for
variations in velocity field, interface depth and source location. The software can also use a
semi-adapvive grid that is useful when it is needed to reduce the number of unknows in the
deeper zones due to the lack of seismic rays.

The cost function minimized by FMTOMO to solve the inverse problem has the follow-
ing shape:

S(m) = %[Y’(m) + e®@(m) + n£2(m)] )

where € and 5 are the damping and smoothing factors, respectively. The ¥(m) part of S(m)
expresses the distance between the predicted and measured traveltime measurements. This
term is followed by two regularization terms where @(m) controls the variance—distance
from the reference model—and £2(m) controls the smoothness of the model. Consequently,
the damping and smoothing parameters have triple role in the cost function: they manage
how well the model explains the measurements, how closely the final solution model is to
the reference model and how smooth the solution model is.
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Fig.4 Map showing the locations of the teleseismic and regional seismic events (red circles) from outside
the research area. (Color figure online)

3 Tomographic model

In order to obtain the velocity structure in the crust and the uppermost mantle beneath the
Pannonian basin, we used a rectangular tomographic model with a semi-adaptive grid. We
defined a horizontal interface at 26 km depth to separate the crust and the upper mantle in
terms of node spacing. A finer grid was used in the crust because the dataset is dominated
by local seismic phases making better ray coverage in the upper part of the model. The
grid spacing was approximately 20 km horizontally and 5.2 km vertically in the crust and
35 km horizontally and 9 km vertically in the upper mantle. Altogether, the model consists
of ~ 4500 unknowns and spans 50 km in depth, 9° in latitude and 5° in longitude. The 1D
reference or starting model for the inversion is based on velocity values obtained from the
Graczer—Wéber model (Graczer and Wéber 2012). However, this model is only limited to
the crust, so the ak135 global reference model is used to define velocities below 26 km in
our model.

Before interpreting the seismic velocity images obtained by tomographic inversion, the
robustness of the achieved model has to be investigated. Our inverse problem is overde-
termined in general. The model, however, has some underdetermined regions mostly near
to the sides and the deeper parts of the model due to the non-homogeneous source and
reciever distribution and the lack of seismic phases below the Moho. In this mixed type of
problems the solution is non-unique, so a lot of different models will satisfy the traveltime
picks equally good. The best solution model can be found by specifying the appropriate
regularization factors in the objective function. To analyze the robostusness of our model
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we performed checkerboard tests. For this process we build a synthetic model and solve
the forward problem using the same source and receiver geometry as the real one. These
synthetic data are then used to reconstruct the synthetic velocity patterns to indicate which
regions of the model are well resolved during the inversion.

In our synthetic checkerboard test the size and the amplitude of the checkerboard anom-
alies were different in the crust and the upper mantle. We defined two layers of low- and
high-velocity anomalies in the model space. The amplitude of the anomalies was + 300 m/s
above and + 500 m/s below the Moho. Similarly, the size of the anomalies in the upper
mantle were larger (1.4° longitude x 0.9° latitude X 26 km thickness) than in the crust (1°
longitude X 0.6° latitude X 26 km thickness). Gaussian noise with a standard deviation of
100 ms has been added to the synthetic dataset to simulate traveltime picking error. In
order to choose the appropriate damping and smoothing factors, we performed 80 check-
erboard tests. We tested every combination of the parameter values in Table 2, then we
calculated model variance and model roughness for every resulting velocity image (Fig. 5).
The appropriate damping and smoothing values would then be given by the values which
resulted in the most accurate reconstruncion of the synthetic checkerboard model. Based
on the trade-off surface in Fig. 5, the optimal damping and smoothing factors are ¢ = 25
and n = 25 respectively. The optimum region has low roughness and model perturbation
but adequately satisfies the data.

Figure 6 illustrates the recovered checkerboard synthetic test at depths of 10 and 30 km.
The checkerboard patterns are recovered in general very well in the crust beneath the Pan-
nonian Basin, the Eastern-Alps and the southern part of the Western Carpathians. The
quality of the restored anomalies in the upper mantle is acceptable but it gets poorer in the
deeper parts of the model. In Fig. 6 the white line indicates that we judged to be the well-
resolved area. This resolution test shows that the dataset used in this study is almost equally
good for the interpretation of both the horizontal and vertical P-wave velocity anomalies
(Fig. 7).

4 Results

In the final solution model the RMS data misfit reduced from 1201 to 902 ms after 6 itera-
tions. The P-wave velocity maps in Figs. 8, 9, 10 and 11 show the tomographic images
for the crust and the upper mantle. The white thick line in these figures indicates the well-
resolved area according to the checkerboard tests. Interpreting the velocity anomalies out-
side of this area could be dubious due to poor ray coverage.

In the mid-crust at 10 km depth (Fig. 8) the Eastern Alps, the western part of the
Western Carpahtians and the northern part of the Dinarides show high-velocity anoma-
lies due to the crystalline rocks at shallow depths. The Northern Hungarian and Trans-
danubian mountain ranges have also positive anomalies. The Little Hungarian Plain, the
Great Hungarian Plain and the Vienna Basin, however, exhibit lower velocities because

Table2 The discrete values for the damping and smoothing factors that we used for the synthetic recon-
struction tests

Damping factor Smoothing factor

{1,5,10,25,50, 100,200,500} {1,5,10,25,50, 100, 150,250, 500, 1000}
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Fig.5 Trade-off surface calculated using synthetic tests. The vertical and the horizontal axes show the
model variance and the model roughness, respectively. Each black point indicates a synthetic test and the
numbers above the points show the damping and smoothing factors. The red dashed line indicates the opti-
mal zone. In this case the optimal damping and smoothing values are ¢ = 25 and n = 25. (Color figure
online)
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Fig.6 The recovered checkerboard velocity model in the crust (left) and the uppermost mantle (right). The
well-resolved area is marked with white line
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Fig.7 Vertical section of the recovered checkerboard velocity model along the 20.2 longitude (left) and
47.4 latitude (right)
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Fig.8 P-wave velocity distribution at 10 km depth. The white continous line encircles the well-resolved
area. The black lines show the vertical sections in Figs. 10 and 11

of the thick sedimentary layers in the basins. The sediment thickness in some of these
subbasins may exceed 7-8 km so the resulting low-velocity anomalies are not surprising
(i.e. Balazs et al. 2016). The obtained low-velocity bodies in the Western Carpathians
may be related to the vulcanic activity in the area since the Miocene (Konecny et al.
1995; Harangi 2001; Seghedi et al. 2004).
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Fig.9 P-wave velocity distribution at 30 km depth. The white continous line encircles the well-resolved
area whereas the thin black contour lines show the Moho depth after (Grad et al. 2009)
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Fig. 10 Vertical P-wave velocity section along longitude 20.2. The arrow indicates the Mid-Hungarian
Zone
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Fig. 11 Vertical P-wave velocity section along the CEL-08 seismic profile. The arrows indicate the major
tectonic lines

In the uppermost mantle or lowermost crust at 30 km depth (Fig. 9) the Pannonian
Basin shows generally faster seismic velocities than the neighboring areas. The pat-
terns of the velocity anomalies correlate well with the Moho topography. The depth
of the Moho discontinuity is rather shallow beneath the Great Hungarian Plain, Lit-
tle Hungarian Plain and the Drava Basin (~ 24-26 km). The updoming upper mantle
beneath these regions explains the resulting positive velocity anomalies. Beneath the
orogens (e.g. Alps and Carpathians) and outside of the Pannonian basin, where the
Moho is deeper than 30 km, the tomographic inversion resulted in lower, typical crus-
tal velocities. The negative anomalies are thus intelligible in these areas.

The only exception to these main observations is the Békés basin at the southern
part of the Great Hungarian Plain. According to our current knowledge the crustal and
lithospheric thickness beneath the Békés basin is the thinnest in the Pannonian basin
(Posgay et al. 1995), so here we would expect high-velocity anomalies. So the exist-
ence of the resulting negative anomaly may need more investigation, at the present
time we may just hypothesize that melts/fluids residing in the overthinned lithosphere
from the updomed asthenosphere may contribute to this negative velocity anomaly.

The vertical sections in Figs. 10 and 11 show two slices: one along longitude 20.2°,
from the Great Hungarian Plain to the Western Carpathians and another along the
CEL-08 seismic profile (Kiss 2009).

In the Fig. 10 a strong velocity difference appears in the near surface layers between
the Western Carpathians and the Great Hungarian Plain. This contrast in the velocity
field could be linked to the effect of the thick sediment layers beneath the Great Hun-
garian Plain. Another feature is that higher seismic velocities occur in shallower depth
in the vicinity of the Mid-Hungrarian Zone.

In Fig 11 the crust under the Transdanubian Central Range in the depth range
between 5 and 15 km shows a positive velocity anomaly which is not present north of
the Réba line and south of the Balaton line. A low velocity anomaly occurs beneath
the Kapos and Mecsekalja lines extending down to lower crustal depth. The pattern
is roughly similar to that determined by Kiss (2009), however the velocity anomalies
seem to be contrasting.
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5 Discussion and conclusions

In this study we have performed an iterative non-linear tomography scheme to jointy
invert local and teleseismic eartquake datasets from the ISC bulletin and the HNSB for
the 3D seismic crustal and uppermost mantle structure of the Pannonian Basin. We have
used various filtering criteria to choose the most reliable hypocenter determinations and
traveltime picks which were used during the inversion process. To determine the appro-
priate grid spacing and inversion parameters we have done several synthetic checker-
board tests. The careful analysis of the performed checkerboard tests also showed which
regions are solved with high reliability during the inversion process.

The resulting 3D velocity image highly resembles the known geologic and tectonic
structure of the area and is comperable to earlier tomographic images published in the
literature. The detailed interpretation of the velocity anomalies leaded us to the follow-
ing conclusions:

Seismic velocity anomalies well resolve the effects of deep sedimentary basins and
also Moho topography and the associated updomings of the asthenosphere below the
Pannonian Basin. Different major tetonic units and fault zones separating those seem to
show characteristic velocity anomalies. Some of the anomalies extend down to the lower
crust. Subrecent volcanic activity or associated melt and fluid percolation, heat transfer
in the upper mantle and crust (e.g. Central Slovakian Volcanic field, Maké Basin) may
also have an impact on the propagation of seismic waves.
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