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Abstract

Since the Mesozoic, central and eastern European tectonics have been dominated by the clo-
sure of the Tethyan Ocean as the African and European plates collided. In the Miocene, the
edge of the East European Craton and Moesian Platform were reworked in collision during the
Carpathian orogeny and lithospheric extension formed the Pannonian Basin. To investigate the
mantle deformation signatures associated with this complex collisional-extensional system, we
carry out SKS splitting analysis at 123 broadband seismic stations in the region. We compare
our measurements with estimates of lithospheric thickness and recent seismic tomography mod-
els to test for correlation with mantle heterogeneities. Reviewing splitting delay times in light of
xenolith measurements of anisotropy yields estimates of anisotropic layer thickness. Fast polar-
isation directions are mostly NW-SE oriented across the seismically slow West Carpathians and
Pannonian Basin and are independent of geological boundaries, absolute plate motion direc-
tion, or an expected palaeco-slab roll-back path. Instead, they are systematically orthogonal to
maximum stress directions, implying that the indenting Adria plate, the leading deformational
force in Central Europe, reset the upper-mantle mineral fabric in the past 5Ma beneath the
Pannonian Basin, overprinting the anisotropic signature of earlier tectonic events. Towards the
east, fast polarisation directions are perpendicular to steep gradients of lithospheric thickness
and align along the edges of fast seismic anomalies beneath the Precambrian-aged Moesian
Platform in the South Carpathians and the East European Craton, supporting the idea that
craton roots exert a strong influence on the surrounding mantle flow. Within the Moesian

Platform, SKS measurements become more variable with Fresnel zone arguments indicating
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a shallow fossil lithospheric source of anisotropy likely caused by older tectonic deformation
frozen in the Precambrian. In the Southeast Carpathian corner, in the Vrancea Seismic Zone, a
lithospheric fragment that sinks into the mantle is sandwiched between two slow anomalies, but
smaller SKS delay times reveal weaker anisotropy occurs mainly to the NW side, consistent with

asymmetric upwelling adjacent to a slab, slower mantle velocities, and recent volcanism.
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1. Background

The most direct constraints available on active and fossil deformation in the upper mantle
are measurements of seismic anisotropy from core-refracted teleseismic SKS waves (Long and
Becker, 2010; Silver and Chan, 1988; Vauchez and Nicolas, 1991). SKS anisotropy represents
the composite seismic response of the mantle and lithosphere and their integrated deforma-
tional history. Large-scale coherent alignment of anisotropic minerals in the crust (Mainprice
and Nicolas, 1989) and mantle (e.g. Karato et al., 2008), also referred to as lattice preferred
orientation (LPO), is widely accepted as the dominant source of seismic anisotropy (e.g. Long
and Becker, 2010). Olivine, the most abundant and anisotropic mineral in the mantle can align
with the maximum shear direction in a dislocation creep regime (Nicolas and Christensen,
1987) down to the Lehman discontinuity (~220km, Meissner et al., 2002), or in the maximum
extension direction (Vinnik et al., 1992; Ribe, 1992), providing key insights into upper-mantle
deformation and flow. The differential velocity between the lithosphere and asthenosphere may
create flow parallel to the plate motion (e.g. Silver, 1996). Processes like subduction and slab
roll-back can introduce poloidal and toroidal flow patterns (e.g. Zandt and Humphreys, 2008;
Faccenda and Capitanio, 2012; Venereau et al., 2019), and variations in lithospheric thickness
can deflect asthenospheric flow (e.g. Assumpcao et al., 2002; Miller and Becker, 2012; King
and Anderson, 1998). However, the reorientation of olivine in response to changing surface
kinematics is not instantaneous (e.g. Skemer et al., 2012; Boneh et al., 2015). Fossil anisotropy
in the lithosphere recording past deformational events can also contribute to the observed SKS
signal (e.g. Silver and Chan, 1988; Bastow et al., 2007; Liddell et al., 2017). Discriminating
between these different sources of anisotropy is challenging, particularly in regions of collision
between tectonic units of different ages whose variably thick lithospheres may record previous

tectonic histories or influence the underlying flow patterns (e.g. Deschamps et al., 2008).
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The Pannonian-Carpathian region (Figure 1) is a natural laboratory to study the interplay
between past and present tectonic deformation and to investigate the variability of anisotropy
sources across terranes of different ages and lithospheric thicknesses in a complex craton-orogen
collision-extension system. The region comprises the geologically young tectonic units Alcapa,
Tisza, and Dacia which collided with the East European Craton in the Miocene, forming the
Carpathian orogenic system (Schmid et al., 2008). The collision was an indirect result of con-
vergence of the African Plate and its Adriatic promontory towards Eurasia, which closed the
Neotethys ocean and allowed tectonic escape of Alpaca, Tisza, and Dacia into the Carpathian
embayment (Ustaszewski et al., 2008). Slab roll-back is interpreted to have advanced north-
eastward across the present-day location of the Pannonian and possibly the Transylvanian
Basins (Linzer, 1996; Matenco and Radivojevi¢, 2012) until subduction ended ~9Ma ago
(Matenco and Bertotti, 2000), choked by the hard-collision with the Precambrian units of Eu-
rope: the East European craton and the Moesian Platform (Figure 1). The margin of the East
European Craton, also known as the “Trans European Suture Zone” (Pharaoh et al., 2006), is
one of the most important tectonic sutures in Europe, extending from the Baltic Sea to the
Black Sea, marking the boundary between Precambrian-aged tectonically stable geological units
of Europe and younger accreted Phanerozoic terranes. The TESZ also corresponds to a sud-
den increase in lithospheric thickness (~230km: Babuska et al., 1987; Plomerovd and Babuska,
2010; Geissler et al., 2010) and the edge of strong positive seismic anomalies usually associated
with cratonic material (Zielhuis and Nolet, 1994; Ren et al., 2012). In Romania the TESZ
is obscured beneath the Carpathian orogen and its location is disputed (e.g. Atanasiu et al.,
2005; Bocin et al., 2013). Extension in the Carpathian back-arc region was coeval with colli-
sion, and formed the intra-Carpathian basins (Cloetingh et al., 2005). Post-Miocene indicators
of deformation suggest that the Pannonian Basin has shortened in the past 5 Ma, most likely
due to the continuous push of Adria, although recent structural measurements and present-day
geodetic measurements indicate small surface strain rates (Bada et al., 2007). Beneath the
Carpathian bend zone, high rates of seismicity are associated with an anomalous lithospheric
block (Ren et al., 2012) that is stretching as it sinks into the mantle (Lorinczi and Houseman,
2009) and may be actively detaching from the overlying cratonic lithosphere (Girbacea and
Frisch, 1998; Knapp et al., 2005; Petrescu et al., 2019). The Pannonian-Carpathian system
is thus an excellent craton-orogen tectonic system, where we can address long-standing issues
of mantle deformation in response to changing surface kinematics, to assess the complex flow

field across tectonic units of variable ages and around a localised zone of intermediate-depth
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seismicity at the craton margin.

To place constraints on the flow pattern in the upper mantle and to detect possible signatures
of fossil lithospheric deformation from past tectonic activity we review past measurements and
present 123 new measurements of the shear wave splitting parameters of SKS waveforms from
teleseismic earthquakes recorded at broadband temporary and permanent stations in Central
and Eastern Europe. The new dataset significantly increases the density of anisotropy measure-
ments in this region, enabling a better understanding of the variability of anisotropy sources
and the geodynamic processes that shaped the margin of the East European Craton and the
upper-mantle deformation in the circum-cratonic region. SKS splitting analysis is one of the
best methods to constrain upper mantle azimuthal anisotropy (e.g. Silver and Chan, 1991;
Savage, 1999). When an initially radially-polarised shear wave enters an anisotropic medium,
it splits between two orthogonally polarised waves, resulting in elliptical particle motion and
energy on the radial and tangential seismogram components (Figure 2). The polarisation di-
rection of the fast shear wave, ¢, and the delay time, dt provide information on the orientation,
strength, and/or thickness of the anisotropic layer. Anisotropy in the upper mantle is generally
attributable to large-scale alignment of olivine crystallographic a-axes due to shear deformation

(Zhang and Karato, 1995).

We assess the origin of the observed anisotropy by comparing our measurements using the
most recent and highest resolution upper mantle seismic tomography model to date (Ren et al.,
2012). We also compare SKS directions with plate motion rates in different reference systems
(Kreemer et al., 2014; DeMets et al., 2010; Gripp and Gordon, 2002), and measurements of
principal stress orientations (Bada et al., 2007; Dombradi et al., 2010), to infer the age of the
observed anisotropy and provide insights into possible mantle flow changes indicated by post-
Miocene fault reactivation within the Pannonian Basin. We use SKS delay times along with
previous petrological measurements of anisotropy from mantle xenoliths (Kovdcs et al., 2012) to
compute the thickness of a theoretical anisotropic layer beneath the region. Our measurements
form the densest and most up-to-date dataset of anisotropy in Central and Eastern Europe,
providing the best available indicators of the recent deformation field of the upper mantle

beneath the Pannonian-Carpathian system.
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2. Method

To determine the fast shear wave polarisation direction (¢) and the splitting delay time (dt), we
used the method of Silver and Chan (1991). Horizontal component seismograms were rotated
in the great circle arc coordinates and time-shifted to minimise the second eigenvalue of the
covariance matrix of particle motion within a time window around the SKS wave arrival. This
results in the reduction of shear wave energy on the tangential component and linearisation of
the particle motion (Figure 2). We used the automated window selection technique of Teanby
et al. (2004) to estimate ¢ and dt via cluster analysis of the results from 100 different windows
(Figure 2). Our errors are based on the method of Silver and Chan (1991) under the assumption
of a Gaussian noise distribution which can result in values that are underestimated by ~ 3°
and 0.01s for ¢ and dt, respectively ( Walsh et al., 2013). An un-split shear wave, where a high
signal-to-noise ratio SKS phase is visible on the radial component but lacking on the transverse
is referred to as a null measurement (Figure 2b). In this case, the resulting particle motion
is already linear and error surfaces lack a clearly constrained region for the best ¢—dt pair. A
null measurement may be generated if the medium is not azimuthally anisotropic or if there
are multiple layers of differing anisotropy whose splitting effect cancels out (e.g. Barruol and
Hoffmann, 1999). If the SKS wave has an initial polarisation that is parallel or orthogonal to
the true anisotropy direction, it would not be split and null measurements would be expected
along the “null lines” in Figure 3. Furthermore, we systematically measured the difference
between earthquake back-azimuth and the incoming polarisation direction of SKS energy and
removed measurements where this difference was >20° to avoid contamination of our upper
mantle anisotropic dataset with either D” anisotropy (Restivo and Helffrich, 2006) or errors

due to station misalignments (see Supplementary Material).

To obtain an estimate of anisotropy that is representative of a given station we stacked the mis-
fit surfaces associated with individual splitting solutions excluding null measurements (Figures
2,3), weighted by their signal-to-noise ratio (Restivo and Helffrich, 1999). This stacking pro-
cedure assumes a single, horizontal, homogenous layer of anisotropy beneath the region. Back-
azimuthal variation of SKS splitting solutions may be evidence of multiple layers of anisotropy.
However, most earthquakes with acceptable SKS solutions were found in the 60-80° and 250-
300° back-azimuth ranges (Figure 3), multiple anisotropic layers cannot be resolved. No 90°
periodicity or large peak -to-peak ¢ variations characteristic of a two-layer model (Silver and

Savage, 1994), are evident in the data. Dipping principal axes of anisotropy can also induce
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variations in ¢ with back-azimuth, although not as sharp as the changes caused by multiple
layers (e.g. Liddell et al., 2017). Our data are not suggestive of such patterns (Figure 3), so we
interpret the anisotropic signal as if it is a single layer with horizontal fast and slow polarisation

axes.

SKS delay times are dependent on the SKS path-length in the anisotropic layer and the strength
of the anisotropic fabric (Silver and Chan, 1991; McNamara et al., 1994). If the average shear
wave velocity and anisotropy strength can be estimated from seismic and mantle xenolith
studies, respectively, and assuming that SKS phases travel through a single horizontal layer of
anisotropy, the thickness of this layer may be inferred, allowing for a more direct comparison
with estimates of lithospheric thickness, for example. For a shear wave with a vertical ray path
traveling through a layer of anisotropic mantle material with constant isotropic shear velocity,
Bo, the equivalent anisotropic layer thickness is L = dt/3y/k, where dt is the SKS splitting delay
time, and k is the percentage anisotropy, or the fractional difference in velocity between the
fast and slow polarisations (Silver and Chan, 1988). While an upper limit of the percentage of
anisotropy in the upper 200 km is sometimes quoted as 4% (e.g. Savage, 1999; Gilligan et al.,
2016), electron-diffraction backscatter studies of peridotites, the dominant upper-mantle rock,
provide S-wave anisotropy estimates of up to 10% ( Worthington et al., 2013). Mantle xenoliths
from the Pannonian Basin show values between 5.4% and 7.3% anisotropy (Kovdcs et al., 2012).
We thus consider results for average k = 6.35%+0.95. For the shear wave velocity 3y, we extract
absolute values from a recent regional S-wave adjoint tomography model of Europe (Zhu et al.,
2015) between 40 km and 300 km, the depth range where we expect the main SKS anisotropy
signal to reside, and use the mean f, and estimated delay times from SKS analysis at each

station location (excluding nulls) to calculate the anisotropic layer thickness, L. By propagating

the uncertainty in the L = dtfy/k equation, we obtain JL = L\/(%)2 + (%0)2 + (%E)2. If we

consider an average Sy = 4.5 + 0.3km/s (calculated from Zhu et al., 2015), k = 6.35 + 0.95

(based on the range provided by Kovdcs et al., 2012), dt = 1.3 + 0.3 s (this study), we obtain
0L ~25km. In the calculation of L, we only vary shear wave velocity and delay time at each
station location, while keeping k fixed. For a map of layer thickness standard deviation map,

see the Supplementary Material.
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3. Data

Our SKS waveforms come from 123 temporary and permanent broadband seismic stations
located across Hungary, Serbia, Romania, and Moldova (Figure 1), including 54 temporary
stations from the 2009-2011 South Carpathian Project (SCP: Ren et al., 2012), 68 permanent
stations from the Romanian National Seismic Network (RO: Popa et al., 2015), and 4 permanent
stations from the Moldova Digital Seismic Network (MD). SKS analyses for the 2005-2007
Carpathian Basin Project (CBP: Dando et al., 2011) were undertaken by both Qorbani et al.
(2016) and Kovdcs et al. (2012).

We selected earthquakes that occurred between 2006 and 2018, with magnitudes Mw>6 and
epicentral distances in the range 88°-140° with respect to the coordinates of the centre of our
network (inset in Figure 1), to isolate SKS arrivals, and identified usable phases in the 85°-122°
epicentral distance range at each station (see Supplementary Material). Prior to analysis, data
were filtered with a zero-phase Butterworth bandpass filter with corner frequencies 0.04-0.3 Hz.
Good splitting results are selected if the particle motion is successfully linearised, the corrected
fast and slow waveforms are matched, and the uncertainties in ¢ and dt are less than 20° and
0.5 s, respectively. Seismograms from 932 earthquakes yielded up to 33 high-quality non-null
SKS splitting parameters, per station (see Supplementary Material). Good null results are
selected if a high signal-to-noise ratio (SNR>4, Liu and Gao, 2013) SKS waveform is visible
on the radial component only and energy on the transverse component is lacking from visual
inspections (Figure 2), yielding high-quality null measurements of average SNR=13. We do not

use a delay time cut-off to consider a measurement null.

4. Results

Figures 4 and 5 show SKS results from this study as well as previously published measurements
across Central and Eastern Europe (Dricker et al., 1999; Vinnik et al., 1994; Wylegalla et al.,
1999; Kummerow et al., 2006; Plenefisch et al., 2001; Wiejacz, 2001; Ivan et al., 2008; Vecsey
et al., 2008; Plomerovd et al., 2012; Salimbeni et al., 2013; Qorbani et al., 2015, 2016; Song
et al., 2019). Average dt values vary between 0.4s and 2.1s and ¢ is spatially variable, but the
prevalent direction is NW-SE. Permanent Romania (RO) and Moldova (MD) stations which
have operated for > 10yrs yield splitting uncertainties of ~0.2s and ~1.2° for dt and ¢,

respectively (see Supplementary Material).
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4.1. Relationship between anisotropy orientation and surface tectonic structures

The prevailing pattern of anisotropy in Central and Eastern Europe is approximately NW-SE,
consistent with previous studies (e.g. Ivan et al., 2002; Qorbani et al., 2016), and obliquely
cross-cutting the major ENE trending geological boundaries in the Pannonian Basin (Figure
4). Fast polarisation directions gradually rotate in the Transylvanian Basin and across the
East Carpathians (Figure 4), paralleling the orogen and the craton margin (Figure 1). SKS
directions are typically near-parallel to the major fault systems in the East Carpathians and
oblique to them in the South Carpathians (Figure 4), mostly mimicking the sinuous path of
the orogen, following the edge of the thick-lithosphere Precambrian units (Figure 4). ¢ changes
at the South-East Carpathian corner from NW-SE to NE-SW| consistent with previous SKS
splitting studies of the Carpathians (fvan et al., 2008; Stanciu et al., 2013).

4.2. Variability of anisotropy strength

Figure 5 shows the SKS delay times for all available measurements. We observe a general
increase in dt from <1s in central Pannonian Basin, to >1.4s in northeast Pannonian Basin,
and to >1.8s in northeast Carpathians. In the South Carpathians, dt=0.6-1.6s, decreasing in
the bend zone and southeast Carpathians (Figure 5). Across the Carpathian orogen, random
variation dominates a background of dt ~ 1s (Figure 5). Delay times beneath the central
Pannonian Basin are consistent with a thin equivalent anisotropic layer (~50km, Figure 5)
increasing to ~100km beneath northeast Pannonian Basin and the Carpathians, portions of
the East European Craton and the Moesian Platform (Figure 5). The apparent thickness
decreases to ~50km beneath the Transylvanian Basin and to <30km beneath the Carpathian
bend zone, where null and near-null SKS splitting values are estimated. In contrast, beneath
the South-Eastern Alps, large delay times (Kummerow et al., 2006) are consistent with a thick

anisotropic layer or stronger anisotropy.

4.8. Possible complex anisotropy regions and deviations from 1-layer assumptions

Across our study area, we interpreted our measurements as if we had a single, horizontal,
homogeneous layer of anisotropy. A more complex interpretation is not justified in the light of
our limited back-azimuthal earthquake coverage, which precludes the possibility that we can
resolve dipping or multi-layer anisotropic fabrics. However, variations in ¢ at some stations

suggest more complex patterns do exist in certain regions, so we acknowledge the potential
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for dipping and/or multi-layer anisotropy beneath our study area. For example, stations in
central Pannonian Basin exhibit both WNW-ESE and NW-SE ¢ measurements (Figure 1).
In the South Carpathians, both N-S and E-W directions are present. In the forearc of the
SE Carpathian corner, where the Vrancea slab is located, several stations exhibit at least two
main directions (N-S and NW-SE), perhaps testifying the complex flow patterns in that region.
Resolving the causes of these splitting parameter variations is, unfortunately, not possible with

our dataset.

5. Discussion

5.1. Possible source-depth and origins of seismic anisotropy

A long-standing ambiguity in SKS splitting data concerns the depth extent of the anisotropy
and whether it represents deformation within the lithosphere or shearing of the asthenosphere
(e.g. Silver, 1996; Long and Silver, 2009). Establishing the source depth of anisotropy can be
aided by comparisons with estimates of lithospheric thickness and models of seismic wavespeed
in the upper mantle. The most recent P-wave seismic tomography model of the Carpathian-
Pannonian system (Ren et al., 2012) shows large-scale negative Vp anomalies at lithospheric
and asthenospheric depths beneath most of the Pannonian Basin, Transylvanian Basin, West
and East Carpathians (Figure 6). These low velocity mantle domains are all dominated by
SKS anisotropy orientations following a NW-SE mega-trend (Figures 6). The lithosphere be-
neath the Pannonian Basin is known to have experienced substantial lithospheric thinning
(Huismans et al., 2001; Horvdth et al., 2006) in the late Miocene (~10Ma), with an estimated
Lithosphere-Asthenosphere boundary (LAB) depth of ~60km, increasing to ~80km beneath
the Transylvanian Basin (Figures 4,5, after Kovdcs et al., 2012). Structure below this depth
is thus within the asthenospheric realm and our SKS splitting may be indicative of astheno-
spheric flow, consistent with the interpretation of Qorbani et al. (2016). While the equivalent
anisotropy layer thickness is similar to lithospheric thicknesses in the SW Pannonian, in the NE
it reaches values of >100km, exceeding LAB depths there (Figure 5), suggesting an astheno-
spheric contribution to the signal. The crustal contribution to an SKS delay time is generally
thought to be less significant (0.04-0.2 s, Barruol and Mainprice, 1993), considerably lower than
our values. Therefore, across our study area, there is a clear mantle contribution to the SKS

splitting observations.

When SKS directions parallel absolute plate motion, the anisotropy is interpreted to result
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from the differential motion between the asthenosphere and the bottom of the lithosphere (e.g.
Silver, 1996). We therefore compare our SKS measurements with estimates of absolute plate
motion direction (APM) in the hotspot (Gripp and Gordon, 2002) and no-net rotation frames
(Kreemer et al., 2014; DeMets et al., 2010) (Figure 4). Fast axes directions differ by ~10° in
the Eastern Alps, to ~35° in western and central Pannonian Basin, to ~50° and ~70° in the
western Pannonian Basin, and Carpathian orogenic system, respectively. The lack of systematic
correlation implies basal drag is probably not responsible for the observations and so we ask
whether recent tectonic deformation and mantle heterogeneities play a more important role
in controlling the upper mantle strain field than plate-motion. APM in Central and Eastern
Europe varies between 22mm/yr and 30 mm/yr in the hotspot and no-net rotation frames,
respectively, which may be insufficient to induce spatially coherent basal drag fabrics in the
underlying mantle (Debayle and Ricard, 2013; Martin-Short et al., 2015). Anisotropic fast axis
directions generally align with the Alps, and the South and East Carpathians. Therefore, the
anisotropic signature may be related, at least partly, to deformation of the mantle lithosphere
associated with the Miocene age formation of the extensional basin and convergence in the

Carpathians.

5.2. Signatures of past and present tectonic deformation

The response of upper mantle LPO to changing surface deformation can have a significant
time-lag, depending on strain rates and pre-existing fabrics (e.g. Skemer et al., 2012), with
duration estimates that vary from 6.5 Myr (Moore et al., 2002) to 45 Myr (Little et al., 2002).
The state of recent stress and ongoing deformation in Central Europe (Bada et al., 2007) has
been attributed to the counter-clockwise rotation and N-NE drift of the Adriatic microplate
(“Adria push”, Bada et al., 2007; Caporali et al., 2009) since 4-5Ma (Bada et al., 2007). Figure
4 illustrates our average SKS results together with the maximum horizontal stress directions
estimated from crustal earthquake fault plane solutions and in-situ measurements from the
World Stress Map after Bada et al. (2007). Dominant fast polarisation directions are mostly
perpendicular to the horizontal stress isolines throughout the Eastern Alps and the central and
eastern Pannonian Basin (Figure 4). Despite the estimated stress directions being inferred from
indicators within the crust, their systematic orthogonality with shear wave anisotropy may be
related to a past deformation of crust and mantle lithosphere that affected both similarly. In
such a deformation field the fast polarisation direction is expected to be determined by a fabric

lineation orthogonal to the shortening direction (e.g. Meissner et al., 2002; McNamara et al.,

10
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1994; Bokelmann et al., 2013).

Extension in the Pannonian Basin may have originated from gravitational collapse due to the
over-thickened surrounding orogens and/or subduction roll-back (Tari et al., 1992; Ustaszewski
et al., 2008). Trench retreat advanced north-eastwards in the Carpathian embayment along
a ~500km path towards the East European Craton (Handy et al., 2015), until ~11 Ma ago
(Linzer, 1996; Fodor et al., 1999). Subduction roll-back may have been coeval with back-arc
extension in the Pannonian Basin (Cloetingh et al., 2005). The large-scale mantle deformation
of this system might be expected to imprint an anisotropic fabric in the upper mantle, causing
possible trench-normal anisotropy (e.g. Lucente et al., 2006; Druken et al., 2011). However, the
alignment of fast polarisation directions parallel to the East Carpathians and the TESZ (Figure
4) does not support the idea that the present anisotropic signature of the region can be explained
by the north-eastward palaeo-slab roll-back across the region now occupied by the Pannonian
and the Transylvanian Basins (Figure 4), implying that the present state of deformation may
have been reset since crustal extension ceased at ~11 Ma. While Kovdcs et al. (2012) suggested
that Miocene large-scale magmatism could erase, at least partly, previous LPO anisotropy, the
scale of recent deformation is incomparably smaller than the extensional phase coeval with
the Carpathian orogenic activity that ended ~11 Ma ago. The last significant deformation
known to have affected the crust in this region and to have caused the anisotropy fabrics in the
Pannonian Basin under the assumption of a coherent lithospheric deformation thus remains the
compression exerted by the indentation of Adria in the past ~5Ma (Bada et al., 2007). Arguing
against this mechanism is the observation that NW-SE ¢ values parallel the TESZ, well within
the East European Craton (e.g. Dricker et al., 1999; Wiejacz, 2001). A stress field unrelated to
Africa-Adria convergence perhaps therefore influences a broad swath of south-central Europe

or Adria indentation has a far reaching effect that extends into the craton.

5.8. Asthenospheric upwelling in the Transylvanian intra-arc basin

Beneath the Transylvanian Basin and the volcanic part of the East Carpathians, a large-scale,
low Vp anomaly exists at lithospheric and asthenospheric depths (Figure 6). Upwelling of man-
tle material may orient olivine crystal fabric vertically, rendering the mantle virtually isotropic
to the almost vertically incident SKS waves. This would explain the null/low dt observations
in Figure 5, akin to other areas of putative vertical asthenospheric motion (e.g. Xue and Allen,
2005; De Plaen et al., 2014). Beneath the East Carpathians, upwelling of low-Vp astheno-

sphere has been proposed and supported with independent seismic measurements (e.g. Ren

11
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et al., 2012; Borleanu et al., 2017). The upwelling hypothesis (Gdgis et al., 2016; Matenco,
2017; Sengul Uluocak et al., 2019) is also supported by the occurrence of post-collisional volcan-
ism (Seghedi et al., 2011), and the observed high heat flux values (up to 126 mW/m? locally,
Demetrescu and Veliciu, 1991). A reduction in dt can alternatively be explained by the presence
of melt and/or water, which can drastically alter mantle velocities and LPO behaviour (Karato
and Jung, 1998; Katayama et al., 2004), by promoting the transition from dislocation creep to
diffusion creep, which prevents the formation of a preferred mineral orientation (e.g. Kendall,

1994).

5.4. Craton margin-parallel flow and the influence of regional-scale heterogeneities on mantle

deformation

Fast polarisation directions rotate progressively clockwise from west to east (Figure 6), aligning
with the seismically fast and thick lithosphere of the East European Craton, whose margin,
the TESZ, is overridden by the Carpathian nappes. In tomography cross-sections, the East
Carpathians are partially underlain by a seismically fast anomaly with a vertically concave
boundary (Figure 6) that corresponds to an increase in LAB (Figure 5) and probably marks
the continuation of the TESZ into the mantle. SKS fast axes orient parallel to the edge of this
anomaly, suggesting elongation of mineral fabric parallel to the craton margin (Figure 6, profile
C) and display especially large delay times in the NE Pannonian (1.5-2s, Figure 5). Trench-
parallel flow as evidenced by SKS splitting was also reported in several classic subduction
systems worldwide (e.g. Long and Silver, 2008; Russo and Silver, 1994) and cases of craton-
parallel alignment of flow have also been observed in other parts of the world (Assumpg¢ao et al.,
2006; Eaton et al., 2004; Miller and Becker, 2012; Venereau et al., 2019). SKS measurements
on the seismically-fast craton-side also show edge-parallel directions, probably suggesting pre-

existing frozen deformation within the craton or deformation related to the collision.

The Moesian Platform, also a thick-lithosphere Precambrian-aged tectonic unit separate but
abutting the East European Craton was sutured onto the craton in the Jurassic (Schmid et al.,
2008). An extensive fast seismic anomaly underlies the Moesian Platform and part of the
South and South-East Carpathians, which override it obliquely, and extends towards the mantle
transition zone (Figure 6). SKS fast directions switch from the NW-SE Pannonian megatrend
to a NE-SW direction, closely following the edge of the seismically fast lithospheric block, but
further west they come into alignment again with the strike of the South Carpathian chain. Most

continental collision zones exhibit anisotropy that is parallel to the structural grain of the orogen
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(e.g. Barruol et al., 2011; Salimbeni et al., 2018) and have often been interpreted as showing the
direction of asthenospheric flow in response to collision (e.g. Meissner et al., 2002) or a combined
effect of asthenospheric origin and vertically coherent deformation within the lithosphere ( Wang
et al., 2008; Chang et al., 2015; Kuo et al., 2018). The South Carpathian orogen has a complex
evolutionary history including Eocene orogen-parallel extension and metamorphic core complex
formation followed by Oligocene dextral strike-slip faulting, then Miocene thrusting onto the
Moesian platform (lancu et al., 2005). The alignment of SKS directions with the edge of the
platform is generally consistent with this multi-phase orogenic history. Within the undeformed
Moesian foreland, SKS directions become spatially incoherent at stations ~50 km apart (Figure
4). At ~100km depth, Fresnel zones of SKS waves from these nearby stations start to overlap
(Alsina and Snieder, 1995), suggesting that the anisotropic fabric is located above this depth.
Since the LAB depth is estimated 180-200 km in this area (Figure 5), the anisotropy is likely a

signature of fossil deformation within the Precambrian lithosphere.

5.5. Vrancea slab anisotropic signature and geodynamic implications

The northeastern tip of the seismically fast Moesian lithosphere extends beneath the Carpathian
bend zone and is actively detaching from the overlying lithosphere, causing large magnitude
intermediate-depth seismicity (Ismail-Zadeh et al., 2012). Multiple seismic tomography models
detect a vertical zone of high-speed material here (e.g. Martin et al., 2006; Ren et al., 2012;
Baron and Morelli, 2017), associated with either a downward sinking slab in the final stage of
break-off ( Wortel and Spakman, 2000; Sperner et al., 2001), an actively delaminating mantle
lithospheric fragment ( Girbacea and Frisch, 1998; Fillerup et al., 2010), or drip-like gravitational
instability of the mantle-lithosphere (Lorinczi and Houseman, 2009). Our measurements of NE-
SW ¢ directions corroborate previous studies (fvan et al., 2008; Popa et al., 2008). While some
cross-sections through regional tomography models appear to show the seismically fast Vrancea
slab connected to the NE with a similarly high-speed region (Wortel and Spakman, 2000;
Bijwaard and Spakman, 2000), indicative of a delamination model, the finite-frequency P-wave
tomography of Ren et al. (2012) shows a shallow (~200km) tongue of fast material connected
to the Moesian Platform to the SW, forming an axisymmetric anomaly at depths below the
active seismicity. Above ~200km the fast anomaly is bounded to east and west by relatively
slow material (Ren et al., 2012), consistent with the drip model, in which hot asthenospheric
upwelling occurs adjacent to the dense sinking material. However, the decreased dt observations

on the intra-arc side (Figure 4) suggests that mantle upwelling or reduced deformation occurs
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only to the NW of the Vrancea anomaly, consistent with the type of asymmetric downwelling
presented in the 3D numerical model of Lorinczi and Houseman (2009). East and SE of the
Vrancea Zone, ¢ orients N-S and dt >1.6s, observations that are unlikely to be associated
with upwelling, but suggest a distinct fossil anisotropic signature on the foreland side of the

slab.

6. Conclusions

To investigate the mantle deformation of the Carpathian-Pannonian region in Central and East-
ern Europe, we supplemented the existing dataset of seismic anisotropy measurements with 123
SKS splitting observations from the western Pannonian Basin, the Carpathian orogen, the East
European Craton, and the Moesian Platform (Figure 4). We interpret seismic anisotropy in light

of seismic tomography models, absolute plate motion, and present-day stress estimates.

SKS fast axes follow a general NW-SE orientation across the Bohemian Massif, West Carpathi-
ans and the Pannonian Basin, with no apparent correlation to surface geology, nor absolute
plate motion, suggesting that large-scale continental motion relative to deeper mantle does not
induce coherent deformation in the asthenosphere. We find a systematic orthogonality to max-
imum horizontal stress in the Pannonian Basin, which has been experiencing tectonic inversion
due to the indentation of Adria since 5 Ma. We hypothesise that the mantle trapped between
Adria and the East European Craton may be extending perpendicular to the indentation of
Adria, the leading deformation force in Central Europe. The upper-mantle mineral fabric pos-
sibly associated with past subductions, the closure of the Neotethys, paleo-slab roll-back and

extension of the Pannonian Basin appear to have been over-written.

In the NE Pannonian Basin towards the craton margin, dt values approach 1.9s, consistent
with a thicker anisotropic layer and/or stronger fabric. Fast axes progressively align with the
margin of the thick-lithosphere East European Craton, indicating mantle flow parallel to the
craton edge. In the Transylvanian Basin null and near-null observations are consistent with
an asthenospheric upwelling hypothesis that also explains recent volcanism and high heat flux

measurements.

A large fast seismic anomaly beneath the South-East Carpathians in the Vrancea Area and
the Moesian Platform, extending towards the mantle transition zone causes a regional-scale

disturbance to ¢ observations, emphasising a strong correlation between seismic heterogeneities
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and the state of upper-mantle deformation. SKS results suggest that mantle upwelling or re-
duced deformation indicated by a reduced anisotropic signature occurs mainly to the NW of the
Vrancea anomaly implying asymmetric downwelling. The relatively rigid Moesian lithospheric
block may be sufficiently thick to deflect mantle flow around its edges. Within the undeformed
Moesian foreland, neighbouring stations show more variable SKS directions, suggestive of a

shallow fossil lithospheric source for the detected anisotropy.
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- Tethys oceanic remnants
I carpathian thrust belt

- Foreland sedimentary basins
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Bohemian

Figure 1: a. Geological map of Central and Eastern Europe showing the major tectonic provinces (after
Ustaszewski et al., 2008) and geographical regions. b. Topographic map of Eastern Europe with all the SKS
fast axis orientation measurements shown as rose histograms and the total number of measurements shown
as coloured triangles at each station location. Inset: Back-azimuthal distribution of teleseismic earthquakes
recorded at SCP and NIEP seismic stations, for which reliable SKS measurements were obtained. Red and blue
circles indicate hypocentral depths deeper, or shallower than 100 km, respectively.
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Figure 2: Examples of shear wave splitting analysis. (a) A high quality split (i) Original three-component
seismogram showing the expected SKS arrival based on the iaspei reference Earth model and the selected window
for analysis (marked with START and END). (ii) The rotated radial and tangential seismograms before (top)
and after (bottom) analysis; the corrected tangential component shows minimal SKS energy. (iii) Top images
are windowed seismograms showing the match between the fast (dashed line) and slow (solid line) waveforms,
prior to correction with normalised amplitudes (left) and after correction (centre - amplitude-normalised and
right - relative amplitude). Bottom images show the original elliptical particle motion and the linearized particle
motion after correction in the R-T horizontal planes, respectively. (iv) Graphic output of the grid search and
cluster analysis of splitting parameters, with contours indicating multiples of one-sigma error. (v) Example of
SKS splitting parameters obtained from 100 different time windows around the SKS phase, showing the stability
of the result. (vi) Example of ¢ and dt result obtained from the automated cluster analysis (Teanby et al., 2004).
(b) A high-quality null measurement, where no energy was identified on the tangential component (ii) and the
particle motion is linear before analysis (iii).
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Figure 3: Examples of single station SKS splitting results plotted as a function of earthquake back-azimuth.
Station locations are labelled in Figure 1. a,e,i. SKS fast axis polarisation directions as a function of back-
azimuth. Black diamonds are null results, with fast axis considered equal to the back-azimuth. Dashed grey line
is the ¢ value obtained from misfit surface stacking (Restivo and Helffrich, 1999). Slanted lines are the expected
hypothetical null measurement loci if the SKS direction is parallel or perpendicular to any given ¢ direction,
under the assumption of simple anisotropy. b,f,j. SKS splitting delay times as a function of back-azimuth.
Black circles are null measurements. c,g,k. Rose diagrams of SKS fast axis directions and the misfit stacking
value (grey line and black arrows). d,h,i. Stacked error surfaces for all non-null solutions, showing the best ¢-dt
solution pair (black X).
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Figure 4: a. Topographic map of central and eastern Europe showing SKS results past and present. Length of
SKS fast axis is proportional to the delay time. Red (SCP network) and yellow (RO network) vectors are our
SKS measurements (found in Supplementary Material). Black vectors are SKS splitting measurements estimated
in past papers (Vinnik et al., 1994; Dricker et al., 1999; Wylegalla et al., 1999; Plenefisch et al., 2001; Wiejacz,
2001; Kummerow et al., 2006; Ivan et al., 2008; Vecsey et al., 2008; Plomerovd et al., 2012; Salimbeni et al.,
2013; Qorbani et al., 2015, 2016; Song et al., 2019). The cyan lines are the trajectories of maximum horizontal
stress orientations after Bada et al. (2007) and Dombrddi et al. (2010). The thick arrows represent plate motion
directions in the no-net rotation frame for Eurasia (dark grey: Kreemer et al. (2014), grey: DeMets et al. (2010))
and the hot-spot reference frame (white, Gripp and Gordon, 2002) with magnitudes varying between 22 mm/yr
and 30 mm/yr. b. Topographic map of Eastern Europe showing our new SKS results coloured with respect to
fast axis orientation and the lithosphere-asthenosphere boundary contours, modified after Kovdcs et al. (2012),
compiled from Horvdth (1993); Addm and Wesztergom (2001); Zeyen et al. (2002); Bielik et al. (2010). c. Rose
diagrams of SKS anisotropy orientations in selected geological regions.
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Figure 5: a. Map of Central and Eastern Europe showing SKS splitting delay times obtained in this study and
those studies cited in Figure 4, overlain on S-wave seismic tomography at 150 km depth (Zhu et al., 2015). Right
inset: normalised histograms of splitting delay time values obtained at stations located in selected regions. b.
Thickness of the equivalent anisotropy layer, calculated based on stacked SKS splitting delay times (excluding
null values) estimated at broadband seismic stations , average k=6.35% (Kowvdcs et al., 2012), and shear wave
velocity values from Zhu et al. (2015). Stars mark the location of stations where only null measurements
were obtained. The layer map is smoothed using the gmt surface function (Wessel and Smith, 1998) with
a tension factor of 0.5 and grid spacing of 50’, and masked at 50km around seismic station locations, the
approximate radius of the SKS Fresnel zone at 150-200 km depth. Contours indicate the depth to the lithosphere-
asthenosphere boundary (references in Figure 4). Left inset: Anisotropic layer thickness, L, variation as a
function of the splitting delay time, dt using the equation defined by Silver and Chan (1988), for a range of k

values from (Kovdes et al., 2012) and using 8y = 4.5 km/s.

33



@
<

=
E 135° \ : KQ ]
3 =
2 90° =
8 450
g / /4
L m SE Carpathians
Pannonian Basin hﬂm_
0 + -
® @
f - ®
E 2001 Alpi Asthenosphel
g sl upwellin:
8 400 ? —
6001 A 11E 46.5N - 29E 46N
0 200 400 600 800 1000 1200
Distance (km)
-_g 180°
E135°
N
©
‘m —t
g 450 {7/ v
2 il /
L 0 S Carpathians
Bohemian Massif  pannonian Basin w
0] et !
o= == LAB =, e »|
. - —t @ ~
‘5‘200- B ®\ |
=3 - ®
=
o 400
(m]
600{ B 12‘1 - 26E 44N ‘
0 200 400 600 800 1000 1200
Distance (km)
% 180° 25 del
S dela
E 135‘=N\\ Wﬁ m—
g 90 “—‘==‘3\‘ = -
S a5 P &6
ki ’ s g
Qe - s o
v Pannenian E Carpathians European a ,‘%
Basin TB Craton g8
0] = ]
) n N
= 2001 ® 029 \*in 7
g XX N o2
= ° %
B 400 2
a - -
600 C 18E 455N 8N @

0 200 400 600
Distance (km)

800

Figure 6: Left side: P-wave velocity tomography model (Ren et al., 2012) of Eastern and Central Europe at
75km, 150 km and 225 km and SKS anisotropy polarisation vectors with length proportional to dt (black bars).
Right side: Cross-sections of P-wave velocity marked with green lines on the 150 km tomography depth slice.
Green circles on tomography cross-sections are intermediate-depth earthquakes in the Vrancea Seismic Zone and
black lines mark the 410 km and 660 km mantle discontinuities. Black double-sided arrows and crosses indicate
the interpretation of mantle flow orientations that are parallel or perpendicular to the section plane, respectively.
Above each section, SKS anisotropy axes measured at stations within 0.5° distance from the section plane are
plotted as bars coloured with respect to the fast axis orientation. Black circles represent null measurements.
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