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SUMMARY

MoQ

1 INTRODUCTION

We use ambient noise tomography to investigate the crust and uppermost mantle structurg
beneath the Carpathian—Pannonian region of Central Europe. Over 7500 Rayleigh wave err§
pirical Green’s functions are derived from interstation cross-correlations of vertical component=
ambient seismic noise recordings (2005-2011) using a temporary network of 54 stations de%
ployed during the South Carpathian Project (2009-2011), 56 temporary stations deployeds
in the Carpathian Basins Project (2005-2007) and 100 permanent and regional broad-ba@
stations. Rayleigh wave group velocity dispersion curves (4-40s) are determined using th(g
multiple-filter analysis technique. Group velocity maps are computed on a grid°ok@2”
from a non-linear 2-D tomographic inversion using the subspace method. We then invertecg
the group velocity maps for the 3-D shear wave velocity structure of the crust and uppermostg
mantle beneath the region. Our shear wave velocity model provides a uniquely complete ané
relatively high-resolution view of the crustal structure in the Carpathian—Pannonian region,‘%
which in general is validated by comparison with previous studies using other methods toc
probe the crustal structure. At shallow depthslQ km) we find relatively high velocities g
below where basement is exposed (e.g. Bohemian Massif, Eastern Alps, most of Carpathia.ng‘
Apuseni Mountains and Trans-Danubian Ranges) whereas sedimentary areas (e.g. Vieﬁqg,
Pannonian, Transylvanian and Foc¢sani Basins) are associated with low velocities of well gelg?
fined depth extent. The mid to lower crust (16—-34 km) below the Mid-Hungarian Line j& 2
associated with a broad NE-SW trending relatively fast anomaly, flanked to the NW by ¢ g
elongated low-velocity region beneath the Trans-Danubian Ranges. In the lowermost crustang
uppermost mantle (between 30 and 40 km), relatively low velocities are observed beneatlﬁ-'i‘hg
Bohemian Massif and Eastern Alps but the most striking features are the broad low velogj
regions beneath the Apuseni Mountains and most of the Carpathian chain, which likel
explained by relatively thick crust. Finally, most of the Pannonian and Vienna Basin region
depths>30 km are relatively fast, presumably related to shallowing of the Moho consequ
on the extensional history of the Pannonian region.

pJo

Key words: Surface waves and free oscillations; Seismic tomography; Crustal structure;
Europe.

structural domains: Alcapa in the northwest and Tisza-Dacia in the
southeast (Fig. 1). The Alcapa unit includes the nappe system of

The Carpathian—Pannonian region in Central Europe, consists ofthe northeastern edge of the Alps, the Little Hungarian Plain and
the Pannonian Basin surrounded by the Alpine, Carpathian and Di- Transdanubian ranges, and is bounded by the Pieniny Klippen belt to
naric mountain belts (Fig. 1). These topographic features developedthe north and the Balaton line to the south (Kos & Haas 2011).

as a consequence of the continental collision between the Adri- The Tisza-Dacia block is comprised of two subunits: the Tisza

atic microplate and the European continent, which began in the block underlying most of the Great Hungarian Plain, and the Dacia
Late Mesozoic (Roydeat al. 1982; Honathet al. 2006). The pre- block comprising the Transylvanian Basin, bounded by the East
Tertiary basement of the Pannonian Basin is made up of two main Carpathian and South Carpathian mountain ranges (Csontos &

© The Authors 2013. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1351
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Figure 1. Topographic map of the Carpathian—Pannonian system with surface structural features: red filled patterns indicate outcrops of calc-alkaline and

silicic volcanic rocks after Harangi & Lenkey (2007); black lines show some of the major faults. CSVF, Central Slovakian volcanic field; PAL, Peri-Adriatic
Line; MHL, Mid-Hungarian Line; BL, Balaton Line; PKB, Pieniny Klippen Belt; VZ, Vrancea Zone.

Voros 2004). During the Neogene, the Alcapa unit underwent a net et al.2007), the combined DRACULA | and DACIA-PLAN reflec-
counter-clockwise rotation of about 5¥0’ and was translated to  tion line (Fillerupet al. 2010) crossing the Transylvanian Basin,
the ENE (Marton & Fodor 1995), whereas the Tisza-Dacia unit ro- Vrancea Zone and Fog¢sani Basin. 3-D seismic velocity models for
tated clockwise 90(Patrasciet al. 1994). The rotation of thesetwo  the Vrancea region incorporating converted phase measurements
blocks was accompanied by extension during the Miocene, which from local and teleseismic sources have also been developed by
led to the formation of the Pannonian Basin. Several theories pro- Martinetal.(2005) and lvan (2011). Although those studies provide
posed to explain the formation of this basin include extension due important measurements of crustal structure which have been influ-
to the eastward rollback of a subducted slab (Htinet al. 1993, ential in geodynamic interpretations, other parts of the region (for
2006) and/or gravitational collapse of former overthickened oro- example, the Apuseni Mountains of Romania) are almost uncon-
genic terrain (Gemmer & Houseman 2007). The Pannonian Basin strained by seismic measurements of the crust. To date, the available
includes a set of small, deep subbasins (some can exceed 7 knregional crustal models (e.g. Bassiral.2000; Tesauret al.2008;
in thickness), separated by relatively shallow basement blocks andGradet al.2009) are essentially based on a sparse network of refrac-
filled with Neogene-Quaternary sediments (Etral. 1999). tion lines interpolated across the unsampled regions. Surface wave
Constraining crustal and lithospheric structures in the tomography, derived from ambient seismic noise analysis, repre-
Carpathian—Pannonian region is crucial for a better understand-sents an alternative seismic technique that provides important new,
ing of the dynamic processes that determined the tectonic evolutionrelatively high-resolution, constraints on the 3-D crustal structure
of the region. Previous seismological investigations of the crustal of the region.
structure in the region are mainly based on controlled-source seis- Ambient noise tomography has proven particularly powerful in
mic reflection/refraction studies on 2-D profiles. There is reasonable imaging the Earth’s crust and uppermost mantle in the last decade,
control on crustal structure in the western part of the Carpathian— at both regional and global scale beneath dense seismic arrays (e.g.
Pannonian region from CELEBRATION 2000 (Guteettal. 2003; Shapiroet al.2005; Yacet al.2006; Linet al.2007; Moschettét al.
Gradet al.2008), ALP 2002 (Biackl et al.2003; Behnet al. 2007) 2007; Yanget al.2007; Liet al.2009; Arroucatet al.2010; Saygin
and SUDETES 2003 (Graet al. 2003, 2008) seismic experiments. & Kennett 2012). The technique is based on the principle that an
In contrast, the eastern part of the Carpathian—Pannonian region hagstimate of surface wave Green’s functions between two stations
limited coverage with the VRANCEA 2001 refraction line (Hauser can be retrieved from cross-correlation of ambient seismic noise
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records (Weaver & Lobkis 2001; Derodeal.2003; Snieder 2004; (Fig. 2) from four sources: South Carpathian Project (SCP, 2009—
Wapenaar 2004; Larostal.2005). Ambient noise tomography has 2011, Renet al. 2012), Carpathian Basins Project (CBP, 2005—
the advantage of not depending on the distribution of earthquake 2007; Dandoet al. 2011), Romanian National Seismic Network
sources as in classical interstation surface wave tomography; even(http://www.infp.ro) and other permanent stations available from
if the noise is anisotropic, resolution is essentially limited by the international data centres. The South Carpathian Project was a
distribution of stations and the frequencies present in the seismic major collaborative seismological project between the University
wavefield. The short to intermediate-period dispersion curve mea- of Leeds, Btvos Loiand Geophysical Institute (ELGI), Budapest,
surements that constrain the crust and uppermost mantle structurestungary; National Institute of Earth Physics (NIEP), Bucharest,
can be more effectively retrieved from ambient noise analysis than Romania and the State Seismological Survey of Serbia (RSZ), Bel-
from the surface wave signals of seismic events. Here, we presentgrade, Serbia. The SCP temporary network (Fig. 2) consisted of
Rayleigh-wave group velocity maps for period range 4-40 s, and in- 17 CMG-40T, 13 CMG-3T and 24 CMG-6TD sensors, installed
terpret crustal and uppermost mantle shear wave velocity structuresacross the eastern Pannonian Basin, Transylvanian Basin and the
from ambient noise tomography, using data from a uniquely dense South Carpathian Mountains in Hungary, Romania and Serbia, be-
network of permanent and temporary broad-band seismic stationstween June 2009 and June 2011 (Réal. 2012). The Carpathian

in the Carpathian—Pannonian region. Basins Project was a collaborative seismic experiment deployed by
University of Leeds, ELGI, RSZ and TU-Wien (Technische Univer-
sitat Wien, Austria) between October 2005 and August 2007. The
CBP temporary network (Fig. 2) consisted of 46 CMG-6TD and
10 CMG-3T(D) sensors, installed across Eastern Austria, Western
Hungary, Northern Serbia and Croatia (Daretal. 2011). Three

of these broad-band stations were in operation during the whole
We assembled continuous broad-band vertical component seismigperiod covering both the CBP and SCP experiments. We have also
data recorded on 207 stations in the Carpathian—Pannonian regiorused data from 30 broad-band temporary and permanent stations of

2 DATA PROCESSING
AND MEASUREMENT

2.1 Data
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Figure 2. Distribution of broad-band stations used in this study. Blue squares represent stations of the temporary network deployed in the South Carpathian
Project (SCP, 2009-2011; Rex al. 2012). Brown hexagons mark stations from the temporary network deployed in the Carpathian Basins Project (CBP,
2005-2007; Dandet al. 2011). Red diamonds represent stations which were in operation in both CBP and SCP experiments. White inverted triangles
depict additional permanent broad-band stations used in this study. Yellow triangles represent seismic stations from the Romanian Regional Seismic Network
(http://www.infp.ro).
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the Romanian National Seismic Network, operated by the National tf-PWS stacking technique yields much cleaner Green'’s functions
Institute of Earth Physics, Bucharest, Romania and from 70 per- (Schimmelet al. 2010) (Fig. 3). Fig. 4(b) shows for example our
manent broad-band stations in the Carpathian—Pannonian regiorfinal estimated Rayleigh-wave Green’s functions propagating be-
obtained from Incorporated Research Institutions for Seismology tween the station ARSA and all other stations, bandpass filtered
(IRIS), Observatories and Research Facilities for European Seis-between 10 and 20s.
mology (Orfeus) and GFZ Seismological data archives. Many of
the broad-band_ seismic stations used in our ambient n_oise tomog_ra—2_3 Group velocity
phy have a flat instrument response out to 120 s, enabling extraction
of surface waves up to those periods. However, data from CMG- We apply the frequency-time analysis (FTAN) multiple-filter tech-
6TD sensors from SCP and CBP temporary deployments, which nique (Dziewonskgt al.1969) to measure the group velocity disper-
represent about one third of the total number of stations, have a rel-sion curves in the period range 4-40 s from the estimated Rayleigh
atively low signal-to-noise ratio and a flat response only to periods wave Green’s function (Fig. 4d). We have studied over 13 354 in-
of about 30s. In this study, the number of dispersion measurementsterstation paths with a distance ranging from 20 to 1450km. The
at longer periods is restricted by the aperture of our station network, Gaussian filter operator, used in the FTAN technique, is described
so we decided to focus our ambient noise tomographic analysis inby expl—a(f — f.)?/fZ], wherea determines the frequency reso-
the period range 4-40's, which basically restricts our focus to the lution of the filter andf; is the centre frequency. Following Cho
crust and perhaps the upper few tens of kilometres of the mantle. et al. (2007), we have explored a wide range of valuesdfand

found that the best values for our study are between 5.0 and 20.0,

depending on the interstation distance. Yan@l. (2007) pointed
2.2 Estimate of Rayleigh-wave Green’s functions out that the stations must be separated by at least three wavelengths
We have used continuous vertical component seismograms to ob-{0 obtain a reliable dispersion curve measurement, and as such,
tain two-station cross-correlation functions on day-length wave- each dispersion curve is used only for pen.ods Ie.ss than one third of
forms to estimate Rayleigh-wave Green's functions. The raw data the observed traveltime. The number of Q|sper3|on curve measure-
had first their instrument response, mean and trend removed. TheMents used ranges from 2219 for 40's period to 7267 for 10's period.
resulting time series were then tapered, bandpass filtered betweerf19- 4(€) shows the distribution of the number of measurements as a

periods of 4 and 60's and resampled to 1 sps (sample per second)function of the period. For the shortest and longest peridds % s
The cross-correlations are undertaken after one-bit normalization @"dT > 255), the number of measurements decreases significantly

(Bensenet al. 2007) to reduce the contamination of the Green's &S Waveforms with poor signal-to-noise ratio are discarded.
function by actual earthquake waveforms or other incoherent noise

dispersion measurements

as follows: 3 GROUP VELOCITY TOMOGRAPHY
T . . .
Cas(t) 2/ sgnpa(?)] - sgnps(z + t)dz, 1) We construgt group velocity maps from the estlma_teo! Rayleigh
0 wave Green'’s functions at periods from 4 to 40 s (with increment

where Cag is the cross-correlation function between stations A ©f 18), using the non-linear 2-D tomographic inversion technique
and B,va(t) andvg(t) correspond to the continuous data recorded developed by Rawlinson & Sambridge (2003). Traveltimes through
at the stations A and B, repectively, and T is the time period for the 2-D model are computed using the fast marching algorithm of
the cross-correlation. The cross-correlation functions for different Sethian & Popovici (1999), in which a finite-difference method is
interstation paths are then stacked over a period of 1-2 yr for the USed to solve the eikonal equation. This technique has some advan-
temporary stations and over 5 yr for permanent stations. We also {29€S OVer ray tracing methods as it is more stable, and successfully
averaged the positive and negative lag waveforms obtained from thefinds the first-arrival and diffraction paths in shadow zones. The
cross-correlations in order to reduce the effects of inhomogeneity INversion procedure uses a gradient method based on the subspace
of the seismic noise source distribution (Yaegal. 2007). This technllque (Kennettt al. 1988), where the mlnllmlz.atlon is carried
‘symmetric-signal’ is finally used to obtain the estimated Rayleigh- out simultaneously along several search _dlrectlons that_ together
wave Green’s function by taking its time derivative and multiplying SPan & subspace of the model space (Rawlinson & Sambridge 2003,

by —1. 2004a,b). The technigue has been successfully used for ambient
noise tomography in several regions (e.g. Arroueawal. 2010;
Gas(t) = _dCAB(t)’ @ Saygin & Kennett 2012). We briefly describe the inversion proce-
dt dure used here, but more details on the inversion technique can be

whereGg is the estimated Green’s function of the Rayleigh wave found in Kennetet al. (1988), Williamson (1990) and Rawlinson
propagating between stations A and B, &g (t) is the average of & Sambridge (2003, 2004a,b).
positive and negative lag cross-correlation functions.

Contrary to previous studies (e.g. Shaptal. 2005; Yaoet al. 3.1 Inversion method
2006; Linet al. 2007; Moschettet al. 2007; Yanget al. 2007; Li ) o o .
et al. 2009; Arroucatet al. 2010; Saygin & Kennett 2012) which 1 "€ object of the tomographic inversion is to provide a model of
generally use a standard linear stacking method to extract surfaceln® 9roup velocity variation which best explains the interstation
wave Green's functions, we applied here the time-frequency domain traveltimes. This goal is formulated as the minimization of an ob-
phase-weighted stacking technique (t-PWS) developed by Schim-Jective fun_ctlonS(m) consisting of a data residual term and two
mel et al. (2010) to our cross-correlation functions. This technique egularization terms:
has been shown to improve considerably the signal-to-noise ratio of 1 Tt
the empirical Green’s function in the stacking process. We compared S(m) = 2 {[g(m) — dabg ' C47[9(M) — dob]
the tf-PWS technique and the standard linear stacking technique on
different interstation paths, and our comparison confirms that the +e(m —mg)" C}(m — mo) + nm' D' Dm} @)
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Figure 3. Examples of estimated Rayleigh wave Green'’s functions for paths between the station ARSA and SCP temporary stations (a) constructed using the
linear stacking technique (b) and using the tf-PWS stacking technique (c).

where g(m) represents the predicted group traveltimes from the only approximate. The significant point is that we assume they are

modelm, mg is an initial estimate of the model,,s is a vector of uniform magnitude.

of the observed group traveltimes, is the data covariance matrix Following Rawlinson & Sambridge (2003), the minimization of
for which we assume a diagonal matrix with variances based on the objective function is performed using an iterative approach to
a uniform traveltime uncertainty of 2 &, is thea priori model overcome the non-linearity af

covariance matrix for which we assume a diagonal matrix with

uniforma priori variances based on a model parameter uncertainty my.; = m, 4+ ém, (4)

of 0.3kms?, D is the derivative operator which has the role of
smoothing the modek andn are respectively, the damping and wheresm is found iteratively using the subspace method. At each
smoothing parameters. These choices of the variance estimates arieration, the subspace method restricts the minimization of the
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Figure 4. (a) Map showing the location of all stations and the path between the stations ARSA and BUKL. (b) Example of extracted interstation Rayleigh
wave Green’s functions filtered at period 10-20 s, where ARSA is the reference station. (c) An example of estimated Green'’s function of Rayleigh wave for the
path ARSA-BUKL. (d) Example of frequency—time analysis (FTAN) diagram showing Rayleigh wave group velocity for the path ARSA-BUKL. (e) Diagram
representing the total number of path measurements as a function of period.

objective functionS(m) to ap-dimensional subspace of the model the objective functiorS(m) in the space spanned t&/. In this
space, thus the perturbatiém is an element of the space spanned implementation, the final expression for the model update can be

by a set ofp M-dimensional basis vectofs! } written as
P . T(cTe-1 -1 T “1ATs
m=3ua = A, ®) sm=-A[AT(G'C;'G +¢C,' +1D'D)A] "AT}, (6)
j=1

wherey’ is the current data misfit an@d is the linearized approx-
whereA = [al]is theM x p projection matrix. The componenpt imation to the gradient of(m). After each update of the model
determines the length of the corresponding veatdhat minimizes by (4), the surface waves are retraced through the amended model
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using the fast marching method, and then the teAmg and G on Rayleigh-wave group velocity maps for periods up to about 20 s
are re-evaluated. The final group velocity models presented in this (Figs 7a—d); whereas the Transdanubian Ranges northwest of the
paper are obtained after eight iterations of the inversion at which Mid-Hungarian line and the West Carpathians present high veloci-
point the model update is small. ties only to about 10 s periods. For the Southeast Carpathians high
The region of interest in our study is 2k 11° (Fig. 1). We velocities are not present even at 6 s, although high velocities are
parametrized the area using a0:20.2 grid of 5656 nodes where  observed further north in the East Carpathians and further west in
velocities are smoothly interpolated with the bicubic B-spline be- the South Carpathians, most clearly in the period range 4-8s (see
tween nodes to form a continuous group velocity field. The refer- 6 s map in Fig. 7). However, the low velocity features which domi-
ence velocity model used to damp the inversion (3) is the current nate the southern half of the South Carpathians around the orocline
average velocity at the relevant period. We ran the inversion using aare clearly affected by the great sediment thicknesses in Dacic and
range of damping and smoothing parameters: (& n < 5000) to Fogsani Basins (Leever 2007).
determine their optimal values. There is little significant difference  The relatively low group velocities at periods up to about 15s
between the various group velocity maps produced with different reflect mainly thick sediments. All known sedimentary depocentres
regularization parameters; we present maps based on what we judgén the Carpathian—Pannonian region (Fig. 8a) are identified by the
to be optimum parameters (for damping= 10, for smoothing low velocity regions in the 6 and 10 s group velocity maps (Figs 7a
n = 60). and b): the Bkés and Mak Basins below the Great Hungarian
Plain, Vienna and Danube Basins to the northwest, Drava Basin to
the southwest, Transylvanian Basin in western Romania, Fog¢sani
3.2 Resolution tests Basin east of the Vrancea zone and finally the foredeep Dacic Basin
) ... of the Moesian platform (refer to Figs 12 and 13 for location of
We performed checkerboard resolution tests to assess the reliabilityy, e hasins). However, the sediment thicknesses of these different
of the tomographic inversion. The input synthetic checkerboard ve- p44ing are highly variable. The broad low velocity zones below the
locity model consists of alternating cells (0.8 0.6°) of opposite Pannonian Basins can be seen in our group velocity maps up to at
sign with a maximum velocity perturbation of 0.5 kmigelative least 12 s period (Figs 7a and b), but some slow anomalies persist
to the r_efereng:e_velqcnty. Betwgen ne|ghbogr|ng anomaln_as, null even to 15 or 20's period (Figs 7c and d). The Danube, Drava and
anomalies of similar size are defined. Synthetic group-velocity trav- nsyivanian basins are less deep and significantly low velocities
eltime residuals were computed between the same station pairs used e ghserved only to about 10's. In contrast, low velocities persist to
inthe obs_erved dat_a set using the f_ast marching methgd. Data Noise o5 5 for the Vienna and Fogsani basins, as for the foredeep Dacic
was not simulated in these tests_. Fig. 5 shows the retrieved velocCity y,cin of the Moesian platform. These basins are also associated
models from these tests for periods of 6, 10 and 20s. The checker-;;ii, relatively large negative free-air gravity anomalies (Fig. 8b),

board tests (Fig. 5), show that our inversion can adequately resolve, jive most of the intra-Carpathian basins which have near zero
structures as small as 60 km in most of the Carpathian—Pannoniangqa_air gravity anomalies

region, with some degradation or smearing of the recovered solu-

; . SR At periods from 15 to 25 s (Figs 7c—e), group velocities become
tions near the edges of the station distribution map.

increasingly sensitive to crustal thickness; lower velocities imply
thicker crust. The maps at these periods show low velocities be-
neath almost the entire Carpathian range (West, East and South)
3.3 Depth sensitivity of Rayleigh group wave along with relatively high free-air gravity anomalies (Fig. 8b). The

Surface waves at different periods are sensitive to structures at dif-continuity of the low velocity anomaly below the East Carpathi-

ferent depths. Fig. 6 shows the depth dependence of shear wavéS Seems to be interrupted near the border between Ukraine and
velocity sensitivity kernels for Rayleigh wave group velocity at Romania by a localized fast anomaly but this is one of the more

periods of 6, 10, 15, 25, 30 and 405, constructed using a modi- poorly resolved locations in t.he solutign (Fig. 5)..The low veloci-
fied version of the AK135 model (Herrmann & Ammon 2004). The  ties along the South Carpathians persist80 s period though the
short period Rayleigh waves (4—10s) are particularly sensitive to the 8XiS 0f low velocities is clearly offset to the south from the topo-
sedimentary overburden and the shallower upper crust {km graphic axis of the South Carpathians. At periods from 30 to 40 s
depth). For the mid-period Rayleigh waves (10-20s), the domi- we observe also the persistence of low velocities below the Apuse
nant sensitivity is at the mid-crustal depths (10-20 km); whereas Mountains, and the southeastern corner of the Carpathians. Al

the longer period (20-30s) Rayleigh waves are most sensitive to though, the low velocities of the Carpathians can be interpre_ted as
velocities in the lower crust and uppermost mantle (20—40 km). the signature of a deeper crustal root beneath the mountain belt,

Within our data set, only the Rayleigh waves at period 30-40's con- related to at least partial isostatic compensation, there is also a
strain the deepest part of the lower crust and uppermost mantleStrong association in both West and East Carpathians with recent
(30-60 km). surface volcanism and high temperatures at shallow depths (e.qg.

Central Slovakia Volcanic Field, CSVF, in the West Carpathians
(Szalb et al. 1992) and the bend zone of the East Carpathians
(Seghedet al.2004)).

At 20-25 s period, our group velocity maps (Figs 7d and e) show
The Rayleigh-wave group velocity maps produced using our to- a distinctly SW-NE elongated high velocity zone traversing the
mographic analysis, for periods of 6, 10, 15, 20, 25 and 30s, are Pannonian region from the Eastern Alps in the SW, broadly aligned
shown in Fig. 7. The group velocity maps at short periods (e.g. 6 and with the Mid-Hungarian Line. These higher velocities might be
10s maps in Fig. 7) show coherent high and low velocity features, interpreted as a signature of crustal thinning. At greater periods
which accord well with surface tectonic features. At 6 s, high veloc- (25-30 s) the Mid-Hungarian fastanomaly becomes more dominant,
ities are dominant where crystalline rocks outcrop. High velocities consistent with the idea of higher velocity mantle at shallower depth
are observed beneath the Bohemian Massif and the Eastern Alpsalong this trend.

4 GROUP VELOCITY MAPS
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Figure 5. (a) Checkerboard resolution test and ray path coverage for the 6 s period map. For the resolution tests, the input anontated.6f 68/e a

maximum velocity perturbation of 0.5 km relative to a constant background velocity of 2.6 krh.gb) Histograms of misfit for ambient noise data before
(left-hand panels) and after (right-hand panels) inversion for the 6 s period. The group traveltime residuals rms has been reduced from 22.6 s before the inversion
to 16.1 s after the inversion. (c) Checkerboard resolution tests for the 10 and 20 s periods.
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Figure 6. (a) P-andS-wave velocity models used for computing the depth sensitivity kernels of group velocity versus shear wave velocity. (b) Depth sensitivi
kernels of fundamental mode Rayleigh wave group velocity to shear wave velocity for periods of 6, 10, 15, 25, 30 and 40 s.

tion distances (varying from 402km at 6 s to 690 km at 40s), we
5 S-WAVE VELOCITY STRUCTURE estimated ,, at each of the periods considered in this study. Since

From the group velocity maps determined previously, we extracted each period has its peak sensitivity at a specific depth (Fig. 6), we
the group velocity dispersion curves at each grid node, smoothedUsedrmin as a rough measure of the smallest heterogeneity that sur-
using a best-fitting polynomial of degree 5. Inversions of dispersion face waves canresolve atthatdepth. We therefore define and apply to
curves for shear wave velocity versus depth at each grid node arethe solution a Gaussian filt&(x, y) = Tlgz exp[— W]
then made using the prograsurf96 developed by Herrmann &  in which the horizontal averaging lengéh set tor,, increases
Ammon (2004). Our parametrization here assumed a 1-D layeredwith depth as shown in Figs 10(a). Fig. 10 compares the horizon-
Earth composed of 3& 2-km-thick layers for the upper 60km, tally filtered and unfiltere&wave velocity models for a horizontal
above 4x 5-km-thick layers to 80 km depth, above a half-space. In slice at depth of 34 km (Fig. 10b), and for a vertical profile that
order to assess and reduce the influence of the starting velocitiesspans the model (Fig. 10c).
on the depth inversions, we carried out over 1000 inversions for  Fig. 11 shows the final shear wave velocity model designated
each node using different initi&wave velocity models for which SCP-ANT-VSL1 at depths of 2, 6, 10, 16, 30 and 40 km. An ASCII
velocity is either constant with depth (between 1.0 and 6.0Kns  data file of nodal velocities for this model can be downloaded
or linearly varying with depth from surface values between 1.0 and from the Supporting Information. Figs 12 and 13 show seven
6.0kms to the IASP91 value at 70 km depth. The corresponding cross-sections across different parts of the Carpathian—Pannonian
initial P-wave velocities were scaled using t¥g/Vs ratios of the region. In the following section, we discuss these crustal veloc-
IASP91 model. Only models that yield a dispersion curve misfit ity variations and what we can infer about the structure and tec-
|3v| less than 0.5 per cent afwere retained. The final shear wave tonic history of three regions: (1) Bohemian Massif and Eastern
velocity model is constructed by taking the median solution at each Alps; (2) West Carpathians and Pannonian Basin System and (
depth. The typical variation of derived inverted models is illustrated Transylvania and the East and South Carpathians, but first wi
in Fig. 9 for selected nodes. summarize:

The structures in the resulting 3-D shear wave velocity model
are similar to those observed in the group velocity maps, however, (i) Exposed basement in the Bohemian Massif, Eastern Alps,
the depth extents of prominent features are now better defined. Themost of the Carpathian arc, the Apuseni Mountains and the Trans-
group velocity models are more poorly resolved at longer period Danubian Ranges explains high near-surface velocities in these
(>305s) than at short and intermediate periods, because fewer grougregions (Figs 11a and b). In contrast thick sedimentary piles of
dispersion measurements are available. As a consequence, the shorthe Danube, Vienna, Pannonian, Transylvanian, Fo¢gsani and Dacic
wavelength structure in o&wave models at depths30 kmis less Basins produce near-surface low velocities. The low velocities as-
reliable. To account for this depth-dependent resolution and to sta-sociated with the Fo¢sani and Dacic Basins spill over into the SE
bilize the depth inversion, we applied a depth-dependent spatial Carpathians (Vrancea region) and across the Moesian Platform.
Gaussian filter to ouS-wave velocity model. The filter is based The shallow low velocities in Vrancea may be related to recent
on the radius of the first Fresnel zone: Williamson & Worthington volcanism in this region.
(1993) suggested that the smallest feature that can appreciably in- (ii) Into the mid-crust (10-16 km, Figs 11c and d) the Bohemian
fluence a seismic wave is of the order of the first Fresnel zone radiusMassif and Eastern Alps remain relatively fast, but most of the
I'mn = v/AL, WhereL is the propagation distance ahd= v - T the Carpathians and the Trans-Danubian Range are now slow relative
wavelength withy andT being the velocity and period of the surface  to surrounding regions, and the slow signature beneath the sedi-
wave. Using average surface wave velocities and average interstaimentary basins is progressively dissipated with increasing depth. In

=
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Figure 7. Inverted Rayleigh-wave group velocity maps at periods: 6, 10, 15, 20, 25 and 30's. Note variation of colour scale between frames.

the mid to lower crust (16—30 km, Figs 11d—e), the Mid-Hungarian the most prominent feature is a large low velocity anomaly beneath
Line has its clearest expression as a broad NE trending relatively the Apuseni Mountains, but relatively low velocities also begin to
fastanomaly, flanked to the NW by an elongated low-velocity region appear beneath the Bohemian Massif and Eastern Alps due mainly
beneath the Trans-Danubian Ranges. In the lower crust (Fig. 11e)to variations in Moho depth. Note that the maps of Fig. 11 show
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a) Setiment Thickness {kn) across the Moho is smoothed vertically and laterally. Our velocity
: iso-contours (Figs 12 and 13) should therefore be interpreted only
as a general guide to Moho depth variation across the region.

6 DISCUSSION

Our velocity model SCP-ANT-VS1 includes numerous specific fea-
tures that have been previously investigated. We briefly summarize
the comparison of our model with previous geophysical experi-
ments, focusing on prior seismological measurements; other authors
will be better placed than us to apply this new velocity model to
the interpretation of the many petrological, sedimentological and
surface structural data which exist for this region.

6.1 Bohemian Massif and Eastern Alps

The upper crust of the Bohemian Massif is relatively fast (Figs 11a—
¢), but in the upper 10 km the highest velocities are found beneath
the elevated rim of the Massif. In the mid-crust (16 km, Fig. 11d) a
— . subtle b.and of relatively high yelocity crosses the Mas;if, possibly
120 80 -40 © 40 80 120 160 related in the north to the Oligocene—Miocene Eger rift. A broad
low-velocity zone below about 35 km (Fig. 12, A5At the distance
50-200 km) might be related to locally thickened crust, but Grad
et al. (2008) mapped crustal thickness varying only between about
30 and 35 km in controlled source seismic studies of the SUDETES
2003 (profile S01) experiment. Alternatively we see evidence for a
broad low velocity anomaly in the upper mantle beneath the Eger
rift, as reported by Plomeré&et al. (2007) who interpreted it as an
upwelling of the lithosphere—asthenosphere boundary and related
it to the basaltic volcanism associated with the rift. This region
in general has relatively high heat floﬁémﬁk & Bodri 1998;
Tari et al. 1999; Lenkeyet al. 2002) which may be associated with
Neogene volcanism. Graet al. (2008) also identified a number
of high-velocity bodies in the upper crust of the Massif at depths
of 4-10 km, which they interpreted as lower crustal rocks or mafic
intrusions. Our model (Fig. 12, AZpalso hints at such structures,
Figure 8. (a) The distribution and thicknesses of sediment in the but our in\{ersion dogs not hgve the same high resolution locally as
Carpathian—Pannonian region, constructed from the compilation by Dando the reflection/refraction profile of Graet al. (2008).
(2010). (b) The free-air gravity anomaly for the Carpathian—Pannonian re- I the Eastern Alps, we find two distinct low velocity zones in
gion, constructed using Earth Gravitational Model 2008 (EGM2008) from: the uppermost crust down to about 5km depth in Buvave ve-
http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/index.html.  locity model (Fig. 13, C-Q. The low velocity anomaly below the
Northern Calcareous Alps has also been reported in the seismi
anomalous velocity relative to the horizontally averaye() pro- refraction and reflection studies that followed the CELEBRATION
file; the white colour defines the background velocity at each depth; 2000 and ALP 2002 seismic experiments (Bedtral. 2007; Bitickl
at 40km (Fig. 11f) the backgrounds of 3.9kms? is close to an et al.2007; Hrubco@ & Sroda 2008; e.g. profile ALPO1 in the ALP
upper-mantle velocity. 2002 seismic experiment and joint profile CEL10 and ALP04 from
(iii) In vertical section (Figs 12 and 13) the same lateral velocity CELEBRATION 2000 and ALP 2002 seismic experiments). Hrub-
variations are evident together with depth variations displayed using cova & Sroda (2008) attributed these low velocities to the Molasse
an absolute velocity scale. The most significant feature we see is at-and Helvetic Flysch sediments that were overthrust by the Northern
tributed mainly to the variation in Moho depth, which we presume to Calcareous Alps on a SW dipping thrust during the formation of
be correlated with the model iso-velocity surfage= 3.8 kms. the Eastern Alps. Further south, the more prominent low velocity
The Moho is relatively shallow across the Pannonian Basin (Figs 12, zone below the central part of the Eastern Alps is not previously
B-B' and 13, F-B, but reaches greater depths beneath the Bo- reported. The location of this low-velocity zone corresponds to
hemian Massif (Fig. 12, A—Athe Eastern Alps (Fig. 12, BLBnd the Austroalpine basement nappes, which have been affected by
Fig. 13, C-0), the Apuseni Mountains (Fig. 12, BABand, in gen- Oligocene—Miocene orogen-parallel extension and normal faulting
eral, beneath the Carpathians (Fig. 13, EFEF, G—-G)—though along east and west dipping low-angle detachment faults (Linzer
less so beneath the SE Carpathians (Fig. 12, BFBe correlation et al.2002).
of deeper Moho and higher elevation is of course consistent withthe  The middle crust beneath the Southern Alps is characterized by
principle of isostatic balance. However, since the depth sensitivity of relatively high velocities at depths of 20-30km (Fig. 13, Q-C
the group velocity is fairly broad at the longer periods (Fig. 6) which Furthermore, the Moho appears to increase in depth southward
constrain velocities at these depths, any steep gradient in velocityacross the Eastern Alps with the thinnest crust below the Northern

b) Free-Air Gravity Anomaly (mGal)
.
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blue stars show the dispersion curve obtained from the group velocity tomography and green lines show the range of predicted dispersion curves from the seg
of 1-D velocity models shown in the right-hand panel. In the right-hand panel of each example, green lines show the range of acceptable 1-D velocity modelsg'

obtained from the inversion and the red line indicates the median solution of all 1-D velocity models for which the data misfit is less than 0.5 per cent.

Calcareous Alps, increasing in thickness below the Southern Alps (2006), who described a crustal root beneath the West Carpathians.
to ~47 km. This thick crust beneath the Southern Alps is consistent However, we again note a significant difference (Fig. 13, 'EH#E

with the compilations of Tesauret al. (2008) and Grackt al. our estimate of the Moho depth beneath the inner West Carpathians
(2009). However, the relatively shallow Moho we find beneath the and the estimates published in the compilations of Tesatia.
Northern Calcareous Alps differs significantly (Fig. 13, O-Hébm (2008) and Graet al. (2009).

the Moho depths reported by Tesawtaal. (2008) and Graet al. The Pannonian Basin, assembled from Alcapa and Tisza units,
(2009) in that region. The southward crustal thickening below the includes several basin depocentres and is crossed by the Trans-
Eastern Alps that we find has also been reported in previous seismicDanubian Range and the Mid-Hungarian Line. Our shear wave
reflection and refraction studies (@1kl et al. 2007; Hrubcoa & velocity model clearly identifies the locations of the basin depocen-
Sroda 2008). tres and their relative depth extents. The Drava Trough and Danube
Basin are associated with low velocity zones dowr#cand~6 km,
respectively, whereas the low velocity zone associated with the Vi-
enna Basin extends down to at least 12km (Fig. 13, p-The
images suggest that the low velocity zone below the Vienna Basin
The West Carpathians fall largely within the Alcapa unit defined dips to the SSW, consistent with the Vienna basin model of Lankrei-
by Horvath et al. (2006). From north to south, they include the jer et al. (1995) which shows a southward deepening of the basin
Carpathian Foredeep, Outer Carpathians, Pieniny Klippen Belt and controlled by a major SE-dipping detachment fault. The Pannonian
Inner Carpathians. The uppermost crust in the Outer CarpathiansBasin can be divided into two parts: the northeastern part including
and the Carpathian Foredeep has relatively low velocities down to the East Slovakian Basin (EB) and the southern part, in which the
10 km, attributable to the Foredeep depression filled with sedimen- Makd Trough and Bkés Basin are the two deepest subbasins. shear
tary rocks (Fig. 13, E-& This low velocity zone seems to dip to  wave velocity models show that both subbasins extend to depths
the SW to depths of about 20 km beneath the central part of the Westof ~8 km (Fig. 12, A—A and B-B and Fig. 13, F-f consistent
Carpathians, as also reported in the seismic reflection and refractionwith seismic reflection profiles (Posgay al. 2006). The crust be-
studies along the profiles CELO1 and CEL04 from the CELEBRA- neath the Pannonian Basin is relatively thin, generally within the
TION 2000 seismic experimerfstodaet al.2006). A localized zone range 25-30km, and thinnestZ5km) in the northeast, beneath

of very low velocities down te~5km is also observed where the the Bekés Basin and the East Carpathians (Fig. 13, F-®ur
Pannonian region and the West Carpathians meet, coinciding withcrustal thickness estimates agree with previous studies in which
the Miocene £10 Ma) Central Slovakian Volcanic Field (CSVF). the average thickness of the crust is reported~@5 km in the

The crustal thickness reache#0 km below the inner part of the ~ Pannonian region (Szafiet al. 1997; Honathet al. 2006; Tesauro
West Carpathians but thins to the NE and SW (Fig. 13,'E-E et al. 2008; Gradet al. 2009), probably resulting from a rift-
This variation of crustal thickness was also reporte&hydaet al. dominated extension phase in the Miocene (Sredt al. 1997;

6.2 West Carpathians and Pannonian Basin
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Figure 10. (a) Smoothing length of depth-dependent Gaussian filter applied to our 3-D velocity model. (b) Horizontal slices at 34 km depth for the 3-D shear
wave velocity models without (top) and with (bottom) the Gaussian horizontal smoothing filter applied. (c) Vertical section through the 3-D shear wave velocity
models for the profile B—Bindicated in (b) without (top panel) and with (bottom panel) the depth-dependent Gaussian filter applied.

Huismannet al. 2001). Miocene lithospheric (and crustal) exten- mantle material into the crust during the Neogene, can explain the
sion in the region is reflected in high surface heat flow values relatively high Bouguer gravity anomaly-@0 mGal) of the Bkés
(90-100 mW m?; Lenkey et al. 2002). Previous analyses of the Basin (Bieliket al. 1991; Szafinet al. 1997; Bielik & Adam 2006),
gravity field suggest that a narrow rift model with up-domed Moho consistent with the localized shallow Moho that we find in this
caused by significant crustal extension, and possibly intrusions of region.
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Figure 11. Horizontal slices through the 3-D shear wave velocity model SCP-ANT-VS1 at depths: 2, 6, 10, 16, 30 and 40 km. Note the changing colour scale
with depth.

Mountains to the west, and the Carpathians to the east and south.
The Transylvanian Basin is associated with relatively low velocities
The Transylvanian Basin is the major sedimentary basin in the down to~5km depth in our shear wave velocity model (Fig. 12,
southeastern part of the Carpathian system, bounded by the ApusenB-B' and Fig. 13, G—-G. The lower crust below the Apuseni

6.3 Transylvanian region, East and South Carpathians
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Figure 12. Vertical sections through the 3-D shear wave velocity model SCP-ANT-VS1! ArdB—B. PB, Pannonian Basin; OCZ, Outer Carpathian Zone;
DB, Danube Basin; TB, Transylvanian Basin; FB, Fogsani Basin; LVZ, low velocity zone. The dashed lines shows the iso-veldgitie3. dfand 3.8 km's!;

the grey and black continuous lines correspond to Moho depths interpolated from the models of @eak(#008) and Graeét al.(2009), respectively. Note
vertical exaggeration.
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Mountains (20-40km) is anomalously thick and relatively slow mwm=2, with a mean value of 38 mWm) compared to

(Fig. 12, B-B) compared to high velocities further east be-

surrounding areas (Cranganu & Deming 1996), but relatively

neath the Transylvanian Basin. The Transylvanian Basin is, thick crust (Horath 1993). We estimate for the Transylva-
in general, associated with relatively low heat flow (26-58 nian Basin a crustal thickness of40km (Fig. 12, B-B
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and Fig. 13, G-@Q, somewhat less than the Moho depths inversion of the group velocity maps has been compared, where pos-
(~44-46 km) reported from the DRACULA 1+DACIA PLAN sible, with previous geophysical investigations. In general our new
seismic reflection studies by Fillerug al. (2010). Tesauret al. model is validated by these comparisons, but some intriguing dif-
(2008) and Gradkt al. (2009), however, estimated a Moho depth ferences are found, notably in relation to crustal thickness estimates
of about 30-35km for the Transylvanian Basin regions. Further- beneath the Apuseni Mountains and the Southeast Carpathians. To
more both of those compilations have missed the thick crust we find summarize the main features of the model:
beneath the Apuseni Mountains and conversely they find greater . . . . .
crustal thickness than we find beneath the SE Carpathians and the (i) At Sh"_""OW depths €10km), high topographic regions like
Fogsani Basin where crustal thickness decreases systematically tothe Bohgmlan Mfiss'f’ Eastern Alps, most_of the Carpathian arc,_the
30-35km (Fig. 12, B-B. Apuseni Mountains and t_h_e Trans-Danublar_1 Ranges are a_ssoc_lated
with relatively high velocities, whereas sedimentary domains like

the Danube, Vienna, Pannonian, Transylvanian, Fo¢sani and Dacic
Basins have low velocities. The low velocities associated with the
Fogsani and Dacic Basins seem to intrude below the SE Carpathians
(Vrancea region) and across the Moesian Platform.

(ii) The middle crust (10-16 km) beneath the Bohemian Massif
and Eastern Alps is relatively fast, but most of the Carpathians

2007). Furthermore, the section B—ig. 12) suggests that the and the Trans-Danubian Range are slow at these depths relative to
: ' ' surrounding regions, and the slow signature beneath the sedimentary

low velocities of the basin dip beneath the East Carpathians to basins i ivelv dissipated with denth
the west, as if Fo¢sani sediments underthrust the Carpathian oro- asins IS progressively dissipated with depth. . .
(iii) In the mid to lower crust (16-34 km), the Mid-Hungarian

en. The upper crust of the South Carpathians is associated with = ‘"™ . . . .
g PP P Line is associated with a broad NE trending relatively fast anomaly,

a localized high velocity anomaly, which is near vertical in the flanked to the NW b | ted regi 1 locities b th
upper 10 km (Fig. 13, G—(and contrasts strongly with the shallow anked tothe NV by an elongated region of fow velocities benea
the Trans-Danubian Ranges.

~10km) low velocities of the Moesian Platform (correspondin
( ) ( P g (iv) At depths of 30—40 km, relatively low velocities appear be-

to the Dacic foredeep basin) on one side and the Transylvanian th the Bohemian Massif and Eastern Alps but th A inent
Basin on the other side. This fast structure appears coherent rightnea € Boheémian Massit and astern Alps butthe most prominen

- .~ feature is a large low velocity anomaly interpreted as anomalously
through the crust, dipping to the NE beneath the Transylvanian ) .
Basing pping 4 thick crust beneath the Apuseni Mountains. Most of the Pannon-

The East Carpathian crustal thickness increases systematically tg@n and \é:ennla B:sm rr(]eglllong at tfhisel\/?eﬁths are relatively fast,
the north from~32 km (Fig. 12, A-A, B-B') to ~35km (Fig. 13, presumably re ated to shallowing of the Moho. .
F-F, G—-G), but in general appears thinner than the estimates (v) Our estimates of Moho depths, roughly based on the iso-

(~40km) of Tesaurcet al. (2008) and Gracbt al. (2009). In our velocity surfacevs = 3.8kms™, are generally consistent with re-
model relatively thin crust-¢32 km) is found below the contact sults from previous studies and accord well with different tectonic

zone between the East Carpathians and Focsani Basin, Wherea%laatures tho_ug_h we find specific differences relative to two recent
measurements from the VRANCEA 2001 seismic refraction line oha compilations of Tesauet al. (2008) and Graet al. (2009).
(Hauseret al. 2007) and the DRACULA I+DACIA PLAN seismic
reflection profile (Fillerupet al. 2010) suggest a crustal thickness
of ~42-45km below the Fogsani Basin, thinning towards the NW
to ~31-33 km in the Vrancea Zone of the SE Carpathians. Finally, The South Carpathian Project was supported by NERC standard
the thicker crust of the South Carpathians4Q km; Fig. 13, G— grant NE/G005931/1. The seismological equipment used in the
@) is broadly consistent with the crustal root suggested by &zafi SCP network was provided by SEIS-UK as the NERC Geophys-
& Horvath (2006) to explain the observed low Bouguer gravity ical Equipment Facility. The fieldwork for the SCP project was a
anomalies £ —100 mgal) in the South Carpathians. collaborative project between the University of Leeds, UK{VBs
Lorand Geophysical Institute (ELGI), Budapest, Hungary, National
Institute of Earth Physics (NIEP), Bucharest, Romania and the Sei
mological Survey of Serbia (SSS), Belgrade, Serbia. The Soutl
Carpathian Project Working Group includes: G. Houseman, G.
A new high-resolution shear wave velocity model for the crust ofthe Stuart, Y. Ren, B. Dando, P. Lorinczi, O. Gogus (University of
Carpathian—Pannonian region has been obtained using tomographit.eeds, UK); E. Hegsdids, A. Kovacs, I. Torok, |. Laszb, R. Csabafi
inversion of Rayleigh waves at periods 4-40s retrieved from am- (ELGI); C. lonescu, M. Radulian, V. Raileanu, D. Tataru, B. Zaharia,
bient seismic noise analysis. Our group velocity maps show good F. Borleanu, C. Neagoe, G. Gainariu, D. Rau (NIEP);
guantitative agreement with known geological features. We demon- S. Radovanovic, V. Kovacevic, D. Valcic, S. Petrovic-Cacic, G.
strate that Rayleigh-wave dispersion curves obtained from ambientKrunic (SSS); A. Brisbourne, D. Hawthorn, V. Lane (SEIS-UK,
noise correlation at periods as short as 4-8s can image very wellLeicester University, UK). Data from permanent stations used in
the sedimentary basins and their depth extents. High topographicthis study were obtained from the GFZ, ORFEUS and IRIS seis-
regions are associated with high group velocities at short periods (4—mological data archives with additional data from the Romanian
85s) corresponding to near-surface crystalline rocks and low group regional network provided by NIEP. The authors thank N. Rawl-
velocities at mid-periods (15-22 s) consistent with the thicker crust inson of Australian National University, for making available his
required for isostatic compensation. Long period group velocity 2-D non-linear inversion code, M. Schimmel for his non-linear
maps &25s) show high velocities in the Pannonian Basin, consis- phase weighted stacking code and R. Herrmann of Saint Louis Uni-
tentwith the crustal thinning which occurred during basin extension. versity, St. Louis, Missouri, for providing his seismological soft-
Our shear wave velocity model SCP-ANT-VS1 obtained from the ware package, which is used for the dispersion curve inversion.

In the East Carpathians, the Neogene volcanic region north
of the Vrancea Zone, is associated with low velocities down to
~6 km depth (Fig. 12, A-A. To the southeast of the Carpathi-
ans, a broad low velocity region is attributable to the foredeep
zone of the Fogsani Basin with low velocities down to 10-15km
(Fig. 12, B-B), consistent with the 15km deep Fog¢sani basement
inferred from the VRANCEA 2001 seismic line (Hauser al.
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Most figures were made using GMT software (Wessel & Smith Grad, M., Spicak, A., Keller, G.R., Guterch, A., Broz, M. & HegsdE.

1998). We thank Nick Rawlinson and an anonymous reviewer Working Group (incl. PSroda), 2003. SUDETES 2003 seismic experi-

for their valuable comments/suggestions which improved this ment,Stud. Geophys. Geod7,681-689.

manuscript. Grad, M., Guterch, A., Mazur, S., Keller, G.RSpicak, A., Hrubcoa,
P. & Geissler, W.H., 2008. Lithospheric structure of the Bohemian Mas-
sif and adjacent Variscan belt in central Europe based on profile SO1
from the SUDETES 2003 experimenl, geophys. Res113, B10304,
doi:10.1029/2007JB005497.
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