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ABSTRACT

Information on seismic anisotropy in the Earth's mantle can be obtained from (1) shear-wave splitting analyses
which allow to distinguish single or multi-layered anisotropy and delay time of the fast and slow polarized wave
can indicate its thickness, and (2) studying mantle peridotites where seismic properties can be inferred from
lattice preferred orientation of deformed minerals. We provide a detailed shear-wave splitting map of the western
part of the Carpathian-Pannonian region (CPR), an extensional basin recently experiencing tectonic inversion,
using splitting data. We then compare the results with seismic properties reported from mantle xenoliths to
characterize the depth, thickness, and regional differences of the anisotropic layer in the mantle.

Mantle anisotropy is different in the northern and the central/southern part of the western CPR. In the
northern part, the lack of azimuthal dependence of the fast split S-wave indicates a single anisotropic layer,
which agrees with xenolith data from the Nograd-Gomor volcanic field. Systematic azimuthal variations in
several stations in the central areas point to multiple anisotropic layers, which may be explained by two distinct
xenolith subgroups described in the Bakony-Balaton Highland. The shallower layer probably has a ‘fossilized’
lithospheric structure, representing former asthenospheric flow, whereas the deeper one reflects structures
attributed to present-day convergent tectonics, also observed in the regional NW-SE fast S-wave orientations. In
the Styrian Basin at the western rim of the CPR, results are ambiguous as shear-wave splitting data hint at the
presence of multiple anisotropic layers. Spatial coherency analysis of the splitting parameters places the center of
the anisotropic layer at ~140-150 km depth under the Western Carpathians, which implies a total thickness of
~220-240 km. Thicknesses estimated from seismic properties of xenoliths give lower values, pointing to het-
erogeneously distributed anisotropy or different orientation of the mineral deformation structures.

1. Introduction

and pyroxene due to a prevailing stress regime that promotes the
development of lattice preferred orientation (LPO) of these highly

Shear waves passing through an anisotropic medium experience anisotropic minerals. Examining P-to-S converted waves at the core-
splitting into two orthogonally polarized waves. The upper mantle mantle boundary (e.g., PKS, SKS, SKKS; collectively referred to as
anisotropy is generally attributed to the coherent alignment of olivine XKS) allows studying this anisotropy. The delay time between split
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phases and the orientation of fast wave polarization can be a cumulative
effect of several anisotropic layers. Nevertheless, these parameters are
important proxies to describe the stress and strain regime of the upper
mantle and reveal its past and present deformations (e.g., Silver and
Chan, 1991; Silver, 1996). Seismic properties such as wave velocities
and S-wave anisotropy can be calculated from the LPO of olivine and
pyroxenes by using their modal proportions and elastic tensors (Main-
price, 1990). If the sample is representative of the upper mantle, it could
yield direct information on the seismic properties of the mantle and can
be compared with geophysical observations. Therefore, although
seldom combined, the joint study of shear-wave splitting data and
seismic properties obtained from deformed mantle rocks holds the po-
tential to contribute to better understanding of mantle anisotropy.

In the western part of the CPR covered by stations included in this
study, there are four localities where upper mantle xenoliths were
transported to the surface by late Miocene — Pleistocene alkali basalts
(Fig. 1): the Styrian Basin, Little Hungarian Plain, Bakony — Balaton
Highland, and Négrad-Gomor (e.g., Szabo et al., 2004). Seismic prop-
erties calculated from the LPO were reported by several studies for these
locations (Falus, 2004; Hidas et al., 2007; Kovacs et al., 2012; Klébesz
et al., 2015; Aradi et al., 2017; Liptai et al., 2019), which were used to
estimate the thickness of a single anisotropic layer. However, these
studies were mainly focusing on local mantle deformation state and
history, and while some of them mentioned links to shear-wave splitting
results in relation with the studied area, a thorough and detailed
comparative study of the greater region is still missing.

Furthermore, a number of papers have addressed how the litho-
sphere behaves during tectonic inversion in rifted basins such as the
Pannonian Basin (Horvath and Cloetingh, 1996; Bada et al., 2007;
Dombradi et al., 2010). Pertinent processes include lithospheric scale
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folding and accompanying differential vertical variations of surface
topography in such inverted basins (Kooi and Cloetingh, 1992). These
studies, however, have not investigated the role that the asthenospheric
mantle might play in modulating these first order lithospheric processes
during tectonic inversion in the Pannonian Basin. Our present study
aims to contribute to exploring the potential role of the asthenosphere in
the tectonic inversion stage.

The CPR offers a well-documented study area with a variety of tec-
tonic processes in the past few million years, as well as mantle xenoliths
hosted in alkali basalts which provide an opportunity for direct analyses.
Although the seismic anisotropy of the CPR's upper mantle has been the
focus of a number of recent studies (e.g., Qorbani et al., 2016; Song et al.,
2019; Petrescu et al., 2020), they did not include interpretations of
mantle xenoliths. Therefore, the aim of this paper is to characterize the
anisotropy using an increased number of available splitting data and
comparing them with seismic patterns described from mantle xenoliths.
With the use of this joint geophysical and geological approach, we aim to
constrain the deformation and geodynamics of the anisotropic upper
mantle in the region.

2. Geophysical background
2.1. Tectonic setting of the Carpathian-Pannonian region (CPR)

The CPR is located in the collision zone of the stable East European
Platform (Eurasian Plate) and the Adriatic microplate (Fig. 1). The
Pannonian Basin was formed during the Miocene, when the roll-back of
a subducting plate promoted the lateral extrusion of the ALCAPA unit
(Royden et al., 1982) which rotated counter-clockwise during its east-
ward movement. It is debated whether the extrusion occurred only on

6.

N 200km | -

§ So‘uthern ‘Qarpathians )

16°

24°

Fig. 1. Structural units of the Carpathian-Pannonian region (modified after Kovacs et al., 2007). Lithospheric thicknesses (in km) after Tari et al., 1999 are indicated
with dotted lines. Green stars mark the localities of mantle xenoliths hosted in late Miocene-Pleistocene alkali basalt. Red line provides approximate location of
schematic sections on Fig. 13. Yellow arrows represent approximate schematic push directions caused by plate convergence. Abbreviations: SB — Styrian Basin, LHP —
Little Hungarian Plain, BBH — Bakony-Balaton Highland, NG — Négrad-Gomor, PM — Persani Mountains. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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crustal levels or affected the entire lithosphere. Models proposing
gravitational collapse of the Alps or other convergent margins imply that
either only the crust takes part in the lateral escape or the entire litho-
sphere where the crust and lithospheric mantle is coupled (e.g.
Ratschbacher et al., 1991; Tari and Horvath, 2010; van Gelder et al.,
2017). Some studies (Kovacs et al., 2012; van Gelder et al., 2017) argued
that the extrusion affected the entire lithosphere in the Alpine orogeny.
The southern part of the Pannonian Basin is composed of the Tisza-Dacia
unit. During the early Miocene, following the eastward movement and
simultaneous clockwise rotation, the Tisza-Dacia became juxtaposed to
the ALCAPA microplate along the Mid-Hungarian Zone (MHZ) (Csontos
and Voros, 2004; Schmid et al., 2008).

During the Miocene, large-scale extension caused significant thin-
ning in the entire lithosphere, with a factor of about 1.8-2.7 in case of
the crust and of ~4-8 in the lithospheric mantle (Royden et al., 1983).
The driving force of the extensionis still under dispute: proposed
mechanisms include slab-pull and suction exerted on the upper plate
during subduction roll-back (Horvath, 1993; Horvath et al., 2015);
eastward directed active asthenospheric flow from the Alpine collision
belt (Kovacs et al., 2012) and gravitational instability (Houseman and
Gemmer, 2007). When the roll-back of the subducted slab ceased upon
reaching the stable East European Platform, it resulted in tectonic
inversion and gradual shortening of the Pannonian Basin area (Horvath
and Cloetingh, 1996; Bada et al., 2007; Dombradi et al., 2010) starting at
~8 Ma. From the late Miocene (~11 Ma), a series of alkali basaltic
volcanism took place in the CPR (e.g., Szabo et al., 1992; Pécskay et al.,
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1995; Seghedi et al., 2004), bringing xenoliths to the surface from ~8
Ma, which record ambient mantle conditions. Presently, the remnants of
this subducted slab may be mapped beneath the Vrancea zone (e.g.,
Wortel and Spakman, 2000; Koulakov et al., 2009; Martin et al., 2005;
Baron and Morelli, 2017; Ferrand and Manea, 2021).

After the cessation of the extension, the north-eastern movement of
the Adriatic microplate (with respect to Eurasia) continued, contributing
to the tectonic inversion of the basin area (Bada et al., 2007). The effect
of the Adriatic push decreases towards the east. While 3.5 mm/yr
shortening can be observed in the Adria-Dinarides collision zone and
2.3 mm/yr in the Adria-Alpine collision zone, the Pannonian Basin ex-
periences 1-2 mm/yr shortening (Grenerczy et al., 2005), which defines
the main topographical features in the CPR. The absolute plate motion of
the Eurasian plate is also in a NE direction (Kreemer et al., 2014).

2.2. Synthesis of existing geophysical data

The Pannonian Basin and the wider Carpathian-Pannonian Region
(CPR) have been studied by various shear-wave splitting analyses
(Fig. 2) (e.g., Dricker et al., 1999; Ivan et al., 2008; Plomerova et al.,
2012; Bokelmann et al., 2013; Paul et al., 2014; Qorbani et al., 2015).
The most comprehensive investigations were conducted by Qorbani
etal. (2016), Song et al. (2019) and Petrescu et al. (2020). These studies
included data from several temporary seismic arrays, such as the Car-
pathian Basin Project (CBP), and the South Carpathian Project (SCP),
resulting in a dense network of splitting measurements. However, there
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Fig. 2. Previous XKS measurements of the study area and its surroundings. The average fast axis anisotropy bars are colored according to different authors. CBP:
Carpathian Basin Project, SCP: South Carpathian Project. Country abbreviations: HU — Hungary, AT — Austria, CZ — Czech Republic, SK - Slovakia, UA - Ukraine, RO —

Romania, RS — Republic of Serbia, HR - Croatia, SI — Slovenia.
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still remain parts of the transition zone between the Eastern Alps and the
Pannonian Basin, where splitting measurements are relatively scarce.
Stations of the AlpArray Seismic Network have been operating from
around the end of 2015 and the beginning of 2016 (Graczer et al., 2018;
Hetényi et al., 2018). These broadband stations populate the Alpine
region and its close surroundings, thus giving an opportunity to fill in the
gaps in the datasets. The data collection period of the AlpArray project
officially ended in March 2019, but many of the temporary AlpArray
stations in the area continued operating (together with the permanent
stations), such as the Hungarian and the Austrian AlpArray stations.

Both single layer anisotropy (Song et al., 2019) and possible complex
anisotropy (Petrescu et al., 2020) have been proposed beneath the
eastern part of the Pannonian Basin. For the western Pannonian Basin,
the presence of two-layer anisotropy was suggested by Qorbani et al.
(2015, 2016), who have shown a major and a minor anisotropy pattern
with different fast axis orientations. However, they could not fit a two-
layer model to the observations with the method of Silver and Savage
(1994).

The depth of the main anisotropic layer is most often determined by
seismic tomography. The 3D model of Zhu and Tromp (2013) shows a
complex azimuthally anisotropic pattern beneath Europe. In the CPR at
75 km depth, the fast axis orientations change abruptly from dominantly
WNW-ESE in the north to almost NNE-SSW strike in the south. At greater
depths, this change is much more smoothly imaged. The strike of the fast
axes shows a gradual clockwise change moving from north to south,
creating a wide arcuate shape, which follows the strike of a slow shear-
wave velocity anomaly beneath central Europe. Although this pattern is
unchanged with increasing depth, the magnitude of anisotropy gradu-
ally decreases towards greater depths. The maximum anisotropic
strength in the Pannonian Basin is mapped at approximately 140-150
km depth (Zhu and Tromp, 2013).

In contrast, spatial coherency analysis of shear-wave splitting mea-
surements identified a depth of the anisotropic layer centered at ~250
km beneath the eastern Pannonian Basin (Song et al., 2019), assuming a
single anisotropic layer. Qorbani et al. (2015) detected slab detachment
under the Eastern Alps from the SKS measurements, and Qorbani et al.
(2016) observed two main fast axis orientations in the western Pan-
nonian Basin. However, the azimuthal coverage of the events for SKS
measurements was not sufficient to assess the properties of two aniso-
tropic layers. Similarly, although Petrescu et al. (2020) observed
azimuthal dependence of the measurements, they could not specify the
parameters of the anisotropic layers in the eastern Pannonian Basin. A
certain complexity was also apparent in an application of the alternative
splitting intensity method (Hein et al., 2021) for the region, but the
overall pattern could still be confirmed.

The uppermost mantle under the Pannonian Basin is characterized
by negative P-velocity anomalies (Dando et al., 2011; Ren et al., 2012;
Timko et al., 2019) down to approximately 200 km, accompanied by
negative gravity anomalies (e.g., Tasarova et al., 2009) and high surface
heat flow (Lenkey, 1999), suggesting a thermal origin and possibly the
presence of partial melts (Kovacs et al., 2020; Patko et al., 2021). During
the Miocene extension asthenospheric updoming occured thatsignifi-
cantly thinned mantle lithosphere (Horvath, 1993). Deep tomographic
images (e.g., Dando et al., 2011; Ren et al., 2012) show a north-eastward
dipping fast anomaly beneath the Eastern Alps towards the Pannonian
Basin. The anomaly continues down into the mantle transition zone, and
was interpreted as a remnant of the Adriatic lithosphere subducted
beneath the Eurasian plate (Lippitsch et al., 2003), or a remnant of a
detached European slab, possibly part of the Alpine-Tethyan lithosphere
(Mitterbauer et al., 2011; Qorbani et al., 2015).

2.3. Seismic studies on mantle xenoliths
Although xenoliths from the western part of the CPR were in the

focus of numerous studies, only a few papers reported seismic properties
calculated from the LPO acquired by electron backscatter diffraction
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analyses. S-wave velocities and anisotropy calculated from xenolith
LPOs are generally used to give an estimate of the thickness of the
anisotropic layer in the mantle that produces the delay time in between
the fast and slow S-waves on the surface.

In the Styrian Basin and the Noégrad-Gomor volcanic fields, the
texture and deformation patterns of the xenoliths did not show evidence
for multiple layers in the mantle with different orientation (Aradi et al.,
2017; Liptai et al., 2019). Therefore, these authors assumed a single
anisotropic layer and concluded that the most realistic scenario is a
vertical foliation and horizontal lineation, with a NW-SE orientation.
This was deducted from the observed fast S-wave orientations reported
by previous shear-wave splitting studies (e.g., Qorbani et al., 2016),
interpreted to be a consequence of the transpressional stress field
generated by the convergence of the Adria microplate and the Eurasian
Plate. The estimated minimum thicknesses were 122 and 125 km for the
Styrian Basin and the Nograd-Gomor, respectively (Aradi et al., 2017,
Liptai et al., 2019), which stretch deeper than the lithosphere-
asthenosphere boundary (LAB). In both cases, these findings support
the suggestion of Qorbani et al. (2016) that a significant contribution to
mantle anisotropy is provided by the asthenosphere.

In the Bakony — Balaton Highland, Kovacs et al. (2012) distinguished
two layers based on petrography, geochemistry and crystal preferred
orientation data. They interpreted the shallower layer (~10 km thick) to
represent inherited old lithosphere which was thinned during the
Miocene extension, and the deeper layer (~ 25 km thick) to represent
the uppermost part of the upwelled asthenosphere that ‘lithospherized’
during the thermal relaxation after the extension. The latter is inter-
preted to represent present-day stress regimes, whereas the former is
suggested to have rather preserved the fossil stress field which is
attributed to the west-east directed flow of the asthenosphere. Different
explanations have been proposed to constrain the driving force of this
asthenospheric flow preceding the tectonic inversion. It could have been
an active flow generated as a response to the space problem occurring
during the Alpine collision driving the extrusion (Kovacs et al., 2012).
Alternatively, the asthenospheric flow could have been a passive
consequence of either the slab rollback at the eastern margin of the
Pannonian Basin, or the opening of the Dinaric slab gap (Handy et al.,
2015; Horvath et al., 2015). Nevertheless, the fossilized mantle structure
may explain the E-W directed fast polarization orientations observed by
SKS splitting studies in the region (Qorbani et al., 2016; Kovacs et al.,
2012 and references therein). Calculated thicknesses for the anisotropic
layer are in the range of 85-115 km, taking into account only the deeper
layer as the shallower layer was suggested to play a negligible role
(Kovacs et al., 2012). These depths suggest an asthenospheric contri-
bution to the anisotropic layer, similarly to the Styrian Basin and the
Nograd-Gomor.

3. Collection and analysis of newly acquired geophysical data

Previous shear-wave splitting studies have analyzed the recordings
of the CBP, SCP and most of the permanent stations in the Pannonian
Basin. As part of the Hungarian National Seismological Network (HNSN,
doi:10.14470/UH028726) several temporary and permanent stations
have been deployed in the last few years. This has provided an oppor-
tunity to significantly increase the number of splitting measurements,
while newly available misorientation data of the stations allowed us to
account for them when measuring the shear-wave splitting parameters.

The Hungarian seismological stations have been deployed using a
magnetic compass. In 2018, we could use a gyrocompass in order to
measure orientation for existing stations all over the country. Their
misorientation varied between —14.6° and 18.9° (Graczer et al., 2018).
We have also retrieved orientation measurements from the station
metadata in case of the Austrian and Slovakian AlpArray stations. Unlike
previous studies, we took into consideration these misorientation
values. We used data from 15 permanent and 28 temporary stations
located in Hungary, Slovakia (doi:10.14470/FX099882), Austria and


https://doi.org/10.14470/UH028726
https://doi.org/10.14470/FX099882

N. Liptai et al.

Croatia, in the area of the transition zone between the Eastern Alps and
the Pannonian Basin (Fig. 3). Data of the stations located in the eastern
Pannonian Basin were processed by Song et al. (2019) and by Petrescu
et al. (2020). However, as both studies left out two permanent broad-
band stations: AMBH and BSZH, we also included these stations in our
study.

In order to maximize the number of splitting measurements, we have
analyzed teleseismic events in an epicentral distance range from 84° to
180° with magnitudes >5.75 (M,,). Waveforms were bandpass filtered
prior to further processing. Corner frequencies were selected based on
visual inspection of the waveforms in order to obtain the most clear split.
An upper corner frequency of 0.4 Hz was applied almost exclusively,
while 0.04 Hz was chosen for the lower corner frequency in ~60% of the
measurements and 0.1 Hz was used in ~40% of the cases. Careful se-
lection of the measurement window ensured optimal splitting and only
measurements with clear splitting were accepted. Data were processed
from the very beginning of each station operation until 30.06.2020. both
for temporary and permanent stations. During the data collection period
three stations (A268A, A269A, A270A) were renamed (HUOSA, HUQ9A,
HU10A, respectively) in the frame of the international PACASE (Pan-
nonian-Carpathian-Alpine Seismic Experiment) project. The PACASE
project is carried out as a new “AlpArray Complementary Experiment”,
with the contribution of 7 countries and started in 2019. Nevertheless,
Fig. 3 shows the original names of the stations.

The SplitLab software of Wiistefeld et al. (2008) was used for the
shear-wave splitting measurements. Fast polarization axis orientation
(¢) and delay time (5t) between fast and slow phases were calculated by
minimizing the energy on the corrected transverse component (Silver
and Chan, 1991). Quality was ensured based on the following criteria:
(1) XKS arrival clearly visible on the original radial and transverse
component (2) almost perfect energy removal on the corrected T
component (3) the similarity of the corrected fast and slow waves (4)
ellipticity of the particle motion before and after correction (5) well
defined minimum on the contour map and (6) stability of the

14° 15° 16° 17° 18°

49°

48°4,

140 150 16° 17° 18°
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measurement. A measurement was accepted only if it satisfied most of
the above criteria. Therefore, even poor measurements can be valid,
possibly with greater uncertainty or less perfect energy removal from the
transverse component. Similarly to the measurements, classification was
carried out manually, which is inevitably subjective. As the results show
very coherent orientations regardless of their assigned quality, we do not
differentiate between the good, fair, and poor measurements.

The measurements with no splitting of the XKS phase are called Null
measurements. Theoretically, this can either mean that the wave has not
traversed an anisotropic medium, or in most cases, the incoming wave
path (the backazimuth of the event) is parallel to the fast or slow axis
orientation. However, Liu and Gao (2013) have argued that many
measured Nulls are a result of energy of the transverse component
smoothing into the background noise, and for most forms of complex
anisotropy Null measurements are rarely observed. Furthermore, their
synthetic tests have shown that pure Null measurements are non-
existent in case of complex anisotropy. Considering the above, as signs
of complex anisotropy were present at some of the processed stations,
we did not examine further the observed Null measurements.

Assuming a single anisotropic layer in the mantle, its thickness can
be estimated from the velocities and the delay time between the fast and
slow S-wave (Pera et al., 2003). The thickness of the anisotropic layer in
the mantle is largely influenced by the spatial orientation of the foliation
(layering) and the lineation (parallel aligned structural elements rep-
resenting the direction of maximum elongation) of the deformed mantle
peridotite (Baptiste and Tommasi, 2014). In the majority of cases, this
cannot be determined from the xenoliths. For different scenarios, five
endmember cases can be distinguished, as proposed by Baptiste and
Tommasi (2014): horizontal foliation and lineation (case 1), vertical
foliation and horizontal lineation (case 2), vertical foliation and linea-
tion (case 3), 45° dipping foliation and lineation (case 4), and 45° dip-
ping foliation and horizontal lineation (case 5).

Using the delay times of the fast and slow S-wave detected on the
surface by the nearest station, a thickness (T) in km can be calculated

19° 20° 21° 22° 2§°
49°
48°
470
9
+46°
A permanent E
A AlpArray
’ — I TR 450
19° 20° 21° 22° 23°

Fig. 3. Seismic stations used for shear-wave splitting measurements.
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using the following equation (Pera et al., 2003):

Vs,

T = 100dr*
AVs

where dt is the delay time (s), Vs, is the average of the fast and slow
velocities (km/s), and AVs is the anisotropy for a specific propagation
direction expressed in percentages (%). The 3D distribution of AVs and
the two S-wave velocities can be obtained using the LPO of olivine and
pyroxenes (Mainprice, 1990). The S-velocities and AVs are commonly
plotted on pole figures with respect to the foliation and lineation, and
thus their values for vertical propagation depend on where the vertical
direction is positioned compared to the foliation and the lineation. For a
more detailed illustration on how to obtain these seismic properties in
the different orientation scenarios, see Fig. 6 of Klébesz et al., 2015.

4. Results

At 43 stations, 1122 pairs of splitting parameters were measured
altogether, among which 109 are PKS, 746 are SKS, 251 are SKKS
(Fig. 4), 15 are SKiKS and one is SKJKS measurement. Observed fast
polarizations are oriented in an approximately WNW-ESE orientation
(Fig. 5). They rotate gradually from NW-SE in the Western Carpathians
to almost E-W in central western Hungary. The majority of the fast po-
larization orientations ranges between 80° and 150° (Fig. 6a). The delay
times show a pronounced variation (Fig. 6b), with mean values for each
station varying between 0.69 s and 1.48 s, suggesting significant lateral
thickness variation of the anisotropic layer.

4.1. Station-averaged splitting parameters

Our results are consistent with previous studies, demonstrating that
the prevailing anisotropic pattern is WNW-ESE in the Pannonian Basin.
This pattern is not correlated with the absolute plate motion direction
(marked by purple arrows in Fig. 7a; Kreemer et al., 2014), but is
roughly parallel to the Teisseyre-Tornquist Zone (East European Plat-
form margin). In Fig. 7, the results of previous measurements are com-
bined and plotted together with the splitting parameters of this study.
For stations where multiple authors have published shear-wave splitting
measurement results, the circular mean of the orientations is given,
while 8t is averaged. For stations where we reprocessed all available
data (e.g., BUD), we favored our new results as they are derived from a
longer observation period. Some of the measurements were controver-
sial, as Qorbani et al. (2016) identified two fast polarization orientations
at several stations. Although usually, we have accepted the main
pattern, in case the minor pattern was more similar to the orientations
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that we have determined, we used the latter for further interpretation.
As only one individual splitting measurement was published by Qorbani
et al. (2016) at station CBP4I, which was contradictory to our results in
its vicinity, we have omitted this station from further evaluation.

Based on the combined dataset of XKS splitting parameters in the
Pannonian Basin, two distinct regions could be localized (encircled in
Fig. 7b), where orientations differ significantly. This region, marked by
blueish colors in Fig. 7b shows an ENE-WSW-E-W fast orientation. On
the other hand, at the Western Carpathians (reddish colors) more of an
ESE-WNW orientation was measured. Nevertheless, these regions are
not reflected in the color-coded map of the delay times (Fig. 7b, inset). In
general, the observed delay times are larger in the northeastern part of
the Pannonian Basin than in the southwest.

Shear-wave splitting measurements are carried out using individual
teleseismic events. As such, a single event might provide sound splitting
parameters for many seismic stations. During the processing, we found
that some of the studied events produce remarkably good results, similar
to the station average. The best events and their splitting parameters are
shown in Fig. 8. A question remains whether the earthquake locations
and the fast axis orientations or the source parameters are responsible
for this phenomenon. The listed earthquakes occurred at 196 km, 510
km and 169 km depth (in chronological order) and their magnitude
(Mw) was 7.7, 6.3, 6.8, respectively. Their most striking feature in
common is their backazimuth, which forms an angle of approximately
60° with the average fast axis orientation in the western Pannonian
Basin.

4.2. Depth of anisotropy

The results of shear-wave splitting measurements are usually inter-
preted under the assumption of a single homogeneous anisotropic layer
of hexagonally symmetric material with a horizontal symmetry axis
(Silver, 1996), as flow-induced alignment of olivine within the upper
mantle or fossil lithospheric fabric.

If multiple anisotropic layers are present, fast polarization axis ori-
entations show systematic azimuthal variations. To represent the spatial
distribution of regions with simple or complex anisotropy, we have
created a complex anisotropy index map (Fig. 9) after Yang et al. (2014)
based on the azimuthal dependence of the observed fast axis orienta-
tions (Fig. . S1 in the Supplementary information). Stations have been
classified depending on whether systematic azimuthal variations could
or could not be observed. At some stations, the azimuthal coverage is
still not sufficient to decide if simple or complex anisotropy is present
beneath the station. However, in the Western Carpathians, a relatively
consistent pattern can be observed, as none of the stations show obvious

SKKS

Fig. 4. Epicenter distribution of events used for PKS, SKS and SKKS measurements.
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azimuthal dependence. Fig. 10 shows the backazimuth versus fast axis
orientations for these AlpArray stations in the Western Carpathians.
Although the average fast axis orientation might slightly vary for these
stations, none of them shows significant azimuthal dependence, which
suggests simple anisotropy in the area.

In case of simple anisotropy, by measuring the spatial coherency of
the splitting parameters applied to different depths, it might be possible
to estimate the depth of the anisotropic layer (Liu and Gao, 2011). We
have applied this method to the 159 measurements at the 8 stations in
the Western Carpathians (Fig. 10). The analysis shows that the center of

the anisotropic layer lies at approximately 140-150 km depth (Fig. 11),
which agrees well with findings of Zhu and Tromp (2013), who found
maximum anisotropy beneath the wider Pannonian Basin area at this
depth range.

4.3. Thickness of the anisotropic layer based on mantle xenolith data

We have re-calculated the thickness of the anisotropic layer for the
xenoliths with available seismic data from the Styrian Basin, Little
Hungarian Plain, Bakony-Balaton Highland and Négrad-Gomor volcanic
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fields (Table S1 in the Supplementary information). We used the newly
reported delay times at stations AO10A (1.05 s), A260A (0.69 s), TIH
(1.06 s), and A336A (1.34 s) (Fig. 3.; 5), respectively for the xenolith
localities. Note that these delay times are in agreement with those pre-
viously used for the Bakony-Balaton Highland (~1 s; Kovacs et al., 2012)
and the Nograd-Gomor (1.3 s; Liptai et al., 2019), whereas delay times

are slightly shorter for the Styrian Basin (1.27; Qorbani et al., 2015;
Aradi et al., 2017).

An important question arises whether it is worthwhile estimating the
thickness of a single anisotropic layer in localities where multiple layers
are assumed, such as in the Bakony-Balaton Highland and Little Hun-
garian Plain (Kovdcs et al., 2012). However, if both the foliation and the
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lineation is oriented horizontally (case 1), as suggested for the shallower
layer, there is no or only negligible anisotropy for the vertically prop-
agating S-waves. Consequently, this layer will not (or only minimally)
contribute to the overall delay time, whereas calculated thicknesses of
an anisotropic layer would be unrealistically high. Therefore, as Kovacs

et al. (2012) suggested, this layer was ignored and the thickness was
calculated using data of xenoliths originating from the deeper layer only,
where a significant S-wave anisotropy is present due to the vertical
foliation and horizontal lineation (case 2). These only include xenoliths
from the Bakony-Balaton Highland, as those from the Little Hungarian



N. Liptai et al.

Tectonophysics 845 (2022) 229643

180° . : —s
150° - PR
c ) ///ﬁ 4
2 120 Be "8 @ge
9 Lo ) .
s 9 N
@ 60° N P
[ L - ]
o -
0° 1 L | 1

180" ' ' =1
150° 5 T e
s r -7 9¢ 9
= ° e -7 € —
g))120E / / / © - \_/
s 90T T T 1T
g ot T e S s T
" [ mem] ] e o] ] o] =D ]

L A335A 1 L A336A 1 L A337A 1 L A338A |

o] o  flemeen] | flemen] ] fleses]
0 30 60 90 0 30 60 90 0 30 60 90 0 30 60 90

BAZ Modulo-90° BAZ Modulo-90°

BAZ Modulo-90° BAZ Modulo-90°

Fig. 10. Azimuthal dependence of fast polarization orientations for stations in the Western Carpathians. Although the average fast orientations might slightly differ

for these stations, none of them show obvious azimuthal dependence.

1.0 ! 1 1 1

0.8

Variation factor
———
——H OO0
it

et
os %#ﬁ{ﬁﬁiﬁﬂ
e Wﬂﬂ %

Assumed depth of anisotropy (km)

Fig. 11. Spatial coherency analysis of splitting parameters based on 8 AlpArray
stations located in the Western Carpathians. The location of the minimum value
of the variation factor corresponds to the central depth of the anisotropic layer
at about 140-150 km assuming single layer anisotropy.

Plain are assumed to represent the shallower layer. To increase the
number of samples, we have included four additional xenoliths from
Fiizes-t6 quarry within the Bakony-Balaton Highland, all having equi-
librium temperatures over 1050 °C which points to their deeper origin
(Liptai et al., 2021).

The re-calculated thicknesses for case 2 scenarios resulted in 65-290
(with an average of 109) km for the Styrian Basin, 92-222 (with an
average of 137) km for the N6grad-Gomor, and 67-168 (with an average
of 97) km for the Bakony-Balaton Highland. Note that the contribution
of the crust is ignored in this calculation, as it is well known that the
crustal contribution in shear-wave splitting measurements is signifi-
cantly smaller than the effect of the mantle. It is generally accepted that

the crustal contribution to the total delay time is typically about 0.1 s per
10 km (Silver, 1996; Barruol and Mainprice, 1993). Therefore it follows
that more significant contribution can be expected in areas with thick
continental crust (Latifi et al., 2018). However, since the Carpathian-
Pannonian region is characterized by a thin crust in general (<30 km;
Horvath, 1993; Kalmar et al., 2021), the crustal contribution to surface
delay times was usually ignored in SWS splitting analyses in the area (e.
g., Qorbani et al., 2016; Petrescu et al., 2020). In a previous study of the
Noégrad-Gomor xenoliths (Liptai et al., 2019), the authors attributed a ~
0.25 s of the delay time to the crust; however, this is well below the delay
time of the A336A station closest to the xenolith locality. Furthermore,
without the examination of potentially complex crustal structures, it
appears appropriate to assume that our delay time values mainly refer to
a mantle source.

5. Discussion

The lithospheric anisotropy might be frozen in from previous tec-
tonic processes (Silver and Chan, 1991; Tommasi and Vauchez, 2015;
Plomerova et al., 1996; Plomerova et al., 2007). Although the basement
of the Pannonian Basin consists of two terrains with different origin and
history, and the ALCAPA and Tisza micro-terrains rotated in opposite
directions during the Miocene extension, the determined fast axis ori-
entations do not change significantly through the transition of different
micro-terrains. This suggests that the impact of relative motion is
already overprinted by more recent geodynamic processes. Another
possibility is that the observed pattern originates from greater depths
and is not related to the two major lithospheric units building up the
basement of the Carpathian Pannonian region.

Despite the notion that anisotropic patterns may take some time to
develop in the lithosphere, Zhu and Tromp (2013) have reported that
the anisotropic fabric in the upper mantle beneath Europe is generally
consistent with present-day surface-strain rates derived from geodetic
measurements. Coherent fast axis orientation and absolute plate motion
direction can be interpreted as a result of coupling between the litho-
sphere and asthenosphere, causing simple shear between them. How-
ever, this appears not to be the case for the study area, as fast axis
orientations tend to be closer to perpendicular to the plate motion di-
rection rather than being parallel to it.
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5.1. Comparison of seismic data from shear-wave splitting and mantle
xenoliths

Although for some stations, the azimuthal coverage was not suffi-
cient to determine whether there is a single or multi-layered anisotropy,
it appears there is a difference between the northern and central-
southern parts of the covered area, i.e., the western CPR. In the north-
ern part, especially under the Western Carpathians, a single anisotropic
layer can be assumed from the lack of systematic azimuthal variations in
most of the stations (Figs. 9, 10). This is in agreement with the fact that
the xenoliths of the Négrad-Gomor volcanic field do not show evidence
of depth-related layering in terms of their petrography or LPO. In
contrast, the variability in their texture and composition was attributed
to the different ages and spatial distribution (Liptai et al., 2017, 2019).
However, in the central and southern regions of the western CPR,
including basin areas and the transition zone towards the Eastern Alps,
more stations indicate multi-layered anisotropy, especially in the vi-
cinity of Lake Balaton (Fig. 9). This is in agreement with the Bakony-
Balaton Highland xenoliths described in the study of Kovacs et al.
(2012), which clearly show two different layers in terms of texture and
olivine LPO pattern, a shallower layer with ‘axial-010” and a deeper one
with ‘A-type orthorhombic’ patterns. Their suggestion that the shal-
lower layer represents the uppermost part of the asthenospheric dome
that was lithospherized following the cessation of the extension, can
explain why multi-layered anisotropy is only detected in the central,
most thinned part of the Pannonian Basin which was subject to more
intensive extension in contrast to marginal areas such as the Western
Carpathians. It should be noted that in the central-southern Pannonian
Basin, there are many stations with poor azimuthal coverage, and even a
few which suggest single-layered anisotropy. It is possible that this is
because the extension-driven thinning of the lithosphere was not uni-
form throughout the whole basin, and thus the spatial distribution of
single or multi-layered anisotropy is more heterogeneous than previ-
ously thought.

The Styrian Basin is not as straightforward as the other two xenolith
localities. Stations AO10A and A021A, located closest to the xenolith-
hosting alkali basalt outcrops, both show azimuthal variations and
thus suggest multiple anisotropy. Although no clear layering was
observed based on the petrography and LPO of the xenoliths (Aradi
et al., 2017), some correlation can be observed between their LPO-
pattern and equilibrium temperature: xenoliths with lower equilib-
rium temperature (i.e., shallower depth of origin) dominantly show
‘axial-010’ type LPO pattern, whereas higher temperature (deeper) xe-
noliths have more ‘orthorhombic’ type pattern among them (see Fig. 6b
of Aradi et al., 2017). While the distribution is rather transitional with
several outliers as well, this correlation is the same as in the case of the
Bakony-Balaton Highland (and Little Hungarian Plain) xenoliths
(Kovacs et al., 2012). However, the two layers may not be separated as
clearly under the Styrian Basin as under the Bakony-Balaton Highland,
and the transition between the two could spread more evenly or across a
greater vertical distance.

Another explanation may be connected to the complex tectonic na-
ture of the Styrian Basin, located above a former subduction zone, and
the edge of the extensional basin, which means that the lithosphere-
asthenosphere boundary (LAB) may be tilted considerably instead of
being (sub-)horizontal. Based on shear-wave splitting analyses of the
Eastern Alpine region and a comparison with tomographic studies,
Qorbani et al. (2015) suggested the presence of a detached slab of the
European plate at depths in the excess of 300 km, which represents the
deeper one of two anisotropic layers. According to their suggestion, the
slab may be connected with the lithosphere under the Eastern Alps, and
possibly with the slab graveyard towards the east. This could explain the
observed multiple anisotropy in the area of the Styrian Basin (Fig. 9),
and may also link to the fast orientation anomaly detected in the western
part of Hungary, between the Eastern Alps and the Transdanubian Range
(Fig. 7b). Although Qorbani et al. (2015) found that fast orientations in
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the detached slab are SW-NE under the Eastern Alps, the anomaly seen
on Fig. 7b is located more to the east without overlapping with their
study area. The E-W fast orientations may thus be explained by the slight
rotation of the eastward sinking slab and/or its pulling effect on the
overlying mantle. Furthermore, since the location of this detached slab
is estimated to be at or below ~300 km, it appears to be reasonable to
calculate the thickness of the above laying anisotropic layer from the
Styrian Basin xenoliths assuming single anisotropy.

5.2. Dimensions of the anisotropic layer(s) in the mantle

Beneath the Western Carpathians, where a single anisotropic layer is
assumed, results of the spatial coherency analysis suggested that the
center of the anisotropic layer is at ~140-150 km depth (Fig. 11). If we
adopt a thickness of ~30 km for the crust (e.g., Horvath, 1993; Kalmar
et al., 2021), this corresponds to 110-120 km between the Moho and the
suggested center at ~140-150 km. If the same amount is assumed below
this center, the total thickness of the anisotropic layer adds up to
220-240 km, under the crust, with the bottom located at ~250-270 km
below the surface. This may mark the bottom of the low velocity zone
(the ductile, upper part of the asthenosphere which is considered to
contain small amounts of partial melt; Green, 2015), expected to be at
greater depths in hot, active areas (250-400 km; Thybo, 2006) such as
the CPR, in contrast to cold, stable areas. Note that this is a maximum
thickness for the anisotropic layer, if we assume that the anisotropy is
present in the mantle up to the Moho. The latter is supported by the
sampling depth of the xenoliths close to the Moho between 35 and 50 km
(Liptai et al., 2017).

This 220-240 km of total anisotropic thickness inferred from the
spatial coherency analysis is significantly greater than the average (137
km) and closer to the maximum (222 km) thickness calculated from
seismic properties of N6grad-Gomor xenoliths. This, along with the wide
variability of textures and LPO patterns of the xenoliths (Liptai et al.,
2019) supports earlier findings that the upper mantle sampled by the
xenoliths is strongly heterogeneous. One possibility is that the xenoliths
with lower S-wave anisotropy, which result in a thicker anisotropic
layer, are a better representation of the depth range underlying the
source region of the xenoliths.

The other factor that should be taken into account, is the orientation
of mantle structures (foliation and lineation). The above-mentioned
thickness values were obtained assuming vertical foliation and hori-
zontal lineation (case 2), which can be expected in a compressional
regime. Case 2 produces the strongest S-wave anisotropies and thus the
calculated thickness is the smallest compared to the other cases (e.g.,
Aradi et al., 2017; Liptai et al., 2019). Although this is the most likely
scenario, in a natural environment the orientations of the foliation and
lineation may not perfectly and/or homogeneously represent an ideal
case 2. Their orientation may be somewhat oblique and it may also vary
spatially. Out of the rest of the endmembers, case 5 (45° dipping folia-
tion and horizontal lineation) is the second most plausible, as it would
also result in NW-SE directed fast polarizations and the second lowest
calculated thicknesses. Assuming case 5, calculated thicknesses from
Négrad-Gomor xenoliths range from 107 to 320 (with an average of
193) km (Table S1), which are still realistic. Furthermore, thicknesses
calculated for the two endmembers correlate well in individual xenoliths
(Fig. 12). In summary, we suggest that the orientations of the foliation
and lineation in the anisotropic mantle layer may vary between case 2
and 5, i.e., horizontal lineation and slightly dipping but likely close to
vertical foliation.

It is noteworthy that the olivine LPO pattern may also influence
delay times detected on the surface, and thus the estimated thickness of
the anisotropic layer. Recently, Loberich et al. (2021) proposed that
under the southern Cascadia back-arc system, olivine fabrics have more
likely E- than A-type patterns based on azimuthal variations of splitting
parameters. E-type fabric is similar to A-type in the sense that the dis-
tribution of all three olivine crystal axes have single maxima, but their
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orientation is different with respect to the foliation and lineation.
Furthermore, the E-type is suggested to develop under more hydrous
conditions compared to the A-type (Jung et al., 2006 and references
therein). However, none of the xenoliths of the CPR have been described
as E-type as fabrics with single crystal maxima were determined as A-
type due to the orientation of the axes with respect to the foliation and
lineation (Kovacs et al., 2012; Aradi et al., 2017; Liptai et al., 2019).
Furthermore, extremely low water contents in xenoliths, especially from
the Négrad-Gomor and Bakony-Balaton Highland (Patko et al., 2019)
also support the development of A-type fabrics. Thus this scenario
involving E-type pattern seems rather unlikely for the study area.

In the Bakony-Balaton Highland, the calculated thicknesses are
significantly lower (67-168 with an average of 97 km for case 2, and
92-146 with an average of 123 km for case 5) than in the Négrad-
Gomor, even though this excludes the uppermost ~10 km of the mantle
whose contribution to shear-wave splitting can be neglected. In the
Styrian Basin, thickness ranges are similar to that of the Nograd-Gomor
(65-290 km for case 2, 90-404 km for case 5; by excluding one outlier,
the greatest thicknesses are 230 and 254 km for cases 2 and 5, respec-
tively). This may indicate that the anisotropic layer is thinner in the
central than in the northern and western part of the CPR, or that the
xenoliths used for the calculation do not accurately represent the whole
depth range of the anisotropic layer. It is also possible that a higher level
of extension produced more significant anisotropy in the central part
than in the marginal areas.

5.3. The role of ‘asthenospheric jam’ on the orogenic rim

The measured shear-wave splitting data imply that the astheno-
sphere beneath the Carpathian-Pannonian region is usually vertically or
sub-vertically foliated and that the lineation is mainly horizontal. This
fabric in the asthenosphere might have been developed at least in part as
a response to tectonic inversion (Qorbani et al., 2016; Kovacs et al.,
2020). During the tectonic inversion, the asthenospheric dome got
trapped between the thicker Adriatic and European lithospheres on the
SW and NE, respectively (Kovacs et al., 2020). The convergence between
these plates and the counter-clockwise rotation of Adria is responsible
for the perpendicularly developing NW-SE directed vertical, sub-vertical
foliation. According to the measurements of Bus et al. (2009), the degree
of shortening is ~1,3 mm/a between the Alpine foothills and the Danube
bend. This translates to a shortening of ~6,5 km in this area during the
inversion. This estimate bears significant uncertainties, but highlights
that even a shortening of this magnitude must have resulted in the
displacement of a significant volume of asthenospheric material be-
tween the converging Adriatic and European lithospheres. This
asthenospheric material under compression either “leaves” the
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asthenospheric dome perpendicular to the compression or may
contribute to further uplifts in the basin, as seen for example for the
Transdanubian central range (Ruszkiczay-Riidiger et al., 2020). This
also means that the asthenospheric dome under compression generates a
stress field in which asthenospheric material is forced to escape along
the surrounding orogenic rim of the Carpathian-Pannonian region,
perpendicular to the major NE-SW compression (Fig. 13). This
asthenospheric jam may contribute to what is observed in the SE Car-
pathians, where the change in Moho and LAB topography is also a few
tens of kilometres displaced towards the SE from the suture zone on the
surface (Girbacea and Frisch, 1998; Matenco, 2017). We propose that
this feature and the elevated position of the Transylvanian Basin may be
related to the same ‘asthenospheric jamming’ effect. This effect, how-
ever, is enhanced further by the thick European Platform on the E and
the Moesian platform on the SE. These two thickened continental blocks
force and focus the asthenospheric flow into the Carpathian Bend area,
making its effect (i.e., active surface topography, intermediate depth
earthquakes and gas emanations) more profound (e.g., Kovacs et al.,
2021). In line with this hypothesized SE directed asthenospheric push,
the fast directions in the SE Carpathians show NE-SW direction (Ivan
et al., 2008; Petrescu et al., 2020). This suggests that NE-SW oriented
vertical foliation may develop in the root of the thick continental plates
of Moesia and the stable European Platform perpendicular to the SE
directed asthenospheric push.

Note that the effect of this “asthenospheric jam” in the Pannonian
Basin may only be locally important, and have only a limited effect on
the regional or continental-scale shear wave anisotropy pattern. These
much larger-scale patterns may develop in response to regional-scale
plate tectonic processes, including the overall mantle flow from the
Alpine-Adriatic system towards the Hellenic Slab (e.g., Lo Bue et al.,
2022), or the effect of the very thick European lithosphere on the east,
which marks an important barrier for shallow asthenospheric flow tra-
jectories with components towards the Trans European Suture zone
(Qorbani et al., 2016). The observation that the overall delay times
slightly increase towards the NE (i.e. the European platform) may imply
the more profound effect of this thick lithospheric barrier. Future cross-
European studies may shed further light on the horizontal and vertical
variations of the anisotropy and its geodynamic implications.

5.4. Asthenospheric contribution to differential vertical movements

As pointed out in previous studies, lithospheric scale folding in the
Pannonian Basin may be an important factor in generating late Neogene
active differential vertical movements on the surface (Bada et al., 2007;
Dombradi et al., 2010). In addition, the recent Plio-Pleistocene uplift
and erosion of the Transdanubian Central Range might be also related to
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this ‘asthenospheric jam’ beneath the Carpathian-Pannonian region.

According to geodetic measurements such as repeated precise
levellings, the Transdanubian Range is the fastest rising area of the
central and western part of the Pannonian Basin. However, Joo (1992)
estimates the maximum uplift rate here slightly above 1 mm/year,
whereas the maximum observed raw uplift rates are 0.5 mm/year in the
Balaton Highland. As a result of GPS motion studies carried out since the
early 1990s, an uplift rate of 0.3 mm/year is expected along the SW-NE
axis of the Transdanubian Range (Grenerczy et al., 2005), which de-
creases rapidly away from the axis and changes into subsidence in the
Great and Little Hungarian Plains.

For the present study it is not only the current uplift rate of the
Transdanubian Range that is interesting, but also its evolution
throughout the Neogene and Quaternary. Visnovitz et al. (2021) date the
onset of structural inversion at Lake Balaton to about 8 million years ago
from the seismically surveyed strata close to the Transdanubian central
range. Ruszkiczay-Riidiger et al., 2016; Ruszkiczay-Riidiger et al., 2020)
resolved key temporal changes in uplift rate, pointing to an important
role of deep, asthenospheric driving forces. We propose that this
‘asthenospheric jam’ can be a viable contribution to the observed uplift.
Why these vertical movements mainly affect the Transdanubian Central
range remains an open question, but the notion that it has an increase in
crustal thickness (~5 km; Kalmar et al., 2021). along its NE-SW oriented
strike (i.e. perpendicular to the vertical foliation of the asthenosphere)
may be an important factor as well as the vicinity of the also
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perpendicularly oriented Mid-Hungarian Zone.
6. Conclusions

Shear-wave splitting data and seismic properties of upper mantle
xenoliths were jointly evaluated in the western part of the Carpathian-
Pannonian region (CPR) to investigate the nature, depth extent and
regional differences of mantle anisotropy in an extensional basin setting
currently in a regime of tectonic inversion. Based on our results,
anisotropy is different in the northern and in the central-southern part of
the studied area.

In the northern part, beneath the Western Carpathians, the lack of
azimuthal dependence of the fast S-component suggests a single aniso-
tropic layer, with spatial coherency analyses putting the center at
~140-150 km, implying a total thickness of ~220-240 km. Calculated
thicknesses from lattice preferred orientation of xenoliths from the
No6grad-Gomor volcanic field resulted in smaller values on average,
which may be explained by slightly dipping instead of vertical foliation.
Alternatively, xenoliths may not uniformly represent the anisotropic
layer. In the central and western parts, systematic azimuthal variations
point to multiple anisotropic layers. This can be linked to the two
xenolith groups described from the Bakony-Balaton Highland, which
represent a shallower, older lithospheric layer retaining syn-extension
structural features, and a deeper, juvenile lithosphere which accreted
during the post-extensional thermal relaxation. In the western part of
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the Pannonian Basin, the remnant of a subducted slab from the Eurasian
plate may account for the indication of multiple anisotropy.

The shear-wave splitting results along with previous observations in
the CPR reveal a significant role of the asthenosphere not only in
contributing to mantle anisotropy but also in deep seismic anomalies
and surface topography as well. As a response to the tectonic inversion,
the asthenosphere is vertically (or sub-vertically) foliated and forced to
escape along the surrounding orogenic rim, perpendicular to the NE-SW
compression. This asthenospheric flow could explain anomalous fea-
tures such as displacement of Moho and LAB topographies in the SE
margins of the CPR.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2022.229643.
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