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The Schwechat depression, in the Vienna Basin (VB) is currently the main target area for deep geothermal
exploration in eastern Austria. Knowledge of the subsurface heavily relies on active seismic reflection profiling
experiments that are expensive and logistically demanding. Affordable geophysical prospecting methods are
needed to reduce subsurface uncertainty over large spatial areas. Over recent years, seismic ambient noise
tomography (ANT) has proven to be a cost-effective and environment-friendly exploration technique fulfilling
this need. Here, we present an ANT study of the central Vienna Basin revealing the shear-wave velocity,
and shear-wave radial anisotropy structure down to 5 km beneath the surface. We deployed an array of 100
seismic nodal instruments during 5 weeks over summer 2023. We measured fundamental-mode Rayleigh
and Love-wave group velocity dispersion from seismic noise correlations, and employed transdimensional
Bayesian tomography to invert for isotropic Rayleigh and Love group velocity maps at periods ranging from
0.8 to 5.5 s. We then extracted Rayleigh and Love group velocity dispersion curves from the maps at all
locations, and jointly inverted them for shear-wave velocity and radial anisotropy as a function of depth using
a transdimensional Bayesian framework.

Our shear-wave velocity model reveals a basin-like low-velocity feature, interpreted as the seismic signature
of the Schwechat depression. Another low-velocity feature is observed beneath the city of Vienna, which could
be of great interest for geothermal exploration. The shear-wave velocity radial anisotropy structure indicates
a thin negative anisotropy layer in the top 150 meters, likely associated with water-saturated open cracks.
Between 150 meters and 1.5 km depth, we observe widespread positive radial anisotropy across the entire study
area, corresponding to sub-horizontal layering within the Neogene basin. At greater depths, the Schwechat
depression is characterized by positive radial anisotropy, while the edges of the Schwechat depression exhibit
negative radial anisotropy due to steeply dipping strata and normal faults responsible for the formation of this
major depocenter in the Vienna Basin.

1. Introduction approximately 18 million years ago, as a result of extensional tectonics

superimposed on the compressional regime of the Alpine orogeny (Lee

Austria aims to achieve carbon neutrality by 2040, and key strate-
gies to attain this target involve substantial reductions in fossil fuel
usage and the incorporation of renewable energy, notably geothermal
energy. Developing geothermal resources is particularly relevant for
district heating. Given that the highest geothermal heat flow occurs in

and Wagreich, 2017). Due to changes in the local stress regime, a
pull-apart geometry started to form (Hinsch et al., 2005), initiating
large-scale sinistral strike-slip fault systems. These systems often origi-
nated from reactivated basement structures and were accompanied by

the easternmost regions of Austria (Goetzl et al., 2010), encompassing
the Vienna Basin (VB), urban centers in this area emerge as primary
targets for exploration and potential development.

The geological evolution of the VB is a complex interplay of tec-
tonic processes and sedimentary dynamics, reflecting its position at the
convergence of the Eastern Alps, the Carpathians, and the Pannonian
Basin. The basin’s development initiated during the Miocene epoch,
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significant normal faults with major offsets. This process resulted in in-
tense segmentation of the basin into duplexes, where depocenters, such
as the Schwechat depression, were filled with Neogene sediments up to
4000 meters thick (Elster et al., 2016). The tectonic activity during this
phase was relatively subdued, but the region experienced significant
isostatic adjustments and localized fault reactivation (Chwatal et al.,
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2005). The basin’s stratigraphy reveals a complex history of subsidence,
sedimentation, and tectonic reactivation, which has largely shaped its
current geothermal gradient and resource potential. This intricate geo-
logical history underscores the VB’s significance as a natural laboratory
for studying basin evolution, sedimentary processes, and geothermal
energy development.

The VB has been extensively studied in the 20th century for oil
and gas exploration and production (Rupprecht et al., 2018). In 2011,
a test well called Geotiefl was drilled (Fig. 1). This well was the
initial deep geothermal exploratory well in Vienna and was drilled
based on available geological and geophysical datasets. Although the
goal was to reach the carbonate geothermal reservoir in the Alpine
basement (Fig. 1), the target was not met. Following this, the situation
was reassessed, making the Aderklaa Conglomerate formation in the
Neogene basin the primary target, with the Triassic limestones and
dolomites of the Alpine Calcareous basement as the secondary target.
Recently, a large-scale (160 km?) active 3-D seismic survey throughout
the central Vienna Basin (north of the Danube River) was conducted to
explore geothermal resources. The 3-D seismic survey was conducted in
2018-2019 by OMV. Unfortunately, there is no available information
other than old 3D seismic reflection lines shared by OMV in the 2000s.
The extent of the Aderklaa Conglomerate formation (with depths of
around 3000 m and temperatures of up to 130 °C) in the Schwechat
depression is the primary target geological layer for deep geothermal
projects in the region, as it presents good geothermal potential and
proximity to the heat distribution network infrastructure (Keglovic,
2023).

In the oil and gas industry, active seismic reflection surveys are a
standard method for probing subsurface features up to a few kilome-
ters deep. Nonetheless, the high cost and logistical challenges associ-
ated with these surveys can be impediments when applied to initial
geothermal resource exploration and characterization. Unlike the oil
and gas sector, the return on investment after seismic exploration
is typically lower in the context of geothermal production, and the
common proximity to urban areas may further complicate accessibility.
Consequently, there is a distinct requirement for cost-effective and
dependable alternatives to supplement traditional subsurface imaging
for conducting focused surveys.

Ambient noise tomography (ANT) has been applied to imaging of
volcanoes (e.g., Green et al., 2020), regional-scale lithospheric struc-
ture (e.g., Lu et al., 2018; Schutt et al., 2023), and regional imaging of
sedimentary basins (e.g., Schippkus et al., 2018; Planes et al., 2019).
Nodal seismic technology opens up new possibilities for applying noise-
based methods at scales relevant to applications such as geothermal
exploration. In recent years, noise-based passive seismic methods were
successfully applied to large and dense seismic nodal arrays for obtain-
ing detailed images of the subsurface, at the kilometer scale, in the
context of geothermal exploration (Lehujeur et al., 2018; Cheng et al.,
2021; Calo et al., 2023).

The nature of propagation of Rayleigh and Love surface waves
allows for unique constraint on vertically and horizontally polarized
shear-wave velocities, respectively. Combined, measurements of
Rayleigh and Love dispersion enables for investigation of subsurface
radial anisotropy. To date, only a limited number of studies have ex-
amined seismic radial anisotropy derived from Love and Rayleigh wave
dispersion measurements at the geothermal reservoir scale (Tomar
et al., 2016; Naghavi et al.,, 2019; Jiang and Denolle, 2022; Wu
et al., 2024), and it has never been investigated in the Vienna Basin.
Seismic radial anisotropy (¢) arises from the difference between hori-
zontally and vertically polarized shear-wave velocities, Vs and Vs,
respectively. Several factors can influence seismic radial anisotropy
in the crust, including the preferred alignments of open or water-
filled cracks, foliations, shape-preferred orientation, and intrinsically
anisotropic minerals (crystallographic preferred orientation; Crampin,
1981; Mainprice and Nicolas, 1989; Almqvist and Mainprice, 2017).
Negative radial anisotropy (V, > Vg, ) indicates a sub-vertical fabric,
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while positive radial anisotropy (Vs, > V) signifies a sub-horizontal
fabric (Dreiling et al., 2018). Jiang and Denolle (2022) determined the
shear-wave radial anisotropy of the Kanto Basin in Japan, revealing
strong negative radial anisotropy in the first 300 m likely associated
with nearly-vertical open cracks in the subsurface. Below that, they
observed positive radial anisotropy, interpreted to be controlled by hor-
izontal sedimentary layering. Recently, Wu et al. (2024) presented the
first shear-wave radial anisotropy model of the Hengill geothermal field
in Iceland. Negative radial anisotropy dominates the top kilometer,
reflecting the presence of vertical cracks, while deeper positive radial
anisotropy is potentially explained by sub-horizontal lava deposits.

This study aims to ascertain the geological structure of the central
Vienna Basin using ANT, with a specific focus on identifying velocity
and radial anisotropy anomalies that may be associated with the local
geothermal reservoir. The area is an ideal natural laboratory for testing
ambient noise methods in a thick sedimentary basin, and comparing
them with other conventional geophysical methods, particularly in the
context of geothermal exploration.

2. Data and methods
2.1. Data

We deployed 44 nodes with an inter-station distance of ~ 200 m
along the NW-SE trending profile across the central Vienna Basin
(Fig. 1). Additionally, 58 nodes were deployed in an array with an
inter-station distance of ~ 2 km around the profile. In total, the Eastern
Vienna Array (EVA) consists of 102 seismic nodes. All seismic nodal
instruments are FairfieldNodal Zland three-component (north, east, and
vertical) nodes with a 5-Hz corner frequency. Each node recorded 40
days of continuous data. Two nodes (#165 and #168) suffered from
battery issues, and were unusable for this study. The deployment of
the whole array took 4 days with 2 2-person crews.

2.2. Surface-wave dispersion measurements

For each station, we pre-processed the continuous seismic data by
detrending, band-pass filtering, glitch removal, and spectral whitening.
Then, we stacked correlations of 2-min recording segments, with the
causal and acausal sides folded to enhance the signal-to-noise ratio,
over selected time periods. Our time period selection was based on
two main considerations: enhancing far-field microseismic noise energy
and minimizing interference from local noise sources within our target
periods of interest. To that end, we analyzed the spectrum of noise
recording, as shown for a representative station in Figure S1. We
observed high noise energy in the microseismic band from approxi-
mately the 20th day until nearly the end of the deployment period
(highlighted by the orange box in Fig. Sla and b), which defines the
time interval selected for stacking in this study. This elevated noise
level is likely originated from enhanced ocean activity (storm events).
Although relatively high noise energy in the microseismic band is also
present at the start of the deployment (indicated by the red box in
Fig. Sla), the recordings are likely contaminated by wind-generated
noise, especially in the horizontal components. Moreover, the wind-
generated noise is amplified by local wind turbines, as evidenced by
stronger noise levels at stations closer to the turbines. This process
enabled the retrieval of clear Rayleigh and Love surface waves from the
vertical-vertical and transverse-transverse components, respectively,
covering periods from 0.5 to 6 s for approximately 3000 station pairs
(Fig. S2). Then, we measured Rayleigh and Love group dispersion
curves for each station pair with frequency re-centering (Shapiro and
Singh, 1999), automated quality control, and visual inspection. Fig. 2
shows an example of dispersion analysis for the station-pair 152-186.
Before the inversions, we removed dispersion measurements that had
a propagation path length shorter than 1.5 wavelengths, and remove
outliers with measured velocities outside of +2¢ around the average
group velocity at all periods considered in this study.
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Fig. 1. (a) Topographic map of the central Vienna Basin region in Austria. Green inverted triangles depict the locations of EVA seismic nodes. The dashed black lines show
the extent of known Pleistocene basins (Aderklaa and Obersiebenbrunn basins) from Salcher et al. (2012). The dashed white line shows the extent of the city of Vienna. Solid
black lines show tectonic faults in and around the Vienna Basin. The purple line shows the location of the geological cross-section (c). Abbreviations: LF: Leopoldsdorf fault; MF:
Markgrafneusiedl fault. (b) Zoom-in on the EVA station configuration. (¢) Simplified geological profile across the central Vienna basin Elster et al. (modified from 2016). The red
star shows the location of well Geotiefl. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.3. 2D inversion procedure

We employed a Bayesian framework for the independent tomo-
graphic inversions of Rayleigh and Love wave group velocity dispersion
measurements at 48 distinct periods ranging from 0.8 to 5.5 s. The
objective is to determine group velocity maps along with their asso-
ciated uncertainties. In this study, we modified the transdimensional
tomography method of Gosselin et al. (2021), by allowing only the
determination of isotropic group velocity.

Our approach for measuring Rayleigh and Love wave dispersion
data does not allow us to quantify the uncertainty associated to these
measurements. However, errors on surface wave travel times are con-
sidered unknown and are solved for as part of the inversion procedure.
Errors on surface wave travel times are defined by:

o, =ad +b )

where 4; is the station-to-station distance for path i, and a and b are
two unknown hyper-parameters that are solved for (Bodin et al., 2012).
Prior information for a and b are given in Table S1. Uncertainties in
the 2D group velocity maps will also include theory errors due to our
assumption of straight ray wave propagation.

The group velocity maps are defined by a distribution of nodes.
Each node, in addition to its spatial coordinates, is characterized by
an isotropic velocity (i.e., either Rayleigh or Love group velocity). The
inversion process determines both the number of nodes and their ar-
rangement. Thus, the inversion is termed transdimensional, signifying
that the model dimension is flexible. This flexibility proves advan-
tageous, as areas of the model requiring increased complexity are

represented by a greater number of nodes. In order to define group
velocity over the entire map area, linear interpolation of group velocity
between nodes is implemented within a Delaunay triangulation of the
nodes (Hawkins et al., 2019). This parameterization scheme is applied
across a regular (underlying) integration grid with a 500 m spacing
during forward calculations (i.e., travel-time predictions).

The tomographic inversions conducted at each period are embedded
within a Bayesian (probabilistic) framework to rigorously quantify
uncertainties in the group velocity maps. The reversible-jump Markov-
chain Monte Carlo (rjMcMC) method is employed to produce an ex-
tensive ensemble of samples (80 million), approximating the posterior
probability density (PPD) of the model parameters (Green, 1995). In
defining the model parameters, we establish broad, bounded, uniform
prior distributions, facilitating a data-driven solution (Table S1). Ran-
dom initial models are selected from the prior for 20 interacting,
rjMcMC sampling chains. Each chain generates 4 million samples, with
the initial 2 million discarded as burn-in samples, as they exhibit higher
dependency on the initial random model. The mean and standard
deviation of the remaining ensemble of models are computed at each
location on the map, providing a representative model along with its
associated uncertainty.

3. Group velocity maps
3.1. Synthetic resolution tests

To evaluate the resolution of our Rayleigh and Love group velocity
models, we conducted synthetic checkerboard resolution tests with 2



C. Esteve et al.

dist: 13.4 km

lat direction

lon direction

band: 0.5-2.0 s

band: 1.0-3.0 s

band: 2.0-5.0 s

normalized amp

band: 3.0-7.0 s

band: 5.0-10.0 s

time (s)

Geothermics 127 (2025) 103211

velocity (km/s)

velocity (km/s)

period (s)

Fig. 2. Dispersion analysis for station-pair 152-186. (a) Map showing the seismic nodal network in gray and the station-pair 152-186 (highlighted in black, inter-station distance
is 13.4 km). (b) Cross-correlations at different period bandwidths. Note the clear surface wave. Dispersion analysis for station pair 152-186 normalized by the maximum energy
of the signal (c) and normalized at each frequency (d). Note the clear Love wave dispersion curve for periods ranging from 1 to 7.5 s. The green and blue dots show the picked
dispersion curves with and without re-centering applied (i.e., correction), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

and 3 km anomaly sizes at periods of 2, 3 and 4 s. These tests com-
prised alternating patterns of slow and fast group velocity anomalies
(+15% relative to the background mean velocity) for path coverage
equivalent to our dataset at a period of 2 s (Figs. S3-S6). Gaussian-
distributed errors with a standard deviation of 0.1 s were added to the
simulated travel-time data. Using the same path coverage and model
parameterization as the original tomography, we inverted these data to
evaluate the recovery of the test model and infer resolution features.

These tests reveal the isotropic structure expected to be resolved for
varying spatial extents of structures, considering data at periods of 2, 3
and 4 s. Similar patterns are anticipated in tests at other periods, with
minor variations reflecting variability in inter-frequency path coverage.
Overall, the recovery of input isotropic group velocity anomaly shapes
and sizes is robust where path coverage density is high (Figs. S3-S6).
The results suggest good recovery of isotropic group velocity structures
with a lateral extent greater than or equal to 2 km throughout the
central part of the study area.

3.2. Group velocity structure

Fig. 3 shows the mean isotropic Love and Rayleigh group velocity
maps (Fig. 3, a-b-c-d) and associated errors obtained from the standard
deviation from the rjMcMC samples (Fig. 3, e-f-g-h) at periods of 1
and 2 s across the central Vienna Basin. Group velocity maps at other
periods are presented in the supplemental material (Figs. S7 and S8).
The inversion considered absolute group velocities. The color ranges in
Fig. 3 are selected as +/ — 15% around the mean velocity of the model.
This range does not represent the prior range of the model parameters,
which is less informative. The Love and Rayleigh wave group velocities
are extremely slow through the central Vienna Basin. For example, at a
period of 5.5 s, Love and Rayleigh wave group velocities are on average
slower than 1 km/s.

The Love group velocity maps reveal 3 distinct low velocity regions
across the study area (labeled L1, L2 and L3). L1 underlies the eastern
part of the city of Vienna at periods ranging from 0.8 to 3 s. L2 is
located beneath the Aderklaa basin and can be observed at periods of
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0.8 to 2 s. L3 is located directly to the east of the Markgrafneusied! fault
in the central Vienna basin and underlies the Obersiebenbrunn basin.
The northern and southern areas exhibit higher velocities at all periods.
Interestingly, we observe a sharp velocity contrast directly beneath the
surface expression of the Markgrafneusied! fault.

The Rayleigh group velocity maps differ notably from the Love
wave maps. Using the average 1D Vg model derived in this study,
we calculated sensitivity kernels for both Rayleigh and Love waves
(Fig. S9), finding that they also vary at the same period. Overall, Love
waves are more sensitive to the shallow structure, whereas Rayleigh
waves exhibit depth sensitivity across a broader range. Consequently,
we interpret the differences between Rayleigh and Love group velocity
maps as characterizing vertical heterogeneity and material anisotropy.

The Rayleigh group velocity maps also reveal the presence of L1
at periods between 0.8 to 1.5 s, however L2 and L3 are not clearly
defined. At periods < 3 s, the southern and central regions display
higher Rayleigh group velocities compared to the northern part. At 4
s, there is a high-velocity area located under the southern end of the
profile. Then, a broad low-velocity area spans most of the southern
region at periods > 4.5 s (Fig. S8).

4. Shear-wave velocity structure
4.1. 1-D Vg, depth inversion

The seismic velocity anomalies observed in the 2-D Love/Rayleigh
group velocity maps cannot be directly associated with a specific depth
(Fig. S9). As a result, a second inversion is required to obtain the 3-
D Vs, model and accurately identify these anomalies at depth. In the
following sections, we present results in terms of Vg instead of Vg,
because the Rayleigh waves exhibit depth sensitivity to a broader range
compared to Love waves. Recall that the 2-D Love/Rayleigh group
velocity maps are defined on a regular (underlying) integration grid
with a 500 m spacing used for surface-wave travel-time calculations.
For each location in the underlying grid, we extract the tomographic
results, including uncertainties, for both Rayleigh and Love group ve-
locities at all periods. Joint inversions of Rayleigh and Love dispersion
curves are performed independently for each grid location, the results
of which are combined to form a pseudo-3-D model of shear-wave
velocity and radial anisotropy. For the 1-D inversion at each grid
location, the model is defined by a sequence of homogeneous layers.
Each layer is defined by a value for depth, Vj, , as well as a parameter
¢ characterizing radial anisotropy as:
Vs, —Vs,)

£=2 .
Vs, +Vs,)

@

The inversion process determines both the number of layers in the
1-D model, as well as their arrangement. Similar to the tomographic
inversions, the 1-D inversions are termed transdimensional, signifying
that the model dimension is flexible such that depth ranges where the
data require increased complexity are represented by a greater number
of layers. For each grid location, the rjMcMC method is employed to
produce an ensemble of samples (500,000) that approximate the pos-
terior probability density (PPD) of the model parameters (Green, 1995).
The group velocity map uncertainties extracted from the tomographic
inversions are used as data errors when calculating model likelihood
(i.e., misfit) in the 1-D inversions, thereby propagating uncertainties
through both inversion steps of the overall ANT procedure. We establish
relatively broad, bounded, uniform prior distributions between +20%
for ¢ as a function of depth. For Vs, , we establish a bounded, uniform
prior distribution centered on a simple smooth Vg, profile (Fig. 510),
which is derived from the grid-search algorithm proposed by Lu et al.
(2018). The width of the prior distribution about this simple 1-D
profile varies from +50% at the surface, to +20% at a depth of 5 km.
For each 1-D inversion, a random initial model was selected from
the prior. The initial 100,000 models in the ensemble were discarded
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as burn-in samples, as they exhibit higher dependency on the initial
random model. The mean and standard deviation of the remaining
ensemble of 1-D models are computed, then combined. This provides a
representative 3-D model of shear-wave velocity and radial anisotropy,
along with their associated uncertainties.

Fig. 4 illustrates the results for a 1-D inversion. Specifically, Figs. 4a
and 4b show the probabilities of Vs and radial anisotropy as functions
of depth, respectively. Here, blue and yellow represent low and high
probabilities, respectively. Note that probabilities are normalized at
every depth, for visualization purposes. As the 1-D models are defined
by a discrete set of homogeneous layers, the boundaries between these
layers may represent physical geologic/stratigraphic boundaries. The
probability that a layer boundary (interface) exists at a given depth
can be determined from the ensemble of rjMcMC model samples. An
example is shown in Fig. 4c. Lastly, the transdimensional nature of
the inversion procedure is illustrated in Fig. 4d, which shows the
distribution of the number of layers for the models in the ensemble of
rjMcMC samples. In this example, the inversion favors approximately
9 layers.

4.2. 3-D Vg, model

We present depth slices and profiles through the 3-D Vy, model
from the surface to 5 km depth (Fig. 5, 6 and S11). The depth slices
show relative variations (5VSV = +15%) compared to the background
mean velocity at each depth, which may enhance the apparent velocity
contrasts (Fig. 5). In the vertical views, the Vg, structure suggests
a relatively uniform, layered medium with no major lateral velocity
contrasts from the surface down to 1-1.5 km (Fig. 6). Pronounced
velocity contrasts are observed only at depths greater than 1-1.5 km.
We also present associated Vg, uncertainties obtained from the rjMcMC
samples (Fig. S12).

First, Vg, are extremely slow in the central Vienna Basin ranging
between 0.5 to 2.0 km/s from the surface to 5 km depth. We also note
that the subsurface V, structure is characterized by several velocity
anomalies. Similar to the group velocity maps, three low-velocity areas
(labeled L1, L2 and L3, Fig. 5) are present from the surface to 100 m
depth. At greater depths, the southwestern region of the study area
displays a significant low-velocity feature (labeled L4, Fig. 5), which
narrows with increasing depth and extends in a northeast-southwest
direction. We also observe high-velocity features on both sides of
this low-velocity feature. At 4 km depth, we observe a low-velocity
area to the east of the dense line of seismic nodes. Vertical profiles
reveal a basin-like geometry for L4, as evidenced by the southeastward
deepening of the 1.6 km/s V,, iso-velocity contour (Fig. 6). This basin-
like structure gradually fades toward the northeast (Fig. 6; EE’, FF’) and
is absent at shallower depths (surface to 1 km). Additionally, a smaller
basin-like low-velocity region (labeled L1) extends to a depth of 4.5 km
beneath eastern Vienna (Fig. 6), though it is less extensive than L4. To
the northeast of the study area, a relatively faster feature is present at
depths ranging between 1.5 and 3 km depth (Fig. 6; profiles EE’ and
FF’).

The high Vg, uncertainties correlate with layer interfaces at depth
(Fig. 6). At these depths, the figure illustrates how model uncertainty
is characterized by both the uncertainty in Vg of individual layers as
well as the uncertainties in interface depths. We observe two main layer
interfaces: one between 1 and 2 km depth and another between 3 and
4 km depth. We also note that the deeper interface is less distinct than
the shallow one, likely due to poorer constraints.

4.3. Radial anisotropy
Figs. 7, 8 and S13 show the mean values of radial anisotropy

and associated uncertainties obtained from the ensemble of rjMcMC
samples, respectively. The radial anisotropy indicates the difference
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Fig. 3. Mean fundamental-mode Love (a-b-c-d) and Rayleigh wave (e-f-g-h) group velocities at 1 and 2 s periods and associated standard deviations obtained from the ensemble

of rjMcMC samples. Areas with a standard deviation higher than 0.05 km/s are masked

between the velocities of the vertically polarized S-wave (Vg ) and the

horizontally polarized S-wave (VSH) (Almgqvist and Mainprice, 2017).
Our model displays several radial anisotropy anomalies between

the surface and 4 km depth across the study area. First, we observe a

in gray color.

widespread negative radial anisotropy anomaly (labeled A, Vg, > Vs, )
from the surface to approximately 150 m depth (Fig. 7, 8) and, then,
a positive radial anisotropy anomaly from 0.15 km to 1.20 km depth
(labeled B, Vs, > Vs ). Between 1.5 km and 3 km depth, a negative
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radial anisotropy anomaly is located beneath eastern Vienna and to the
East (( < 10%, labeled C). The southeasternmost part of the city of
Vienna is underlain by a positive radial anisotropy anomaly (¢ > 10%,
labeled D).

Along profile AA’, we identify three radial anisotropy anomalies
(labeled A, B, and C) between the surface and a depth of 3 km (Fig. 8).
Along profile BB’, positive and negative radial anisotropy anomalies
(labeled B and C, respectively) are observed within the same depth
range (approximately 1.5 to 3 km), positioned next to each other.
Along profile CC’, the positive radial anisotropy anomaly (labeled D)
is slightly deeper compared to profile BB’ and a thin negative radial
anisotropy is noted between anomalies labeled B and D. Along profiles
DD’, EE’, and FF’, the positive radial anisotropy anomaly (labeled D)
appears segmented and damped (¢ > 5%) and is located further north
on profile FF. Lastly, the negative radial anisotropy anomaly (labeled
C) becomes thicker from profile CC’ to profile FF’ (Fig. 8).

The uncertainties in shear-wave radial anisotropy align with layer
interfaces in a way similar to the Vs, uncertainties (Fig. 8). Between
depths of 1 to 2 km and 3 to 4 km, high uncertainties reflect the
presence of a layer interface. At greater depths, while layer interfaces

remain still present, they become less pronounced compared to those at
shallower levels. This highlights the differences in sensitivities of both
datasets with respect to depth in the subsurface, where the Love wave
data set is less sensitive at greater depths (Fig. S9).

5. Discussion
5.1. Near-surface Vg, structure

Our Vs, model reveals significant heterogeneity in the near-surface
Vs, structure beneath the central Vienna Basin (Fig. 5). Similar to the
2D group velocity maps, a series of low Vg, zones extend from the
surface to a depth of 100 m. In particular, the slowest Vg, values
(labeled L3) are detected immediately east of the Markgrafneusiedl
fault (MF), aligning with the modeled thickness of Pleistocene sedi-
ments (Beidinger et al., 2011) and corresponding to the Obsersieben-
brunn sub-basin. Similarly, the low-velocity area (labeled L2) corre-
sponds to the location of the Aderklaa Pleistocene sub-basin Salcher
et al. (Fig. 1, 2012). These basins consist of unconsolidated, loose
fluvial sediment deposits, forming grabens along reactivated major
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listric normal faults. The Holocene activity of synthetic sidewall faults
is evidenced by faulted sediments (Chwatal et al., 2005), although his-
torical seismicity remains low (Griinthal et al., 2009). Our VSV model
reveals a third low-velocity feature underlying eastern Vienna, which
has never been observed before. We speculate that this low-velocity
feature might correspond to another Pleistocene sub-basin.

Our 2D Love wave group velocity maps reveal a strong lateral
velocity contrast across the MF (Fig. 3, a-b). Similarly, our Vs, model
indicates a significant Vg, contrast directly beneath the surface expres-
sion of the MF between the surface and 100 m depth, although this
contrast is not as pronounced as in the 2D group velocity maps. The
depth extent of this lateral V, contrast does not exceed 100 m, even
though interpreted reflection seismic lines show that the MF extends
throughout the entire Neogene basin Beidinger et al. (2011). Salcher
et al. (2012) show the variation in sediment thickness from the Top
Middle Miocene (11.5 Ma) to present across the fault, noting a 150 m
difference in sediment thickness across the MF (see Figure 10 in Salcher
et al., 2012), which aligns with the depth extent of the velocity con-
trast. Thus, we can indirectly observe the MF through the variation in
sediment thickness across the fault zone.

5.2. The seismic signature of the schwechat depression

Our Vg, model reveals a low-velocity zone between 1 km and 4 km
depth (labeled L4). At 1 km depth, this low-velocity zone is located
beneath the southeasternmost part of Vienna (Fig. 5). As the depth
increases to between 2.5 and 3 km, the zone extends in a northeast-
southwest direction. Beyond 3 km depth, this low-velocity zone shifts
eastward and is no longer present beneath the city of Vienna (Fig. 5). In
cross-section and 3D views, we see a basin-shaped low-velocity feature,
as shown by the southeastward deepening of the iso-velocity surface
(VSV = 1.6 km/s) on profiles AA’, BB’, CC’ and DD’ (Fig. 6). The 1.6
km/s Vg, iso-velocity surface is located at a depth where significant
uncertainties in Vg, are observed. These large uncertainties likely
indicate a vertical velocity contrast, which may represent different
lithologies. Thus, we interpret the 1.6 km/s Vg, iso-velocity surface
as an indicator of the base of the Neogene basin in the central Vienna
Basin. Seismic tomography models reveal the seismic velocity structure
in three dimensions; however, so far, we have only examined the
structure in 2-D depth slices or vertical cross sections. Fig. 9 presents
the 3-D views of the 1.6 km/s V, iso-velocity surface and the iso-
anisotropy surfaces (( < —10% and ¢ > 10%), helping the reader to
better visualize the structure in three dimensions.

Notably, this low-velocity feature (labeled L4) coincides with the
deepest part of the Neogene basin within the central Vienna Basin, the
Schwechat depression. We also note that the 1.6 km/s V,, iso-velocity
surface shows important depth variations, reflecting steep edges of the
Schwechat depression (Fig. 9a and d). Surrounding this low-velocity
anomaly are high-velocity anomalies on both sides. We interpret the
low-velocity anomaly to reflect the Neogene basin sediments within the
Schwechat depression, while the high-velocity anomalies are associated
with the carbonate sedimentary rocks in the Pre-Neogene basement,
comprising limestones and dolomites (Fig. 1).

Our Vg, model also shows another small-scale basin-like structure
(labeled L1) beneath the eastern part of the city of Vienna, as high-
lighted by the 1.6 km/s velocity contour (Figs. 5 and 6; profile BB’).
This feature extends to an approximate depth of 4 km and appears to
be disconnected from the Schwechat depression (Figs. 5, 6 and 9).

5.3. Radial anisotropy beneath the central vienna basin

The top 150 m beneath the surface is characterized by a widespread
negative radial anisotropy (labeled A), reflecting a dominant sub-
vertical fabric (Figs. 6 and 8). This vertical fabric is most likely
caused by nearly vertical cracks or fluid-saturated cracks in the alluvial
sediments (Almqvist and Mainprice, 2017). This is in agreement with
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other sedimentary basins around the world (Kanto Basin, Japan; Tehran
Basin, Iran; Jiang and Denolle, 2022; Naghavi et al., 2019), where
negative radial anisotropy in the top 300 m of the basin is interpreted
to be caused by open and fluid-saturated cracks.

We observe a positive radial anisotropy (labeled B) at depths rang-
ing between 0.15 km and 1.20 km throughout most of the study area
(Figs. 7 and 8). Such radial anisotropy contrast is also observed in the
Valhall Oil Field in the North Sea (Tomar et al., 2016) or in the Kanto
basin Jiang and Denolle (2022) and the positive radial anisotropy is
interpreted to reflect the sub-horizontal layering of sedimentary strata.
Reflection seismic lines north of our study area also show that the
sedimentary layers are sub-horizontal in the Neogene basin Beidinger
et al. (2011).

With increasing depth, we note the presence of a negative radial
anisotropy (labeled C) and a positive radial anisotropy (labeled D).
Along profiles BB’, CC’ and DD’, the negative radial anisotropy (labeled
C) encompasses the positive radial anisotropy (labeled D, ¢ > 10%) at
depths of 1.5 to 3 km (Fig. 8). We also observe that the negative radial
anisotropy (labeled C) occurs where the 1.6 km/s Vy, iso-velocity
surface shows significant depth variations (Fig. 8, 9d). This observation
is in agreement with (Schreilechner et al., 2022), where they show a
structural model derived from a 3D seismic survey in the vicinity of
the deep geothermal well Geotiefl. Their model and a NW-SE inter-
preted seismic reflection line show a heavily-faulted subsurface and
significant variations in the Alpine basement topography (see Figures
5 and 9 in, Schreilechner et al., 2022). Interestingly, the positive radial
anisotropy anomaly (labeled D) occurs where the Neogene basin is the
thickest, within the Schwechat depression (Fig. 9c). Thus, we suggest
that the positive radial anisotropy (labeled D) is controlled by the
sub-horizontal sedimentary layering within the Schwechat depression,
while the negative radial anisotropy (labeled C) corresponds to the
steep dipping layers forming the edges of the Schwechat depression.

5.4. Implications for geothermal exploration in the central vienna basin

The Schwechat depression is the main target for geothermal explo-
ration/production near Vienna for district heating, Recently, Keglovic
(2023) showed the lateral temperature variations across the central
Vienna Basin at depths corresponding to the top of the Aderklaa for-
mation (inferred from the 3D seismic). Interestingly, we note that the
two low-velocity features observed in our Vg, model, labeled L1 and
L4, are located in an area with high temperatures exceeding > 100°C be-
neath Vienna (Keglovic, 2023). Moreover, the positive radial anisotropy
model labeled D, interpreted to reflect sub-horizontal layering in the
Neogene basin, is co-located with the Vg, anomaly labeled L4. Hamada
and Joseph (2020) showed the dependence of Vg, with permeability
and porosity. Their results suggest that the slower the V , the higher
the permeability and/or porosity, but these correlations remain less
clear than Vp. Nonetheless, these seismological evidence tend to suggest
that the sedimentary rocks in these regions possess high permeability
and porosity, making them ideal for the circulation and storage of
geothermal fluids. This confirms that the Schwechat depression is a
crucial area for geothermal energy extraction.

Ambient noise tomography obtained from the recordings of dense
seismic nodal networks has proven to be an environment-friendly
and cost-effective method for geothermal exploration. Such method
is needed for improving our understanding of the subsurface and for
helping reduce drilling uncertainty. While ambient noise tomography
cannot replace active seismic surveys, it can be used to identify specific
areas where active seismic campaigns can eventually be conducted for
more detailed imaging of the subsurface. It can also be used to spatially
extend existing seismic blocks into regions that are not accessible to
conventional seismic imaging methods, such as near populated urban
centers.
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6. Conclusion

We successfully deployed a nodal seismic network in and around the
city of Vienna, Austria. The nodal instruments recorded for 5 weeks
during summer 2023. We analyze and process the seismic ambient
noise recordings, and calculate dispersion curves for all station pairs.
We employ a transdimensional approach to calculate 2-D Rayleigh
and Love group velocity maps for periods ranging between 0.8 and
5.5 s. Then, we jointly invert Love and Rayleigh dispersion curves to
retrieve a 3D Vg, and radial anisotropy model of the central Vienna
Basin. Our Vg model reveals three low-velocity features within the
top ~100 m, matching the lateral and depth extent of Pleistocene sed-
imentary sub-basins. At greater depths, two basin-shaped low-velocity
regions are identified in our Vg, model. The largest one correspond to
the Schwechat depression, a major depocenter in the central Vienna
basin (consisting of up to 4 km of Neogene sediments). The smaller
basin-shaped low-velocity region underlies the eastern part of the city
of Vienna, and may correspond to another sub-basin.

Our shear-wave radial anisotropy model reveals a complex
anisotropic structure in the central Vienna Basin. The top 150 m is
characterized by a negative radial anisotropy, which we interpret to
be caused by water-saturated open cracks in the near-surface. Then,
between 150 m and 1.5 km depth, radial anisotropy is positive, reflect-
ing the sub-horizontal layering of the Neogene basin. The Schwechat
depression is characterized by a strong positive radial anisotropy,
implying horizontal layering, while the edges of the depression, marked
by abrupt and steep dipping strata, are marked by a negative radial
anisotropy.
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