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The Eastern European lithosphere is a natural laboratory to study continental formation and evolution
through time, comprising Archean continental remnants, Proterozoic rifts and belts, and younger
accreted terranes. We investigate the seismic structure of the East European Craton (EEC) crust and
uppermost mantle, and the transition from Precambrian to Phanerozoic Europe across the Trans
European Suture Zone (TESZ) using probabilistic transdimensional ambient noise tomography. We
cross-correlate noise recorded at broadband seismic stations from Eastern, Northern, and Central
Europe, remove earthquake signals using continuous wavelet transform, and extract Rayleigh wave phase
velocity dispersion curves. We invert these for the highest resolution shear wave velocity model of the
Eastern European lithosphere to date, using Markov chain Monte Carlo Bayesian inversion. Our shear
wave velocity model exhibits spatial correlation with major tectonic units and bears similarities with
active seismic survey profiles in terms of seismic velocity patterns and main discontinuities. The crust
thickens across the TESZ boundary and the mantle is seismically faster than beneath younger terranes,
consistent with a less dense Precambrian lithosphere in the EEC. The crust and lithosphere beneath
the Pannonian region is hyper-extended but the adjacent Transylvanian basin crust shows significant
heterogeneity. The Precambrian building blocks of the EEC exhibit contrasting seismic fabrics. The
Baltic orogens of Fennoscandia are underlain by uniform crust with a flat Moho, while Sarmatia shows
alternating high and low velocity layers and a regional south-dipping crustal boundary from beneath
the Ukrainian Shield towards the Crimean Peninsula. The last observation supports a geodynamic style
driven by horizontal rather than vertical tectonics, with fundamental implications for the formation
and evolution of early continents.

� 2023 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Background

The Precambrian nuclei of continents, such as the East European
Craton, display anomalously thick present-day lithosphere and dis-
tinct crustal structure and composition. These continental nuclei
were consolidated and assembled over a long period of Earth his-
tory, from the Archean when the Earth was likely too hot to sustain
modern plate tectonics through a transition into the Paleoprotero-
zoic, when accretionary processes similar to those observed in the
Phanerozoic were initiated (e.g. Stern, 2005; Hamilton, 2011). The
Precambrian lithosphere displays a spectrum of different tectonic
styles that have been, in turn, overprinted by those that are repre-
sentative of a younger Earth. Secular changes in mantle properties
might have facilitated continental crustal growth in either a verti-
cal or a lateral sense, depending on the dominant geodynamic pro-
cess that operated at different times (e.g. Durrheim and Mooney,
1991) generating distinct crustal structures, compositions and
deformation fabrics (e.g. Zegers and Van Keken, 2001). For exam-
ple, Archean crust may be thinner and have a more felsic composi-
tion than Proterozoic crust (e.g. Petrescu et al., 2016), which could
reflect secular cooling of Earth’s mantle (Yuan, 2015). Plate tecton-
ics whose onset time has not been precisely determined (Korenaga,
2013) likely played a fundamental role in changing the style of
crustal growth within and around the Earth’s surviving cratons.
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The European continent evolved throughout several cycles of
continental break-up and accretion at the margins of the East Euro-
pean Craton (Fig. 1a, Nikishin et al., 1996; Bogdanova et al., 2008;
Ustaszewski et al., 2008; Mints, 2015) at present bordered by the
Ural Mountains in the east (e.g. Stephenson et al., 2006), the
Trans-European Suture Zone and the Carpathian Mountains in
the west (Pharaoh et al., 2006) and the Alpine-Tethys belt to the
south (Gee and Stephenson, 2006). The EEC is a thick and seismi-
cally fast craton comprising several Archean cores and Proterozoic
belts and paleorifts (Bogdanova et al., 1996; Claesson et al., 2006;
Stephenson et al., 2021). Investigating the crustal structure of these
cores and how they transition into younger continental crust can
offer fundamental clues on the Earth’s evolution through geologi-
cal history, the onset of plate tectonics or the kind of processes that
regulate crustal growth (e.g. Durrheim and Mooney, 1991; Mints,
2018).

We investigate the crustal and uppermost mantle seismic struc-
ture using ambient seismic noise and the most recent noise pro-
cessing tools and methods, using data from broadband
permanent and temporary seismic stations that operated in Cen-
tral, Northern and Eastern Europe between 1999 and 2020
(Fig. 1b). We cross-correlate ambient seismic noise records and
Fig. 1. a. Map of central, eastern, and part of northern europe showing the major geologi
blue patches are proterozoic anorthosite complexes, including the Korosten Pluton (KP)
marks the Carpathian embayment with Phanerozoic microplates hosting the Pannonian
line outlines the Teisseyre–Tornquist Line. Its route is less certain beneath the Carpath
showing all the broadband seismic stations whose data were analysed in this study, c
acronyms, which can be found on http://orfeus-eu.org (last accessed May 2022) and http
the main sedimentary basins of Central, Northern, and Eastern Europe after Nelskamp (2
Basins (yellow), the Pannonian Basin (red), Carpathian foreland deposits and Transylva
purple), the Pripyat-Dnieper-Donets basins (light green), and the Orsha-Volyn Aulacog
crossing the main geological boundaries in Eastern Europe. Green stars mark the location
this figure legend, the reader is referred to the web version of this article.)
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stack these to obtain virtual impulse response functions between
pairs of stations. We then extract Rayleigh wave phase velocity dis-
persion curves from each inter-station virtual Green’s function
(Kästle et al., 2016) and combine them to determine the isotropic
phase velocity and azimuthal anisotropy at discrete periods (e.g.
Darbyshire and Lebedev, 2009). We then invert these data using
a transdimensional Hierarchical Bayesian algorithm (Bodin et al.,
2012) to obtain a 3D shear wave velocity model of the East Euro-
pean Craton, the Trans-European Suture Zone, and the adjacent
accreted tectonic microplates down to �60 km depth. Our new
results provide the first 3D crustal seismic images of an area that
has not been explored before at such high resolution and wide spa-
tial extent. Additionally, azimuthal anisotropy can offer fundamen-
tal clues on deformation patterns frozen in the crust due to past
tectonic events (e.g. Wüstefeld et al., 2010).
2. Tectonic setting

The East European Craton, which approximates the
proto-continent known as Baltica (e.g. Bogdanova et al., 2008), is
a tectonic collage of three Precambrian continental nuclei with
cal boundaries and tectonic setting. the yellow area marks the east european craton.
. The pink areas are Avalonian blocks presumably sutured to the EEC. The red area
and Transylvanian Basin and the Apuseni Mountains (AM). The thick dashed black
ians. Inset shows the micro-continents forming the East European Craton. b. Map
olored according to their seismic network. The legend shows network codes and
s://www.fdsn.org/networks (last accessed May 2022). c. Approximate boundaries of
017). the European Permian Basin and Paleozoic deposits (pink), the Peri- Tornquist
nian Basin (TB, green), the Western and Eastern Black Sea Basins (WBS and EBS,
en (blue), part of the Central Russian Rift System. d. Selected seismic survey lines
of 1D inversion examples in Fig. 3. (For interpretation of the references to colour in

http://orfeus-eu.org
https://www.fdsn.org/networks


L. Petrescu, F. Borleanu, E. Kästle et al. Gondwana Research 125 (2024) 390–405
Archean cores (Mints, 2015) separated by Proterozoic belts and
paleorifts: Fennoscandia, Sarmatia, and Volgo-Uralia (Fig. 1a). Sar-
matia, which is of Archean-Paleoproterozoic age, is exposed in the
Ukrainian Shield and Voronezh Massif. Sarmatia and Fennoscandia
are sutured along the Central Belarus Suture Zone and the 2–
1.95 Ga Osnitsk-Mikashevich Igneous Belt (OMIB, Bogdanova
et al., 2006), which subsequently became the site of extension
and rifting forming the Central Russian Rift System (Gorbatschev
and Bogdanova, 1993; Krzemińska et al., 2022). Northwest of the
Central Belarus Suture Zone, Fennoscandia comprises a series of
Baltic orogenic belts formed between 2.1 Ga and 1.9 Ga that are
partly submerged beneath the Baltic Sea and can be traced onto
the Scandinavian Peninsula (Bogdanova et al., 2015). The EEC
was involved in multiple supercontinent cycles and survived the
impacts of several mantle plumes. Sarmatia records magmatic
traces of at least two inferred mantle plumes of Precambrian age
(Shumlyanskyy et al., 2016) and is scarred by large igneous intru-
sions such as the Korosten Pluton, a 1.8–1.7 Ga large igneous com-
plex that may extend down to �20 km (Thybo et al., 2003). The
break-up of the Neoproterozoic supercontinent Rodinia led to the
formation of the western boundary of Baltica at the TESZ inducing
widespread flood basalt volcanism, remnants of which are pre-
served in the Volyn large igneous province (Krzemińska et al.,
2022; Shumlyanskyy et al., 2007), spanning �200,000 km2 across
western Ukraine, eastern Poland, and south-western Belarus, and
cross-cutting the OMIB (Fig. 1a). The Pripyat- Dnieper-Donets gra-
ben, a paleorift hosting Paleozoic-aged basins (Stephenson et al.,
2021), cross-cuts Sarmatia and superimposes on the OMIB, and
may be the consequence of another mantle plume that thermo-
chemically eroded the cratonic lithosphere (Wilson and
Lyashkevich, 1996).

The western margin of Baltica acted as a buffer zone for multi-
ple continental collisions, remnants of which are collectively ter-
med the Trans-European Suture Zone (TESZ, Pharaoh, 1999; Grad
et al., 2002). The TESZ is the most important geological boundary
zone in Europe (Fig. 1), extending from the Baltic to the Black
Sea beneath the Carpathians (Borleanu et al., 2021). The TESZ sep-
arates Precambrian aged terranes of the EEC from younger micro-
plates and oceanic tracts progressively to its western margin.
Several orogenic fronts advanced towards the craton, but deforma-
tion typically terminated parallel to the TESZ: the Caledonian front
marks the collision between Baltica (present-day EEC) and the
Avalonia paleo-continent roughly 490–390 million years ago,
resulting in the accretion of Avalonia-affined terranes (e.g.
Oczlon et al., 2007) and the development of the peri-Tornquist sed-
imentary Basins (Poprawa, 2019) on the passive margin of Baltica
(Fig. 1c). The Variscan Front (Fig. 1a) marks the collision between
the extended Baltican margin with Gondwana approximately
370–290 million years ago, contributing to the growth of the Euro-
pean continent westwards and southwards (Behr et al., 1984). The
Alpine-Carpathian Front marks the limit of Neogene deformation
due to the northward migration of Africa and its Adriatic promon-
tory, resulting in the accretion of the Alcapa, Tisza, and Dacia ter-
ranes (Fig. 1a), as well as several neo-Tethys oceanic tracts to the
southwestern margin of the EEC (Ustaszewski et al., 2008). Finally,
the hyper-extended Pannonian Basin (Horváth et al., 2006) and the
Transylvanian Basin (Fig. 1c) evolved in the back-arc region rela-
tive to the Carpathians, subsequently experiencing sporadic post-
collisional volcanism over the last 12 million years (e.g. Seghedi
et al., 2004; Bracco Gartner and McKenzie, 2020).

The structure of the EEC crust and upper mantle, the TESZ and
the younger terranes to the west have been investigated with a
plethora of seismic imaging tools, including seismic tomography
(e.g. Zielhuis and Nolet, 1994; Zhu et al., 2012), receiver functions
(e.g. Knapmeyer-Endrun et al., 2013; Kalmár et al., 2023) and
active seismic techniques such as modern deep seismic sounding
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and wide angle reflection and refraction seismic surveys
(Fig. 1d): BABEL (BABEL Working Group, 1993), POLONAISE97
(P4, e.g. Guterch et al., 1999; Grad et al., 2002),
EUROBRIDGE’94-’97 (EB’97, e.g. EUROBRIDGE Seismic Working
Group, 1999; Yliniemi et al., 2001), CELEBRATION2000 (CEL01,
CEL05, e.g. Grad et al., 2006; ÅLSroda et al., 2006),
VRANCEA’99-’01 (Hauser et al., 2001, 2007), PANCAKE
(Starostenko et al., 2013), and RomUkrSeis (Starostenko et al.,
2020). Seismic surveys, however, have the limitation of a 2D view
of local-sized cross-sections and may not be able to capture the
complexities of structural heterogeneity and deformation that
shaped the EEC margin. A large-scale 3D seismic tomography of
the crust and upper mantle can provide significant added-value
to reveal the nature and evolution of the European continent
through time.
3. Data and methods

To investigate the structure of the East European Craton and the
transition from Precambrian crust and lithospheric mantle into
Phanerozoic terranes accreted to its western flanks, we use the
most recently developed ambient seismic noise tomography tech-
niques. Ambient noise tomography (ANT) has been an increasingly
popular seismic imaging tool in the last few decades thanks to the
widespread availability of continuous seismic records from dense
arrays and an increase in computing power. ANT relies on the prin-
ciple that cross-correlating ambient noise recorded at pairs of seis-
mic receivers yields impulse response functions of the Earth’s
structure, known as empirical Green’s functions. These are similar
to real seismograms and include virtual Rayleigh waves, whose
properties can be used to infer information on subsurface struc-
tures (e.g. Ritzwoller and Levshin, 1998). ANT removes the need
to record unevenly distributed earthquakes, offering the possibility
to improve azimuthal ray coverage and, implicitly, resolution, by
turning stations into virtual sources (Curtis et al., 2006). Previous
models of the crust and lithosphere in the EEC based on earthquake
data (e.g. Bijwaard and Spakman, 2000; Zhu et al., 2012) suffer
from this azimuthal coverage deficiency which automatically low-
ers model resolution and impedes accurate estimation of seismic
velocities and their directional variation, a crucial additional
parameter that can help constrain past deformational features
and/or active mantle flow (e.g. Petrescu et al., 2022).

Bensen et al. (2007) developed a reference procedure for pro-
cessing and analysing ambient noise data, which was progressively
modified and improved (e.g. Yang et al., 2020). Here we follow the
general procedure of Bensen et al. (2007) with several modifica-
tions. The ANT is done in multiple steps: 1. Continuous ground
motion cross-correlation and stacking; 2. Extraction of inter-
station Rayleigh wave dispersion curves; 3. Estimation of phase
velocity lateral distribution in frequency domain (e.g. Darbyshire
and Lebedev, 2009; Petrescu et al., 2017); 4. Inversion of phase
velocity maps into 3D shear wave velocity tomography (e.g.
Petrescu et al., 2022). Recently developed processing tools and
the wealth of both permanent and temporary seismic networks
in Eastern Europe (Fig. 1) provide an excellent opportunity to illu-
minate crustal and uppermost mantle structure of a complexly
evolved continent using ambient noise.
3.1. Ambient noise processing

We use continuous noise records from 1477 broadband perma-
nent and temporary seismic stations located throughout Central,
Northern and Eastern Europe (Fig. 1), out of which 338 stations
belong to temporary networks including the CALIXTO seismic
experiment in 1999 (Martin et al., 2005), the Carpathians Basins
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Project which operated in 2005–2007 (CBP, Dando et al., 2011), the
PASSEQ experiment from 2006 to 2008 (Wilde-Piorko et al., 2008),
and the South Carpathians Project from 2009 to 2011 (SCP, Ren
et al., 2012). We downloaded available data from permanent sta-
tions from national seismic networks that overlap with the period
range of the temporary deployments and from 2013 to 2020,
archived at EIDA (European Integrated Data Archive) and IRIS
DMC (Incorporated Research Institutions for Seismology Data
Management Center). Data from seismic stations in Ukraine were
provided by the Main Centre of Special Monitoring State Space
Agency of Ukraine for the year 2020.

Continuous vertical-component ground motion records are
downloaded in 24-hour long traces, resampled to 5 sps (0.2 s time
increment) and visually inspected to ensure the data do not exhibit
anomalous notches or patterns due to instrument failure. We then
cut continuous ambient seismic noise data in hour-long seismo-
grams, we apply spectral whitening with a waterlevel value of
60 dB relative to the amplitude of the spectrum, cross-correlate
and stack, obtaining inter-station empirical Green’s functions. Data
with gaps>10 s are discarded and smaller gaps are zero-padded.
Prior to cross-correlation we remove the instrument response,
the mean and the trend, and apply a Butterworth filter with corner
frequencies between 0.003 Hz and 2.4 Hz. To eliminate high ampli-
tude transients that disturb the ambient noise field, such as earth-
quakes or anomalous pulses, we use a recently developed de-
signaling algorithm based on the Continuous Wavelet Transform
(CWT, Yang et al., 2020). At this point, data are again visually
inspected to ensure the CWT successfully extracted background
noise. Seismograms with residual signals are discarded. The CWT
is also applied in reverse to de-noise the final cross-correlation
traces, resulting in high signal-to-noise ratio waveforms with
well-defined Rayleigh wave packets (Fig. 2). Finally, from the avail-
able simultaneously operating station pairs, we obtained 75,012
empirical Green’s functions for inter-station distances between
32 km and 2901 km. Possible methods to reconstruct Green’s func-
tions between stations that did not operate at the same time might
include the correlation of coda-correlations (e.g. Chen et al., 2023).

3.2. Surface wave dispersion

We extract Rayleigh wave phase velocity dispersion curves
using an automatic phase-picking algorithm (Fig. 2), which
assumes that vertical cross-correlograms take the form of Bessel
functions (Kästle et al., 2016; Magrini et al., 2022). In this method,
consecutive null values of the cross-correlation spectrum yield
direct measurements of phase velocity-frequency dispersion
curves subject to several stabilising criteria. These include enforc-
ing a maximum departure from a reference model to avoid irregu-
larities, picking consecutive zero-spectrum phase velocities c(x)
for frequency steps� p and ensuring the associated Bessel function
has the same polarity as ℜ(c(x)). This method has been success-
fully applied in ambient noise tomography (Petrescu et al., 2022)
and yielded 21,074 high-quality dispersion curves between sta-
tions as far apart as 2870 km. The number of dispersion curves is
significantly lower than the Greens’ functions set, due to the strict
quality control criteria applied during the automatic dispersion
analysis.

We associate an elliptical-shaped kernel with each zero cross-
ing that has a cosine decay of the intensity/weight from 1 in its
center to 0 at the border of the ellipse (Kästle et al., 2022). The ker-
nel width and height are user-controlled in units relative to the
spacing between adjacent zero crossings. By summing the overlap-
ping kernel intensities/weights from all zero crossings, a final heat-
map is obtained from which the dispersion curve is picked (Fig. 2c
and d). The dispersion curve picking algorithm starts at low fre-
quencies and successively picks phase velocities until one or sev-
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eral of the stopping criteria are met. These criteria are sudden
changes in the slope, a slope that deviates too much from the ref-
erence curve or missing picks due to missing zero crossings. In
Fig. 2d, this can be seen around 0.1 Hz where the red dispersion
picks stop. The heatmap in the background is calculated in an iter-
ative manner, so that it is always �0.025 Hz ahead of the last pick.
When the picking algorithm stops, the heatmap is also not calcu-
lated further for higher frequencies.

3.3. Rayleigh wave phase velocity tomography

The Rayleigh wave dispersion curves are combined into a
damped and gridded phase velocity tomography in a discrete per-
iod interval from 4 s to 50 s. At these periods, Rayleigh waves sam-
ple predominantly crustal and uppermost mantle depths. Each grid
cell is defined by its total phase velocity anomaly, which is decon-
structed via Fourier expansion into isotropic and azimuthally ani-
sotropic terms:

dC ¼ dCiso þ A2wcosð2wÞ þ B2wsinð2wÞ þ A4wcosð4wÞ þ B4wsinð4wÞ
ð1Þ

where w is the horizontal wave-number azimuth and dC is the total
phase velocity anomaly at the considered grid knot. This equation is
similar to a Fourier expansion (Deschamps et al., 2008) and the azi-
muthal anisotropy amplitude and direction are a linear combination
of the equation’s coefficients A and B (e.g. Petrescu et al., 2017).
These coefficients are estimated using a damped LSQR procedure
(Paige and Saunders, 1982; Darbyshire and Lebedev, 2009). This
type of geophysical inversion algorithm does not yield covariance
matrices. Deschamps et al. (2008) adopted a Monte Carlo approach
to estimate standard deviation errors from a dataset of 60 paths,
obtaining values between 8 and 12 m/s which are insignificant
compared to mapped phase velocity heterogeneities. Considering
our dataset is much larger, we would not expect the error on our
dispersion curve data to be higher.

The model is parametrized on a triangular grid using spherical
splines (Wang and Dahlen, 1995) covering the Earth’s surface with
an approximately equal interknot spacing of 60 km. This is similar
to previous surface wave tomography models using interknot spac-
ings between 50 km and 100 km depending on area and ray cover-
age (e.g. Li et al., 2010; Legendre et al., 2012, 2015; Shen et al.,
2016). The 3-D perturbations of phase velocities are estimated at
each grid knot and interpolated on a denser triangular grid, with
knot spacing about a third of the original model grid. The period
interval for which dispersion functions are estimated vary, result-
ing in different ray path coverage at each period. Consequently, the
size of the grid is different for each period. A good coverage such as
that for the 30 s period results in a grid of 1180 knots, while for the
10 s period, the grid size is under 1000 knots.

Our preferred damping and smoothing parameter combination
is based on trade-off curves between model roughness and the
ability to explain the observed data, defined through variance
reduction (Figure S2 in the Supplementary Material). This LSQR
procedure requires two types of damping. The primary type of
damping (or lateral smoothing) minimizes the difference between
a grid point and the average over the surrounding points. The sec-
ond type of damping penalizes the second spatial derivative of
each term. Increased damping and smoothing parameters thus
decrease anomaly values and lateral gradients, but also decrease
data fit. To find the damping parameters, we plot trade-off curves
between smoothing and variance, and roughness versus variance,
respectively, for each period, for very low damping parameters,
while keeping the anisotropic term damping values constant. The
knee of the resulting curves and their approximate intersection
yields optimum smoothing values. We proceed similarly for the



Fig. 2. a. Map showing a subset of seismic stations (green triangles), station mlr in romania (pink triangle) and inter-station virtual ray paths; b. record of cross-correlations
between station mlr and selected stations plotted in a, showing clear surface wave packets in both causal and acausal cross-correlation branches. Green traces are the raw
cross-correlograms and black traces are cross-correlograms denoised with the Continuous Wavelet Transform algorithm (Yang et al., 2020) which increases their signal-to-
noise ratio; c, d. Examples of surface wave dispersion analysis between two pairs of stations. Colours indicate the heatmap produced from the summation of elliptical
intensity kernels around zero-crossing picks (white circles). Dispersion values (red dots) are based on the resulting heatmap and do not coincide with zero-crossing picks. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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gradient damping. We test a range of damping values under fixed
smoothing and choose the value from the knee of the trade-off
curve. The chosen values also depend on a visual analysis of reso-
lution tests, aiming to suppress the leakage between mapped iso-
tropic and anisotropic heterogeneities while not oversmoothing
the maps (e.g. Darbyshire and Lebedev, 2009). The resulting values
are similar for our period interval, ranging between 1 and 2 for lat-
eral smoothing and 0.2 and 0.5 for gradient damping, respectively.

3.4. Probabilistic inversion

The phase velocity model is converted to the depth domain via a
Markov chain Monte Carlo transdimensional Bayesian inversion
(Bodin et al., 2012), which iteratively samples the model space
and produces a final probability distribution on the model param-
eters (Fig. 3). We extract phase velocities from each grid knot at all
periods and construct pseudo-dispersion curves at all coordinates
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of our model. Each pseudo-dispersion curve is inverted individu-
ally using the probabilistic algorithm for a 1D shear wave
velocity-depth profile. 1D profiles are then combined into a 3D
shear wave velocity model.

We use the implementation of Dreiling and Tilmann (2019)
where the search parameters include the shear-velocity in each
layer, the average Vp/Vs ratio, the data noise level, expressed as
the width, r, of a Gaussian uncertainty distribution, and the num-
ber of layers. In the absence of a priori phase velocity measurement
errors, the algorithm thus treats them as unknown hyperparame-
ters to be determined in the Monte Carlo search. Errors (or alterna-
tively referred to as noise) are assumed to be uncorrelated between
data points at adjacent periods on the input dispersion function.
The dimension of the model space (i.e. the number of layers) is
itself a variable, making the posterior probability a transdimen-
sional function. The model is allowed to vary between 2 km/s
and 5 km/s without supplying a priori starting models,



Fig. 3. Rayleigh wave phase velocity dispersion curves (a-c) and shear wave velocity (Vs) - depth profiles (d-f) for three selected regions in our study area. Dispersion curve
data (black lines) are extracted from the phase velocity tomography and are converted to Vs-depth profiles with the McMc Bayesian inversion method. Pink lines are the best
fit dispersion curve (a-c) and the median shear wave velocity profile (d-f) from the models ensemble. The shaded grey area is marked by the minimum and maximum
standard deviation. Histograms represent the ensemble probability distribution that may be regarded as a discontinuity probability. The posterior probability distribution of
data noise for each inversion (g-i). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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measurement error bounds, or discontinuity depths. Other prior
information consists of a user-set depth range between 0 and
60 km, a Vp/Vs interval of 1.5–2.0, a noise Gaussian width of 0–
0.05 km/s and layer number of 3–20.

The inversion, or more accurately referred to as the forward
model search, is carried out by running 5 separate model space
samplers in parallel, each with a maximum of 50,000 iterations
and a burn-in set of 10000. Each chain starts at different random
points and samples the dynamic model space simultaneously and
independently. The models explored in the burn-in set are dis-
carded and those obtained in the exploration phase from each
chain should achieve stability. The convergence of the algorithm
is monitored via several metrics including acceptance rates, the
evolution of the likelihood function or the misfit with iteration
number (Figure S4 in the Supplementary Material). The outputs
are combined in the end in an ensemble posterior probability that
yields the best-fit velocity-depth profile. The expected value and
associated uncertainty for each hyper-parameter (including Vs)
are extracted as the mean and standard deviation of the posterior
distribution (Figure S5 in the Supplementary Material).. The reso-
lution of seismic discontinuities can be examined by projecting
the ensemble of sampled Earth models into a marginal posterior
distribution of Vs at each depth (Fig. 3). The existence of a seismic
discontinuity is not a model parameter on its own so this function
represents a probability density of having a discontinuity at each
depth. The discontinuity probability is likely higher and sharper
when the McMc sampler tends to produce more models with layer
interfaces within a shorter depth interval.
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Compared to a linear inversion with a high number of thin
layers, the output models from the transdimensional inversion
might yield profiles with sharp velocity-depth gradients espe-
cially when a lower number of layers is preferred. When the
uncertainty is high, the algorithm tends to fit less complex mod-
els. Very thick layers as in Fig. 3e (30–55 km) are easily con-
strained and will thus show little variance because even a
small change in Vs will have a relatively large impact on the data
fit. A higher data noise region might result in a less complex
model (with fewer layers) that might appear better constrained
(lower standard deviation), because the sampler tends to fit only
a few models. Such might be the case in the Ukrainian Shield
inversion example (Fig. 3). On the other hand, a lower data noise
region (e.g. the Pannonian Basin) results in a more complex
model with an apparently higher uncertainty and lower discon-
tinuity of probability at depths where changes in layer interface
depths and velocity contrasts yield a similar data fit. We note,
however, that surface waves are best at estimating absolute
velocities, but lack the ability to resolve sharp vertical velocity
changes, especially in the absence of an additional data type such
as receiver functions. Additional bias may stem from inappropri-
ate modeling assumptions such as the possibility of dipping lay-
ers or anisotropy. In the depth inversion, we only take the
isotropic velocity components into account and do not model
the azimuthal or radial anisotropy. These simplifications imply
that we will not be able to perfectly fit the dispersion curves
which may slightly increase the data uncertainty estimated dur-
ing the model search.
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4. Results

4.1. Resolution and leakage tests

Fig. 4 shows selected synthetic tests of phase velocity tomogra-
phy demonstrating the ability of the inversion, model setup, and
station configuration to recover various checkerboard anomaly
patterns as well as possible rifting and deformation front anoma-
lies. We define checkerboard patterns as low velocity anomalies
(-2.5%) varying roughly between 200 km and 500 km in diameter
embedded in a high velocity anomaly background (2.5%). We allow
the inversion to produce anisotropy to also test for leakage
between isotropic and anisotropic terms of Equation (1). In other
words, we construct a purely isotropic model and check whether
the inversion will create artefacts in azimuthal anisotropy.

The output synthetic models show variable recovery for differ-
ent period maps, depending on ray coverage and azimuthal distri-
bution. For the 40 s period, checkerboard patterns are well-
recovered throughout Southern, Eastern, and Northern Europe,
Fig. 4. Resolution tests for isotropic phase velocity tomography. The left column (a,d,g,j) c
velocity peak anomalies and paleorift simulations). The middle (b,e,h,k) and right colum
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and the Black Sea. Model resolution decreases at the edge of the
Scandinavian Peninsula, across the Baltic Sea, in northeast Belarus
and Eastern Ukraine. Here, the shape of the smaller checkerboard
patterns are still recovered, but anomalies show half the original
amplitudes (Fig. 4). The larger checkerboards show a better anom-
aly recovery in Eastern Ukraine compared to smaller checker-
boards. For the 10 s period map, the amplitude of small-scale
anomalies decrease to half of the original value in Ukraine, Poland
and fade completely to the north-east. At lower periods, the Black
Sea synthetic anomalies are smeared towards the east along the
dominantly E-W trending ray paths (<15 s). Artifact anisotropy
produced in the inversion is negligible at all periods.

We also test the resolution of possible low velocity anomaly
features simulating the general trends of the TESZ, the Central Rus-
sian Rift System, and the Dnieper-Donets Rift (Fig. 1). Fig. 4 shows
near-perfect recovery of the synthetic TESZ anomaly at both short
and long periods, as well as the intersecting region with the Central
Russian Rift System, while its northeastern section and the
Dnieper-Donets Rift shapes are preserved, albeit with reduced
omprises a range of input synthetic models (checkerboard patterns with 2.5% phase
ns (c,f,i,l) show recovered models for the 40 s and 10 s period maps, respectively.
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amplitude at longer periods. Anisotropy artefacts are insignificant
throughout the model region for this specific anomaly pattern.
4.2. Phase velocities - isotropic variations and azimuthal anisotropy

Models of phase velocity anomalies and azimuthal anisotropy
are shown in Fig. 5. Since the grid area varies with period, isotropic
phase velocities are only determined at grid knots along inter-
station ray paths. However, model resolution decreases especially
in areas with low ray density and/or uneven azimuthal distribution
(see insets in Fig. 5 for each period). We mask phase velocity and
anisotropy regions with low model credibility using these criteria,
in conjunction with checkerboard recovery tests at each period.

Phase velocities show excellent correlation between negative
anomalies and known sedimentary basins at short periods (5–
10 s) sensitive to uppermost crustal depths (depths �5-15 km,
Fig. 5), demonstrating the power of ambient noise to resolve
near-surface structures. Low velocities follow the arcuate Car-
pathian foreland basins, the South Carpathian foredeep and the
Paleozoic cover of the Moesian Platform, the Pannonian Basin,
the Transylvanian Basin, the Western Black Sea Basin, as well as
Fig. 5. Phase velocity maps of Central, Eastern and Northern Europe at periods between
period, and lines mark the amplitude and direction of azimuthal anisotropy. The 5 s and
basins in Europe after Fig. 1d. Abbreviations are. PMB - Paleozoic-Mezosoic Basins, CF
Transylvanian Basin, PT - Peri- Tornquist Basins, WBS - West Black Sea Basin. Longer peri
Fig. 1a. Insets show the virtual ray coverage at each period. Bottom right. Rayleigh wave
for reference, not used in the inversion).
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the peri-Tornquist Basins. The surface expression of the TESZ
roughly corresponds to an elongated low-velocity zone at periods
of 5 s and 10 s, with parallel NW-SE oriented azimuthal anisotropy
in the Polish sector and oblique-to-perpendicular across the
Carpathians (Fig. 5). The negative velocity patch seems to join
the Eastern Carpathians foredeep low velocity signature arching
around the orogen. At longer periods (15–25 s; depths �15-
30 km), the TESZ seems to separate low velocities on its western
side and higher velocities to the eastern side, especially across
the Carpathian sector.

At periods of 20 s-30 s (depths �15-35 km), another NW-SE
oriented elongated low velocity anomaly, quasi-parallel to the
TESZ, emerges within the East European Craton. This anomaly
as well as anisotropy directions appear to wrap around
high velocity centers that correspond to exposed Archean and
Paleoproterozoic basement of Sarmatia (yellow contours in
Fig. 5).

At longer periods (40 s-50 s; depths �35-60 km), indicative of
lower crust- uppermost mantle depths, maps are dominated by
increased heterogeneity. Consistently low velocities follow the sur-
face expression of the Dnieper-Donets Rift (Fig. 1) and anisotropy
seems mostly oblique to the general rift axis.
5 s and 50 s. The colour scale indicates isotropic phase velocities and changes with
10 s maps are overlain with the approximate boundaries of the main sedimentary
- Carpathian Forearc, MP - Moesian Paleozoic Basin, PB - Pannonian Basin, TB -

od maps are overlain with the main geological boundaries and tectonic regions as in
depth-sensitivity kernels to isotropic shear wave speed for selected periods (shown



Fig. 6. Shear wave velocity maps of Central, Eastern, and Northern Europe at selected depth slices from our transdimensional velocity model, overlain with major geological
boundaries as in Fig. 1a and political boundaries.
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4.3. Shear wave velocity tomography

Fig. 6 shows the shear wave velocity model estimated with the
probabilistic transdimensional inversion algorithm. Here, we mask
shear wave velocity regions similarly to the phase velocity maps,
according to the peak depth sensitivity of Rayleigh waves at each
period (Fig. 5). The relationships between periods and depths are
not straightforward. Depth sensitivity functions for Rayleigh waves
of various periods have different degrees of overlap in the upper
crust. Thus, the masking choice for the shear wave velocity model
is not entirely dictated by the availability of phase velocity mea-
surements at specific grid points. The shear wave velocity model
shows heterogeneous patterns across Central and Eastern Europe
(Fig. 6). Model uncertainties consist in standard deviations esti-
mated based on posterior probability functions for Vs at each
depth slice (Figure S5 in the Supplementary Material). These vary
between 0 and 0.8 km/s, with an average of 0.18 km/s at 5 km
depth, 0.27 km/s at 20 km depth and 0.25 km/s at 40 km depth.
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These errors are significantly lower than the estimated seismic
heterogeneities, allowing us to confidently constrain differences
between felsic and mafic rocks, for example, for which seismic
velocity changes were estimated as high as 2 km/s (e.g. Rudnick
and Fountain, 1995). In the absence of measurement errors, the
transdimensional code also searched for the level of noise in the
velocities extracted from the phase-velocity maps, yielding an
average r value of 0.035 km/s (Figure S6 in the Supplementary
Material).

At shallow depths (<6 km), low velocity values correlate with
the location of known sedimentary basins (Fig. 6). The Pannonian
Basin is the most prominent anomaly, emerging as a low velocity
feature that persists down to �6 km. The Carpathian foreland
basin, especially the southern section, have similarly low velocity
signatures down to �10 km, likely sampling Neogene and
Paleozoic sedimentary successions from different past orogenies.
The peri-Tornquist Basins and the TESZ correspond to low velocity
regions that fade out at depths > 6 km, compared to the
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off-craton basins. The Osnitsk-Mikashevich Igneous Belt is overlain
by a seismically slow layer down to at least �2 km, corresponding
to the Late Palaeozoic Pripyat Trough (Fig. 1a, c and 6).

High velocities across part of the Ukrainian Shield and the
Osnitsk-Mikashevich Igneous Belt (Fig. 6), roughly correspond to
the lateral extent of the Volyn igneous province (Fig. 1) and the
exposed basement regions of Sarmatia. The Ukrainian Shield dis-
plays a high velocity feature at upper and lower crustal depths sep-
arated by a thin low velocity layer at �10 km depth.

At lower crustal depths, the shear wave velocity becomes
increasingly complex and apparently independent of the surface
geology. Cross-sections show several seismic velocity changes and
discontinuity offsets across the deformational fronts and the TESZ
(Fig. 7), but also significant crustal seismic velocity heterogeneities
Fig. 7. Cross-sections of shear wave velocity through the crust and uppermost mantle ac
shown above each profile. Dashed black lines are interpreted traces of the Moho dis
boundaries and pink lines corresponding to the cross-sections. (For interpretation of the
this article.)
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within the East European Craton terranes. The Fennoscandian oro-
gens seem underlain by a mostly uniform crust with a flat Moho,
while Sarmatia shows strong lateral heterogeneities. A regional scale
low-angle dipping interface underlies the Ukrainian Shield, the
Scythian Platform and the Crimea Peninsula.
5. Discussion

5.1. Comparison with previous seismic tomography models

Most continental and global seismic tomography models of the
mantle based on earthquake data show a strong contrast between
the high seismic velocities to the east of the Trans-European Suture
ross and parallel to the Trans European Suture Zone. An exaggerated topography is
continuity. Top right. Topographic map of Europe showing the major geological
references to colour in this figure legend, the reader is referred to the web version of
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Zone and seismically slow regions south-west of the TESZ at
�100 km depth (e.g. Yang et al., 2007; Chang et al., 2010;
Schivardi and Morelli, 2011; Legendre et al., 2012; Schaeffer and
Lebedev, 2013; Zhu et al., 2015). In contrast to our study, these
models lack the dense seismic station and ray coverage in the East-
ern European Platform we benefit from and often, likely due to
model edge resolution decrease, they portray the EEC mantle as a
wide, seismically fast, homogenous lithospheric root, despite its
protruded and complex tectonic history that includes multiple col-
lisions, rifting, and volcanism.

Seismic heterogeneities in the shallow lithosphere above
100 km show more complex heterogeneities than a constant SW-
NE gradient across the TESZ, but bear many similarities with local
and partially overlapping ambient noise tomography models that
are sensitive to crustal levels. These include, but are not limited
to, the models of Ren et al. (2013), Meier et al. (2016), Soomro
et al. (2016), Lu et al. (2018), and Szanyi et al. (2021). The models
of Ren et al. (2013), Lu et al. (2018) and Szanyi et al. (2021) par-
tially overlap with our study area in the the Carpathian-
Pannonian Region (Ren et al., 2013) and the Pannonian-Eastern
Alpine region (Lu et al., 2018; Szanyi et al., 2021). All models show
slow seismic anomalies in the Pannonian, Transylvanian, and Car-
pathian Foreland basins, similar to our model at low periods/shal-
low depths. High velocities emerge at 10–20 km depth beneath the
Pannonian compared to the surrounding orogenic structures, con-
sistent with our model, and interpreted as a thinned crust beneath
the basin (Ren et al., 2013; Szanyi et al., 2021). The ambient noise
phase velocity model of Soomro et al. (2016) covers central Europe,
overlapping with our study area north of 45� N and west of 25� E.
We note several similarities between our phase velocity maps and
the Soomro et al. (2016) heterogeneities, specifically the contrast
between the high seismic velocity Bohemian Massif and the low-
velocity Permian Basins extending across Poland and Germany at
periods up to 20 s (Fig. 5). At longer periods (>40 s, both in our
model and in the model of Soomro et al. (2016), the TESZ section
across Poland seems to mark a transition from low-to-high seismic
anomalies (Fig. 5). Our model shows, however, that this transition
is only consistent in the Baltic region. Further south-east along its
probable trajectory, the TESZ marks a switch from high-to-low
velocity anomalies near the Orsha-Volyn Aulacogen and low-to-
high along the Carpathian Front in Romania (40 s and 50 s maps,
Fig. 5).

5.2. Azimuthal anisotropy - past or present deformation?

While shear wave velocity heterogeneities can offer fundamen-
tal clues on compositional variations, temperature, or water con-
tent, anisotropy provides complementary information that can
shed light on a range of active or past deformation mechanisms
affecting lithospheric structure (e.g. Long and Becker, 2010). There
are two primary candidates for observed seismic anisotropy.
Intrinsically anisotropic minerals such as olivine in the mantle or
biotite and hornblende in the crust (e.g. Mainprice and Nicolas,
1989) develop lattice-preferred orientation (LPO) along the maxi-
mum shear direction (Nicolas and Christensen, 1987) or the max-
imum extension direction (e.g. Ribe, 1992) and are often
interpreted as evidence of mantle flow (e.g. Karato et al., 2008).
Shape-preferred orientation (SPO) of fault zones (Boness and
Zoback, 2006), cracks, or inclusions (Crampin, 1994) such as mag-
matic intrusions (Kendall et al., 2005) or rift axes (e.g. Bastow et al.,
2010) can also cause seismic anisotropy. Discriminating between
these opposing mechanisms can be difficult, especially because
the direction of anisotropy can vary relative to maximum exten-
sion. For example, SPO anisotropy from alignment of cracks in
the crust is perpendicular to the maximum extension, but LPO ani-
sotropy in the mantle is parallel to maximum extension (Fouch and
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Rondenay, 2006). Thus even in a simple crust-mantle coupling
model, a complex signal can be observed.

Lithospheric anisotropy in Central and Eastern Europe has often
been interpreted as frozen deformation inherited from past tec-
tonic events in the EEC (Wüstefeld et al., 2010) and the accretion
of younger microplates (e.g. Babuška and Plomerová, 2006). Recent
anisotropic seismic tomography models of European lithosphere
(Zhu et al., 2015; Nita et al., 2016) support an anisotropic block-
model of Europe as suggested by Plomerová et al. (2011). Zhu
and Tromp (2013) notes that anisotropy in the EEC tends to align
along ancient rift systems, such as the Central Russia Rift System
and the Pripyat-Dnieper-Donets Rift and dipping anisotropy is
likely present beneath the Ukrainian Shield. We note, however,
that these models offer anisotropic constraints mostly from the
lower crust and the underlying mantle, while our ambient-noise
frequency range allows the extraction of seismic information from
the entire crustal column.

Azimuthal anisotropy at short periods (sensitive to shallow
depths) is strongest (�5%) in the low-velocity sedimentary basins
(Fig. 5). At depths < 5 km, bulk anisotropy may be dominated by
microcracks, according to laboratory experiments (Kern, 1990).
Fluid-saturated microcracks are highly sensitive to small changes
of stress (Crampin and Peacock, 2008). The Pannonian Basin is
undergoing tectonic inversion due to the continuous push of Adria
approximately towards the NE. A NE-SW oriented fault boundary
between Alcapa and Tisza underlies sedimentary sequences
(Fig. 1a), likely contributing to the observed anisotropy trends, as
would be expected from fault-aligned anisotropy (Boness and
Zoback, 2006). In the South Carpathian Foreland basin and the
Moesian Platform Basin (Fig. 1a), anisotropy is also strong and ori-
ented E-W, along the obliquely juxtaposed Carpathian nappes
(Fig. 5). The region is tectonically active as suggested by the many
shallow-depth seismic swarms that occurred along the front (e.g.
Radulian et al., 2019; Borleanu et al., 2023). In the PMB, anisotropy
rotates clockwise from SE-NW near the Baltic Sea to NE-SW near
the Carpathian Front and TESZ. Here, anisotropy is less likely con-
trolled by an active stress field. The correlation with the surface-
expression of the TESZ and Variscan Front rather points to a frozen
deformation pattern caused by the past collisional events associ-
ated with these tectonic boundaries.

The EEC crust exhibits complex patterns of anisotropy with
variable strength that are most likely inherited from past tectonic
events. The Baltic orogens of Fennoscandia exhibit mostly SE-NW
oriented 2–3% anisotropy at all depths, oblique to the tectonic
boundary trends. Anisotropy clearly switches to NE-SW across
the Central Belarus Suture Zone and the Osnitsk- Mikashevich
Igneous Belt, part of the Central Russian Rift System. Here, aniso-
tropy strongly decreases at longer periods (40–50 s, Fig. 5, sensitive
to lower crust/upper mantle levels). This observation is in contrast
to the rift-aligned axes estimated by Zhu and Tromp (2013) at
depths > 50 km, implying a different mechanism at depth. The
Ukrainian Shield is strongly anisotropic (3–5%) and seems divided
in two main domains with contrasting fabrics and seismic
velocities.

5.3. The TESZ and stacked collisional fronts: Imaging lateral
continental growth

Our new lithospheric tomography captures a number of signif-
icant geological boundaries such as the TESZ, associated with the
Caledonian Front, as well as the Variscan, and the Carpathian
Fronts, marking the lateral growth of the European continent
and, more fundamentally, a transition zone separating Phanerozoic
from Precambrian tectonic processes. We attempt to explain the
most prominent features in our tomography in relation to those
boundaries and the lithospheric fragments they demarcate,
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although correlations with surface geology are not always straight-
forward at depth.

At uppermost crustal levels, the TESZ does not seem to clearly
separate regions of high and low velocity (Fig. 6), as was often
imaged at asthenospheric depths (e.g. Bijwaard and Spakman,
2000; Zhu et al., 2012). Its route, width, and complexity change
along-strike from Poland where it appears as a broad low velocity
zone suggesting the presence of a thick sedimentary basin (e.g.
Grad et al., 2003) while its southeastern segment is buried beneath
the Carpathian Orogen (Starostenko et al., 2020; Borleanu et al.,
2021). Anisotropy patterns (Fig. 5) also show many period-
dependent changes across and along the TESZ, indicating complex
layered deformation across the craton edge. Profile AA’ in Fig. 7
shows an increase in upper mantle velocities towards the north-
east, from Avalonian terranes towards the EEC, consistent with
decreased density of cratonic lithosphere (Artemieva, 2003). The
TESZ is marked at depth by a lateral change in lower crustal veloc-
ities and a �20 km depression of what might be considered the
Moho discontinuity based on the sudden Vs increase to typical
mantle wave speeds (Fig. 7). These crustal thickness and seismic
velocity changes may be the consequences of Avalonia- Baltica col-
lision and possible slab break-off and are corroborated by previous
receiver function studies (Knapmeyer-Endrun et al., 2014), local
ambient noise studies (Becker and Knapmeyer-Endrun, 2018) and
all the active seismic surveys crossing this boundary north of the
Carpathian Front: EUROBRIDGE97 (Yliniemi et al., 2001), POLO-
NAISE97 (Guterch et al., 1999; Grad et al., 2002), as well as those
that cross the Carpathians towards the Osnitsk-Mikashevich
Igneous Belt: the CELEBRATION00 (Grad et al., 2006) and PANCAKE
(Starostenko et al., 2013) profiles (Fig. 1d).

Grad et al. (2003) suggested several scenarios for the type of
collision that reworked the passive EEC margin, including flake tec-
tonics (e.g. Meissner, 1989) or a soft or oblique collision. In the
flake tectonic model, Baltica presumably indented into Avalonia,
obducting its upper crust and forcing its lower crustal layer
beneath the indenter. Profile AA’ (Fig. 7) shows a high velocity
mid-crustal layer (�4 km/s) sandwiched between comparatively
lower velocity layers (also evident in probability of discontinuity
cross sections in Figure S8). This layer extends beyond the TESZ
and the surface expression of the Variscan Front and pinches out
beneath the Bohemian Massif. The high velocity layer seems con-
nected to the broader high velocity EEC crust belonging to the
Fennoscandian Paleoproterozoic orogens, supporting the idea that
Precambrian crust might form an extensive wedge embedded into
more juvenile terranes accreted during Phaneorozoic orogeneses.
From an anisotropic point of view, the TESZ in this region marks
a reorientation of oblique to perpendicular fast axes at
periods < 40 s and a more clear switch from TESZ-parallel to
TESZ-perpendicular at 40–50 s (lower crust). This gradual change
in anisotropy at mid-lower crustal levels underlain by a more rapid
rotation at lower crustal levels might support the indenter tectonic
style. Similar mechanisms have been proposed for the Slave craton
in Canada based on the LITHOPROBE seismic surveys (Snyder,
2002).

The seismic structure of the TESZ changes dramatically along its
southwestern segment, across the Eastern Carpathians. Here, the
TESZ may be underthrusted and overprinted by Neogene orogeny
and post-collisional volcanism (Borleanu et al., 2021) and aniso-
tropy seems largely oblique to perpendicular to the orogenic trend
at least in the Eastern Carpathians suggesting horizontal tectonics
in the thickened crustal root similar to the lower crustal fabrics of
the Central Alps (Fry et al., 2010). Profile BB’ in Fig. 7 shows a
strong change in crustal velocity patterns and a depression of the
4.5 km/s contour beneath the Carpathians. Beneath the Ukrainian
Shield region, Vs reaches mantle-typical values at depths of
�30 km overlying a low velocity zone at �50 km. Discontinuity
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probability profiles in this area also show two strong peaks
between 15 and 20 km depth and one peak between 50 and
55 km depth (Figure S8). This profile is close to the RomUkrSeis
seismic profile (Fig. 1d, Starostenko et al., 2020) which shows sim-
ilar crustal fabrics, including a local crustal thickening beneath the
Carpathians and thinning towards the northeast.

5.4. Crustal and lithospheric thinning beneath the Carpathian-
Pannonian region

The Carpathian Orogen shows variable seismic structure along-
strike and significant crustal and lithospheric thinning in the
enclosed Pannonian Basin. Compression in the Carpathians along
the EEC margin is generally thought to be coeval with backarc
extension in the Pannonian, possibly driven by a retreating sub-
duction zone towards the craton (e.g. Royden, 1988) or lateral
extrusion of the Eastern Alps (e.g. Ratschbacher et al., 1991). The
Pannonian Basin is superimposed on several microplates that
sutured before the Carpathian Orogen. The Tisza- Dacia collision
led to the closure of a Neo-Tethys branch (Schmid et al., 2008)
whose ophiolitic remnants are partly exposed in the Apuseni
Mountains and mostly buried beneath the Pannonian and Transyl-
vanian basins (Fig. 1). Our model shows a stark contrast in crust
and mantle velocity patterns across the Apuseni Mountains (Profile
BB’ in Fig. 7), which, along with the Transylvanian Basin region,
acted as a transfer zone between contracting and extending
regions (Huismans and Bertotti, 2002). Similarly to previous stud-
ies (Ren et al., 2013; Petrescu et al., 2019), our model shows low
seismic velocities down to depths of �50 km beneath the Apuseni
Mountains and Transylvania, with variably clear Vs discontinuities
(Figure S8). In contrast, the seismic profile of the Pannonian Basin
(Fig. 3) shows a thin crust (Vs values reach typical upper mantle
velocity at �25 km) and an anomalously shallow lithosphere-
asthenosphere boundary marked by a decrease in Vs at 45–
50 km depth. Discontinuity profiles show a large probability at
�6 km and two secondary peaks between 15 and 25 km (Figure S8).
These observations are consistent with both passive seismic data
studies (e.g. Kalmár et al., 2021) and active seismic surveys
(Posgay et al., 1981) and support the existence of a hyper-
extended lithosphere and shallow asthenosphere.

The Carpathian Front captured in Profile CC’ is marked by an
uplift of the 4 km/s Vs contour, a decrease in upper mantle veloc-
ities and a zone with less discernible crust-mantle Vs discontinu-
ities beneath the Western Carpathians, corroborating the
SUDETES2003 seismic profile (S04 in Fig. 1d, Hrubcová et al.,
2010). This change is not replicated on the opposite section of
the Carpathian Front, marking the collision between the Tisza-
Dacia unit and the Precambrian block of Moesia (Fig. 1). This sec-
tion shows gradual crustal thickening beneath Moesia and what
is likely the dipping low velocity Paleozoic sedimentary cover of
Moesia beneath the South Carpathians (Profile CC’ in Fig. 7). Seis-
mic structures of the East and South Carpathians are markedly dif-
ferent, likely due to the type of lithosphere involved in the
collision. While the East Carpathians are a classic fold-and-thrust
belt overlying an already complex zone of reworked craton margin,
the South Carpathians were obducted obliquely onto the Moesian
Platform (e.g. Hippolyte et al., 1999), with reduced impact on its
crustal structure and strong lithosphere.

5.5. Seismic expression of tectonic units in the East European Craton

The oldest and most enigmatic continental fragments captured
with our tomography date back to the Archean, when the Earth
might have been too hot to sustain modern plate tectonics (e.g.
Korenaga, 2013). The East European Craton has been involved in
multiple collisions, and subject to episodes of extension and
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magmatism before it reached the present-day tectonic stability
(e.g. Mints, 2015). The most prominent uppermost crustal feature
is the high velocity anomaly roughly corresponding to the exposed
crystalline basement of the Ukrainian Shield (Fig. 1). This anomaly
strongly contrasts with the nearby low velocity region of the 2–
1.95 Ga Osnitsk-Mikashevich Igneous Belt, covered with up to �4
km of sediments, and the Baltic orogens of Fennoscandia (Fig. 6).
The anomaly expands at �4 km depth, consistent with the location
of the large 1.8–1.7 Ga Korosten pluton (Thybo et al., 2003). This
high velocity anomaly is underlain by a mid-crustal low velocity
zone overlying a high velocity layer (Fig. 3e). The alternation of
high and low velocity layers in this region mirrors a depth and
period-dependent change in azimuthal anisotropy (Fig. 5) and is
similar to the EUROPROBE’97 seismic profile (EB97 in Fig. 1d,
Thybo et al., 2003), indicating a highly complex crustal structure
in contrast with the relatively uniform crust of Fennoscandia to
the north (Fig. 7). The low velocity layer at �10 km beneath the
US (Fig. 7) corresponds with a low velocity layer at similar depth
in the EB97 (Thybo et al., 2003) and gravity modeling indicates
the presence of interlayered anorthosites and granitoids with Vp
as low as 6 km/s and density as low as 2.6 � 103 kg/m3

(Yegorova et al., 2004).
Probably the most intriguing feature of our model of the EEC is

the large-scale low-angle south-dipping interface that extends
beneath the Ukrainian Shield, the Scythian Platform, and beneath
the Crimean Peninsula (Profile DD’, Fig. 7). The DOBRE-4 seismic
survey intersects our profile DD’ in the south (Fig. 1d) and confirms
the existence of a high-impedance discontinuity at �25 km depth
(Starostenko et al., 2017). A deeper velocity interface emerges in
profile BB’ at �50 km depth, consistent with the location of sub-
crustal reflectors identified on the RomUkrSeis seismic profile
beneath the Shield (Starostenko et al., 2020). In discontinuity prob-
ability profiles, the interface appears like a rough step-wise lateral
deepening of a layer interface (profile DD’ in Figure S8). The pres-
ence of this low-angle dipping interface has also been suggested by
Zhu et al. (2015) as dipping anisotropy and places fundamental
constraints on the geodynamic regime dominant at the time of
crustal formation. Specifically, it supports a crustal growth mecha-
nism driven by lateral rather than vertical tectonics (e.g. Jain et al.,
2019), which would have included diapiric doming of magmatic
structures with a chaotic internal geometry (Van Kranendonk
et al., 2004). Whether the thermal and rheological state of the Pre-
cambrian or earlier mantle allowed subduction processes or the
Earth was dominated by mantle-plume dynamics and convection
overturns remains a matter of debate (Gerya, 2014). Similar fea-
tures appeared in the Archean terranes of the Superior craton in
Canada and were interpreted as relict 2.7 Ga subduction-
associated sutures (Calvert et al., 1995), supporting an accretionary
scenario for continental growth at least at that particular time and
location. However, the Scythian Platform, often regarded as the
passive margin of the EEC, was affected by Early Paleozoic orogeny
(Saintot et al., 2006), and the Crimean Peninsula experienced Ceno-
zoic shortening due to the collision of the southern margin of Eur-
asia with several continental microplates (Hippolyte et al., 2018).
Thus, younger compressional pulses might have overprinted older
Archean fabrics, shedding doubt over the age of this regional scale
interface.
6. Summary and conclusions

We investigated the crustal and uppermost mantle structure of
Central, Eastern and Northern Europe, using the most recent tools
for processing seismic ambient noise recorded at all.

available broadband seismic stations that operated in the region
between 1999 and 2020. A new shear wave velocity model is
402
constructed based on Rayleigh wave phase velocity dispersion
curves obtained from empirical Green’s functions estimated
between pairs of seismic stations that operated simultaneously.
We build our model in two steps. We first use an LSQR inversion
method to estimate isotropic and anisotropic phase velocity
anomalies on a regular grid. Secondly, we use a trans-
dimensional Markov-chain Monte Carlo method to invert the
frequency-domain tomography to a depth-domain shear wave
velocity model.

We discuss the seismic signature of the stacked orogenic fronts
that successively reworked the margin of the EEC and confirm the
existence of multiple offsets of shear wave velocity discontinuities
in the lower crust beneath the TESZ and a general increase in seis-
mic velocity in the mantle. These observations point to a thicker
crust and a more depleted craton lithosphere on the eastern side
of the TESZ. High velocity crustal wedges extend beyond the TESZ
in the Polish section, supporting a flake tectonic style in this area,
in which cratonic crust indents into younger European terranes
accreted during collision with Avalonia.

In the Carpathian-Pannonian region, our model is consistent
with a hyper-extended crust and thin lithosphere beneath the Pan-
nonian Basin, in contrast to a thick low velocity lithosphere
beneath Apuseni Mountains and the Transylvanian Basin, the locus
of Mesozoic assembly of a series of continental fragments and
ophiolite obduction. The stark difference between the lithospheres
of the Pannonian and Transylvanian Basins may be relevant for
testing the hypothesis of slab-roll back, generally thought to have
driven extension throughout the region. The model also shows sig-
nificant heterogeneities along the Carpathians, reflecting a chang-
ing collisional style along their sinuous track.

The major Precambrian units of the EEC exhibit contrasting
seismic structure: while Fennoscandia is underlain by a relatively
homogeneous crust with flat seismic discontinuities, Sarmatia
comprises alternating high and low velocity layers, likely repre-
senting mafic plutons emplaced during multiple Proterozoic mag-
matic episodes. A large-scale south-dipping interface appears to
extend beneath the Ukrainian Shield and the Crimean Peninsula,
favoring a geodynamic regime dominated by horizontal tectonics
in this area. The dipping discontinuity may be a preserved Precam-
brian suture zone or a deformational overprint due to younger oro-
geneses at the southern rim of Baltica.
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Czuba, W., Środa, P., Murovskaya, A., Kolomiyets, K., et al., 2020. RomUkrSeis:
Seismic model of the crust and upper mantle across the Eastern Carpathians-
From the Apuseni Mountains to the Ukrainian Shield. Tectonophysics 794 (228),
620. https://doi.org/10.1016/j.tecto.2020.228620.

Stephenson, R., Yegorova, T., Brunet, M.-F., Stovba, S., Wilson, M., Starostenko, V.,
Saintot, A., Kusznir, N., 2006. Late Palaeozoic intra-and pericratonic basins on
405
the East European Craton and its margins. Geol. Soc. Lond. Mem. 32 (1), 463–
479. https://doi.org/10.1144/GSL.MEM.2006.032.01.29.

Stephenson, R., Yegorova, T., Stovba, S., 2021. An investigation of how intracratonic
rifting is ‘‘seeded”: Case study of the Late Devonian Dniepr-Donets Basin rift
within the East European Craton. Precambr. Res. 362 (106), 305. https://doi.org/
10.1016/j.precamres.2021.106305.

Stern, R., 2005. Evidence from ophiolites, blueschists, and ultrahigh-pressure
metamorphic terranes that the modern episode of subduction tectonics began
in Neoproterozoic time. Geology 33 (7), 557–560. https://doi.org/10.1130/
G21365.1.

Szanyi, G., Gráczer, Z., Balázs, B., Kovács, I.J., Group, A.W., et al., 2021. The transition
zone between the Eastern Alps and the Pannonian basin imaged by ambient
noise tomography. Tectonophysics 805 (228), 770. https://doi.org/10.1016/
j.tecto.2021.228770.

Thybo, H., Janik, T., Omelchenko, V., Grad, M., Garetsky, R., Belinsky, A., Karatayev,
G., Zlotski, G., Knudsen, M., Sand, R., et al., 2003. Upper lithospheric seismic
velocity structure across the Pripyat Trough and the Ukrainian Shield along the
EUROBRIDGE’97 profile. Tectonophysics 371 (1–4), 41–79. https://doi.org/
10.1016/S0040-1951(03)00200-2.

Ustaszewski, K., Schmid, S.M., Fånugenschuh, B., Tischler, M., Kissling, E., Spakman,
W., 2008. A map-view restoration of the Alpine-Carpathian-Dinaridic system
for the Early Miocene. Swiss J. Geosci. 101 (1), 273–294. https://doi.org/
10.1007/s00015-008-1288-7.

Van Kranendonk, M.J., Collins, W., Hickman, A., Pawley, M.J., 2004. Critical tests of
vertical vs. horizontal tectonic models for the Archaean East Pilbara granite–
greenstone terrane, Pilbara craton, Western Australia. Precambr. Res. 131 (3–4),
173–211. https://doi.org/10.1016/j.precamres.2003.12.015.

Wang, Z., Dahlen, F., 1995. Spherical-spline parameterization of three-dimensional
Earth models. Geophys. Res. Lett. 22 (22), 3099–3102. https://doi.org/10.1029/
95GL03080.

Wessel, P., Smith, W.H., 1998. New, improved version of Generic Mapping Tools
released. Eos. Transactions American Geophysical Union 79 (47), 579. https://
doi.org/10.1029/98EO00426.

Wilde-Piorko, M., Geissler, W., Plomerová, J., Grad, M., Babuska, V., Brückl, E.,
Cyziene, J., Czuba, W., England, R., Gaczyski, E., et al., 2008. PASSEQ 2006–2008:
passive seismic experiment in Trans-European Suture Zone. Stud. Geophys.
Geod. 52 (3), 439. https://doi.org/10.1007/s11200-008-0030-2.

Wilson, M., Lyashkevich, Z.M., 1996. Magmatism and the geodynamics of rifting of
the Pripyat-Dnieper-Donets rift. East European Platform. Tectonophysics 268
(1–4), 65–81. https://doi.org/10.1016/S0040-1951(96)00234-X.

Wüstefeld, A., Bokelmann, G., Barruol, G., 2010. Evidence for ancient lithospheric
deformation in the East European Craton based on mantle seismic anisotropy
and crustal magnetics. Tectonophysics 481 (1–4), 16–28. https://doi.org/
10.1016/j.tecto.2009.01.010.

Yang, Y., Ritzwoller, M.H., Levshin, A.L., Shapiro, N.M., 2007. Ambient noise Rayleigh
wave tomography across Europe. Geophys. J. Int. 168 (1), 259–274. https://doi.
org/10.1111/j.1365-246X.2006.03203.x.

Yang, Y., Liu, C., Langston, C.A., 2020. Processing seismic ambient noise data with
the continuous wavelet transform to obtain reliable empirical Green’s
functions. Geophys. J. Int. 222 (2), 1224–1235. https://doi.org/10.1093/gji/
ggaa243.

Yegorova, T., Starostenko, V., Kozlenko, V., Yliniemi, J., 2004. Lithosphere structure
of the Ukrainian Shield and Pripyat Trough in the region of EUROBRIDGE-97
(Ukraine and Belarus) from gravity modelling. Tectonophysics 381 (1–4), 29–
59. https://doi.org/10.1016/j.tecto.2002.06.003.

Yliniemi, J., Tiira, T., Luosto, U., Komminaho, K., Giese, R., Motuza, G., Nasedkin, V.,
Jacyna, J., Seckus, R., Grad, M., et al., 2001. EUROBRIDGE’95: deep seismic
profiling within the East European Craton. Tectonophysics 339 (1–2), 153–175.
https://doi.org/10.1016/S0040-1951(01)00037-3.

Yuan, H., 2015. Secular change in Archaean crust formation recorded in
Western Australia. Nat. Geosci. 8 (10), 808–813. https://doi.org/10.1038/
ngeo2521.

Zegers, T., Van Keken, P., 2001. Middle Archean continent formation by crustal
delamination. Geology 29 (12), 1083–1086. https://doi.org/10.1130/0091-7613
(2001)029.1083:MACFBC.2.0.CO;2.

Zhu, H., Tromp, J., 2013. Mapping tectonic deformation in the crust and upper
mantle beneath Europe and the North Atlantic Ocean. Science 341 (6148), 871–
875. https://doi.org/10.1126/science.1241335.

Zhu, H., Bozdag, E., Peter, D., Tromp, J., 2012. Structure of the European upper
mantle revealed by adjoint tomography. Nat. Geosci. 5 (7), 493–498. https://doi.
org/10.1038/ngeo1501.

Zhu, H., Bozdag, E., Tromp, J., 2015. Seismic structure of the European upper mantle
based on adjoint tomography. Geophys. J. Int. 201 (1), 18–52. https://doi.org/
10.1093/gji/ggu492.

Zielhuis, A., Nolet, G., 1994. Deep seismic expression of an ancient plate boundary in
Europe. Science 265 (5168), 79–81. https://doi.org/10.1126/science.265.
5168.79.

https://doi.org/10.1016/j.epsl.2012.06.037
https://doi.org/10.1016/j.epsl.2012.06.037
https://doi.org/10.1093/gji/ggt316
https://doi.org/10.1093/gji/ggt316
https://doi.org/10.1029/92JB00551
https://doi.org/10.1029/92JB00551
http://dx.doi.org/10.1029/97JB02622
http://dx.doi.org/10.1029/97JB02622
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0465
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0465
https://doi.org/10.1029/95RG01302
https://doi.org/10.1029/95RG01302
https://doi.org/10.1144/GSL.MEM.2006.032.01.30
https://doi.org/10.1093/gji/ggt095
https://doi.org/10.1093/gji/ggt095
https://doi.org/10.1111/j.1365-246X.2011.04953.x
https://doi.org/10.1007/s00015-008-1247-3
https://doi.org/10.1016/j.tecto.2004.07.051
https://doi.org/10.1016/j.tecto.2004.07.051
https://doi.org/10.1093/gji/ggw175
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0505
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0505
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0505
https://doi.org/10.1080/11035897.2015.1067253
https://doi.org/10.1080/11035897.2015.1067253
https://doi.org/10.1016/S0040-1951(02)00131-2
https://doi.org/10.1093/gji/ggv462
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0525
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0525
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0525
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0525
https://doi.org/10.1016/j.tecto.2013.07.008
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0535
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0535
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0535
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0535
http://refhub.elsevier.com/S1342-937X(23)00256-3/h0535
https://doi.org/10.1016/j.tecto.2020.228620
https://doi.org/10.1144/GSL.MEM.2006.032.01.29
https://doi.org/10.1016/j.precamres.2021.106305
https://doi.org/10.1016/j.precamres.2021.106305
https://doi.org/10.1130/G21365.1
https://doi.org/10.1130/G21365.1
https://doi.org/10.1016/j.tecto.2021.228770
https://doi.org/10.1016/j.tecto.2021.228770
https://doi.org/10.1016/S0040-1951(03)00200-2
https://doi.org/10.1016/S0040-1951(03)00200-2
https://doi.org/10.1007/s00015-008-1288-7
https://doi.org/10.1007/s00015-008-1288-7
https://doi.org/10.1016/j.precamres.2003.12.015
https://doi.org/10.1029/95GL03080
https://doi.org/10.1029/95GL03080
https://doi.org/10.1029/98EO00426
https://doi.org/10.1029/98EO00426
https://doi.org/10.1007/s11200-008-0030-2
https://doi.org/10.1016/S0040-1951(96)00234-X
https://doi.org/10.1016/j.tecto.2009.01.010
https://doi.org/10.1016/j.tecto.2009.01.010
https://doi.org/10.1111/j.1365-246X.2006.03203.x
https://doi.org/10.1111/j.1365-246X.2006.03203.x
https://doi.org/10.1093/gji/ggaa243
https://doi.org/10.1093/gji/ggaa243
https://doi.org/10.1016/j.tecto.2002.06.003
https://doi.org/10.1016/S0040-1951(01)00037-3
https://doi.org/10.1038/ngeo2521
https://doi.org/10.1038/ngeo2521
https://doi.org/10.1130/0091-7613(2001)029.1083:MACFBC.2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029.1083:MACFBC.2.0.CO;2
https://doi.org/10.1126/science.1241335
https://doi.org/10.1038/ngeo1501
https://doi.org/10.1038/ngeo1501
https://doi.org/10.1093/gji/ggu492
https://doi.org/10.1093/gji/ggu492
https://doi.org/10.1126/science.265.5168.79
https://doi.org/10.1126/science.265.5168.79

	Seismic structure of the Eastern European crust and upper mantle from probabilistic ambient noise tomography
	1 Background
	2 Tectonic setting
	3 Data and methods
	3.1 Ambient noise processing
	3.2 Surface wave dispersion
	3.3 Rayleigh wave phase velocity tomography
	3.4 Probabilistic inversion

	4 Results
	4.1 Resolution and leakage tests
	4.2 Phase velocities - isotropic variations and azimuthal anisotropy
	4.3 Shear wave velocity tomography

	5 Discussion
	5.1 Comparison with previous seismic tomography models
	5.2 Azimuthal anisotropy - past or present deformation?
	5.3 The TESZ and stacked collisional fronts: Imaging lateral continental growth
	5.4 Crustal and lithospheric thinning beneath the Carpathian-Pannonian region
	5.5 Seismic expression of tectonic units in the East European Craton

	6 Summary and conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


