
1. Introduction
Crustal deformation in the Eurasian plate and its plate boundaries is the result of a variety of geological processes. 
These processes have two main origins: first, the far field tectonic convergence between the African plate and 
Stable Europe plus its local tectonic complexities associated with back-arc extension (e.g., Tyrrhenian, Aegean) 
or microplate motion (e.g., Anatolia, Adria) (de Vicente & Vegas, 2009; Rosenbaum et al., 2002), and second, 
buoyancy forces resulting from post-glacial or erosional isostatic rebound, slab detachment, dynamic topogra-
phy, horizontal gradients of gravitational potential energy etc. (Brandes et al., 2019; Lukk et al., 2019; Nocquet 
et al., 2016; Sternai et al., 2019). They all contribute to the generation of seismicity in Europe (i.e., Keiding 
et al., 2015; Mörner, 1991; Mouslopoulou et al., 2016; Walpersdorf et al., 2018). Each of these different geody-
namic processes generates characteristic deformation patterns that are superimposed. Thus, while most of the 
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Plain Language Summary Earthquakes are often related to the deformation of Earth's crust. This 
deformation is mostly concentrated at the plates boundaries, where most of the earthquakes take place and 
where the horizontal component of tectonic deformation is stronger. This suggests that the spatial distribution 
of earthquakes and their frequencies are related to the horizontal deformation rates. However, there is large 
record of intracontinental earthquakes taking place in regions that do not present significant horizontal 
deformation, but where vertical deformation is important. This may indicate that vertical deformation, which 
is usually associated to the downwelling or upwelling of the mantle, can also affect the seismicity. In order to 
better understand how the crustal deformation processes are related to the earthquake distribution, we combine 
present-day displacement measurements made in several regions of Europe to develop a 3D deformation model 
of the ground surface at continental scale, and we compare that model to the distribution and the occurrence 
rates of earthquakes.
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continent is characterized by slow, sub-millimetric intracontinental deformation, some areas are distinguished 
by high rates of horizontal deformation generally in response to tectonic stresses (edge-driven) (Nocquet & 
Calais, 2004), or other areas, such as in Fennoscandia or the Alps, are dominated by vertical deformation with 
relatively low horizontal components that are mainly due to isostatic processes (Keiding et al., 2015; Nocquet 
et al., 2016) or to mantle uplift (Faccenna et al., 2014; Kreemer, 2020).

Over the past decades, the deployment of dense continuous Global Navigation Satellite System (GNSS) obser-
vation networks across Europe has increased the density and accuracy of measurements, enabling homogeneous 
study of deformation processes over the large scale. Historically, those studies were concentrated on tectonically 
active regions and, to a lesser extent, on regions that undergo important isostatic re-equilibration processes. 
As a result, in most studies, the deformation styles and magnitude within slowly deforming areas are not well 
char acterized, or they are imaged piecewise (country by country), failing to provide the understanding that would 
be brought by a large-scale picture. This was acknowledged by some pioneering studies that initiated the efforts 
to provide large scale velocity and deformation fields (e.g., Devoti et al., 2017; Faccenna et al., 2014; Kenyeres 
et al., 2019; Kreemer, 2020; Nocquet, 2012; Nocquet & Calais, 2003; Nocquet et al., 2001; Serpelloni et al., 2013).

Still, to date, a high-resolution integrated 3D secular velocity field and its associated strain rate field in Europe 
and its boundaries is missing. The generation of such velocity field requires solving two issues: (a) generate a 
procedure to combine GNSS velocities derived from different GNSS data observation quality and processing 
methods, able to deal with the different uncertainty estimates; and (b) handle the uncertainty level of the GNSS 
measurements in slowly deforming areas, which are of the order of the intracontinental deformation. These prob-
lems make it complicated to estimate the strain rates in slowly deforming regions, as the GNSS velocity noise 
may hide the deforming processes at stake and prevent from properly estimating the tectonic strain rates.

In the present work we combine, at the velocity level, ten GNSS velocity fields with different spatial cover-
ages and derive a high-resolution 3D velocity field for Europe, spanning both tectonically active regions and 
slow-deforming zones. The velocity estimates are validated based on their spatial consistency and their level of 
uncertainty, allowing for an identification of outliers. The deformation styles and associated strain rates values 
are then computed over the whole European continent, at a high spatial resolution. Using these informations on 
horizontal strain rates, deformation style and vertical velocity field we characterize the spatial variation of the 
main forces (edge-driven vs. buoyancy-driven or mantle-driven), and evaluate their impact on the spatial distri-
bution of seismicity.

2. GNSS Velocity Field Combination
In order to obtain a velocity field of excellent quality level, the best way to proceed would be to gather for 
all GNSS stations in Europe, the Receiver INdependent EXchange RInEx data and fully-documented associ-
ated metadata, in order to process them together in a self-consistent geodetic solution. The EUREF permanent 
network (EPN, http://www.epncb.oma.be, a federation of agencies, research institutions and universities) oper-
ates geodetic class GNSS stations at the scale of the European continent, and delivers fundamental geodetic 
products, such as RInEx data and position time series, used to build the global International Terrestrial Reference 
Frame (ITRF). To complement this effort, the European Plate Observing System (EPOS, http://www.epos-eu.
org) aims at facilitating the use of integrated data and products in the field of geosciences. For the geodesy part, 
EPOS works hand-in-hand with the EPN, and completes the data coverage by including progressively national 
and regional GNSS networks in their data and product portals (https://gnss-epos.eu/). However, in spite of these 
efforts, the data of several GNSS stations are currently not readily available to the scientific community. Several 
networks owned by private companies, local administrations or even national networks do not (yet) distribute 
their data and metadata publicly.

When RInEx data are not available, various position or velocity solutions can be combined together to obtain a 
velocity field that is wider or denser than each individual input solution. The combination procedure homoge-
nizes the different input solutions and mitigates systematic errors. Stations common to several solutions allow 
to tie these into a single and consistent reference solution and provide information on the relative systematic 
biases between each individual solution, including potential alignment errors with respect to the reference frame 
(Kenyeres et al., 2019; Legrand & Bruyninx, 2009; Legrand et al., 2012).
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An approach classically used in geodesy, is to perform a geodetic combina-
tion of independent daily (or weekly) GNSS solutions, often distributed in 
Solution INdependent EXchange (SInEx) format that provides the full vari-
ance covariance matrix of the solution:

1.  A first step, consists in computing a daily (or weekly) position solution to 
combine individual position files from all contributions, thus generating 
a series of combined daily (or weekly) position SINEX files.

2.  In a second step, these pre-combined files then enter into a multi-year 
combination to produce a cumulative position and velocity solution. Such 
an approach is routinely applied on the global level within the Interna-
tional GNSS Service (IGS) or for the realization of the ITRF (Altamimi 
et al., 2016). On the regional level, such approach is performed in South 
America for the SIRGAS network (Sánchez et  al.,  2016), in Europe 
for the EPN (Bruyninx et al., 2012) and the EPN Densification project 
(Kenyeres et al., 2019), and in north America, for the Plate Boundary 
Observatory (Herring et al., 2016).

3.  Finally, the GNSS muti-year solution is tied to a realization of the ITRF, 
using a set of reference stations, and following the Minimum Constraint 
approach (Altamimi et al., 2002), in order to avoid any distortion of the 
position and velocity estimates. In other words, constraints are applied 
only on the geometric transformation parameters and not directly on 
stations positions or velocities (Sillard & Boucher, 2001).

Finally, the simplest and easiest option is to combine the different solutions 
at the velocity level (e.g., Devoti et  al.,  2017; Kreemer et  al.,  2014). The 
velocity combination procedure is a generalization of the loosely constraints 
approach (Davies & Blewitt,  2000), for which the knowledge of the posi-
tion estimates is not needed. Although subject to some shortcomings, this 
approach allows to efficiently obtain a combined velocity solution, including 
when daily or weekly solutions are not available, or when the full variance-co-
variance matrix is not available for the multiyear solutions. In the follow-
ing, we present the details of the combination procedure performed in this 
paper. The possible biases and the overall quality is checked and estimated 
at common stations. Outliers are then detected using the spatial consistency 

of the obtained velocity field. Because we do not have all the variance– covariance matrix, we propose a simple 
harmonization of the uncertainties. Even though we may experience some biases caused by different processing 
standards used to compute the different solutions, and lose information on the quality of each individual velocity 
because of the lack of direct access to position time series, our approach allows to obtain a combined solution that 
is the most dense and wide to date, and gives interesting insights on the deformation of Europe.

2.1. Selected GNSS Velocity Solutions

To generate a combined velocity field solution that covers the entire Europe, we look for previously published 
velocity solutions, with the requirement that the different databases complement each other. Finally, ten velocity 
fields are included in the present analysis (Figure 1):

 1.  EPOS-UGA solution in double difference: This GPS velocity solution (doi:https://doi.org/10.17178/
GNSS.products.Europe) was processed in double difference, using GAMIT software (Herring et al., 2018). 
Velocities have then been estimated through a statistical analysis of the position time-series using MIDAS 
Software (Blewitt et al., 2016). The velocity field is given with respect to the stable Eurasian plate as defined 
from ITRF2014 (Altamimi et al., 2016). The solution provides the vertical and horizontal velocities with 
their respective uncertainties for 1092 GPS stations, most of them located in metropolitan France and Italy, 
as well as some more sparse information in United Kingdom, Scandinavia, Germany, Greece and the Iberic 
peninsula.

Figure 1. Spatial distribution of the Global Navigation Satellite System 
stations considered in this study, color-coded by the number of independent 
velocity estimations at each station.

https://doi.org/10.17178/GNSS.products.Europe
https://doi.org/10.17178/GNSS.products.Europe
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 2.  INGV Solution (INGV; D’Agostino N., 2019, personal communication): This GPS velocity solution was 
processed in Precise Point Positioning (PPP) (Zumberge et  al.,  1997) using GIPSY (Webb,  1997), and 
followed by a common mode estimation. Velocities have been estimated through a statistical analysis of the 
position time-series using MIDAS Software (Blewitt et al., 2016). The velocity field is given with respect 
to the stable Eurasian plate as defined from ITRF2014 (Altamimi et al., 2016). This solution contains the 
vertical and horizontal velocities with their respective uncertainties for 662 GPS stations. Most stations are 
distributed in the French and Italian Alps. This data set also contains information in metropolitan France, in 
the Northern Iberic peninsula, as well as more sparse information in the United Kingdom and Germany.

 3.  NGL Solution for Europe (NGL): This GPS velocity solution (Blewitt et al., 2018) was processed automat-
ically in PPP, using GIPSY (Webb, 1997). Velocities have been estimated through a statistical analysis of the 
position time-series using MIDAS Software (Blewitt et al., 2016). The velocity field is given in the IGS14 
reference Frame (Altamimi et al., 2016). This solution provides the vertical and horizontal velocities with 
their respective uncertainties for 4095 GPS stations in Europe. This data set shows a high density of stations 
in France, United Kingdom, Italy, Iberic peninsula, Greece as well as more sparse information in the rest of 
Europe.

 4.  Switzerland Solution (ETH): This GPS velocity solution (Sánchez et al., 2018a, 2018b) was processed 
in double-difference with Bernese (Dach et al., 2015). The velocities have been estimated using multi-year 
solutions. The velocity field is given in IGb08 reference frame (Rebischung, 2012). This solution provides 
the vertical and horizontal velocities with their respective uncertainties for 287 GPS stations. Most of the 
stations are located in Switzerland, a few of them are in France and Italy.

 5.  France Solution (MONT): This GPS velocity solution (Masson et al., 2019a, 2019b) was processed in PPP, 
using a software developed by the Canadian Geodetic Survey of Natural Resources Canada (CSRS-PPP 
v1.05) (Héroux & Kouba, 2001). Velocities were derived from daily position time series analysis, through 
a trajectory model. Velocity errors were computed using Williams (2003)'s generic expression for colored 
noise with a non-integer spectral index. The velocity field is given with respect to the stable Eurasian plate as 
defined from ITRF2014 (Altamimi et al., 2016). This solution provides the vertical and horizontal velocities 
with their respective uncertainties for 934 GPS stations, with a high density of stations in France, Switzer-
land, and a lower density in Italy and Spain.

 6.  Scandinavia Solution (KIER): This GPS velocity solution (Kierulf et al., 2021) was processed in double 
difference, using GAMIT software (Herring et al., 2018). Velocities were estimated using a multiyear geodetic 
combination and velocity uncertainties are based on time series analysis using Cheetah (Bos et al., 2008), 
including a combination of white noise and power-law noise. The velocity field is given as defined from 
ITRF2008 (Altamimi et al., 2011). This solution provides the vertical and horizontal velocities with their 
respective uncertainties for 164 GPS stations in Scandinavia.

 7.  Central Europe Solution (CEUR): This GPS velocity solution (Zurutuza et  al.,  2019) is derived from 
weekly solutions of 10 subnetworks processed with Bernese (Dach et  al.,  2015). The velocity field is 
obtained from the combination of individual sub-network velocities through a 7-parameter Helmert transfor-
mation (Watson, 2006). The velocity field is given with respect to the stable Eurasia plate as defined from 
ETRF2000. This solution provides the vertical and horizontal velocities with their respective uncertainties 
for 1269 GPS stations mainly located in Poland, Czech Republic, Slovakia, Slovenia, Croatia, Hungary and 
Serbia.

 8.  NW Europe solution (KREE): This GPS velocity solution (Kreemer,  2020; Kreemer et  al.,  2020) was 
processed in PPP, using GipsyX software (Bertiger et  al.,  2020). Velocities and their uncertainties were 
derived from filtered daily position time series, using MIDAS Software (Blewitt et al., 2016) and spatially 
varying robust estimation of the common modes (Kreemer & Blewitt, 2021). The velocity field is given in 
IGS14 reference frame which is compatible with ITRF2014 (Altamimi et al., 2016). The solution provides 
vertical and horizontal velocities and their uncertainties for 2383 GPS stations, located in North-West Europe 
between latitudes 38°N and 64°N.

 9.  Balkans solutions (BALK): This horizontal GPS velocity solution (D'Agostino et al., 2020) was processed 
in PPP (Zumberge et al., 1997) using GIPSY (Webb, 1997), followed by a common mode estimation. Veloc-
ities have been estimated through a statistical analysis of the position time-series using MIDAS Software 
(Blewitt et al., 2016). The velocity field is given with respect to the stable Eurasian plate as defined from 
IGS14 (Altamimi et al., 2016).
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 10.  Dense solution of the EUREF Permanent Network (EPND): This multiyear GPS velocity solution 
(Kenyeres et al., 2019) was obtained by combining weekly solutions of 27 analysis centers with CATREF 
software (Altamimi et al., 2007). The velocity field is given in the ITRF2014 (Altamimi et al., 2016). This 
solution provides the vertical and horizontal velocities with their respective uncertainties for 2264 GPS 
stations in Europe.

2.2. Transformation Into a Common Reference Frame

The solutions considered do not refer to the same reference frames, or the reference frame realization may slightly 
differ from one solution to the other. To compare and combine them, it is necessary to project all velocity fields 
into a common reference frame.

We use EPND solution (Kenyeres et al., 2019) as reference because it is based on the EPN multiyear solution 
(e.g., Legrand & Bruyninx, 2009; Legrand et al., 2012), that is a local densification of the ITRF2014 (Altamimi 
et al., 2016). In addition this solution includes a large number of stations both in western and eastern Europe, 
therefore offering a good coverage and a large number of tying point for all other solutions.

We align all other solutions to EPND solution in ITRF2014 by applying a 6-parameter Helmert Transformation 
using the velrot module of GAMIT/GLOBK package (Herring et al., 2018), considering 3 parameters of transla-
tion, 3 parameters of rotation, and no scaling factor in order to avoid potential changes in the internal deforma-
tion (Watson, 2006). The 6 parameters of the Helmert transform are inverted using a least square algorithm that 
minimizes the difference of the three components of the velocities at common stations between EPND solution 
and each individual solution. The values of the transformation parameters for the different velocity solutions are 
summarized in Table S1 in Supporting Information S1.

Then the aligned velocity solutions are rotated with respect to the stable Eurasian plate as defined from ITRF2014 
by applying the pole (55.07°N, 99.09°W, 0.261°/Myr) (Altamimi et al., 2016). A synthetic view of the different 
solutions used, once rotated in ITRF2014 realization of the stable Eurasian plate (Altamimi et  al.,  2017), is 
provided in Figure 2.

2.2.1. Comparison of Solutions

Once projected into a common ITRF2014 reference frame, the similarity of the different solutions is explored 
by comparing the horizontal and vertical velocities at common stations (Figure 3 and Figure 4), and the hori-
zontal azimuths (Figure 4—top right panel). The velocity residuals at common stations mostly show a normal 
distribution centered on zero. Their dispersion represents the variability from one solution to the other, which 
typical standar deviation is less than 1 mm/year. Dispersions on the vertical velocity differences are larger than 
the horizontal ones, that reflects the larger uncertainty associated with vertical velocity estimates. Similarly, the 
distribution of azimuth residuals indicates that most stations have similar horizontal velocity direction. Hence 
there is no systematic difference between the solutions at common stations once they are projected in the same 
reference frame. The largest dispersions are observed on datasets that have a limited number of common stations, 
or on datasets mostly centered on regions with large velocities (i.e., tectonically active areas) or uncertainties, 
such as CEUR or BALK datasets that host a large number of stations in Italy or in the Balkans. The standard 
deviation of the CEUR solution, is larger than the one of other solutions, maybe reflecting a larger uncertainty in 
the velocities associated with this solution.

Also, for each transformed solution, the residual with respect to ITRF2014 velocities at each IGS station is also 
computed and summarized in Figure S1 in Supporting Information S1. The results of this comparison suggest 
that the projection of the solutions in a unique reference frame is coherent, since they show an agreement at the 
0.5 mm/year on the horizontal components for 83% of the common stations compared. The sites that show strong 
differences are the same in most of the solutions, rather reflecting a variability on those sites velocity estimates 
than a reference issue.

2.3. Relative Weighting of the Solutions

Our objective while combining the different solutions is to provide a single velocity solution per station, consid-
ering all the information available and taking into account a relative weighting based on the intrinsic quality of 
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each data set. This implies to solve the following issues: (a) deal with the different levels of uncertainties of the 
solutions, that depend on the processing method and the manner uncertainties are estimated, and (b) filter out or 
downweight the outlier values, or those associated with high uncertainties.

2.3.1. Uncertainty Harmonization

The accuracy and precision of GPS velocity field solutions depends on the technical characteristics of the 
GNSS stations (antenna, receiver, monument, site effects), on the quality of the metadata, on the amount of 
data processed, on the time span of the data, on the quality of the GNSS data processing (automated process-
ing, manual processing, double difference, PPP, etc.), and on the method used to estimate the velocity (formal 
geodetic combination, trajectory model of the time series, statistical analysis of the time series, etc.). Even for 
the same GNSS data inputs, the processing method chosen by different authors will impact the velocity field 
solution and its estimated uncertainty. For example, it is well known that uncertainties derived from formal 
geodetic solutions can be underestimated if a proper noise level is not used when estimating the secular velocity. 
On the other hand, time series analysis usually provides larger uncertainties associated with the velocities, since 
time-correlated noise affects the velocity estimate. Finally, statistical analysis of the position time series (with 
MIDAS software for example (Blewitt et al., 2016)) usually leads to even larger uncertainties associated with the 
velocities, that are computed from the standard error of the distribution histogram. This situation complicates the 
combination of different velocity field solutions, associated with multiple values for common stations that are not 
fully compatible between each other.

To overcome this problem, a procedure must be established for harmonizing the uncertainties.

The uncertainties of the velocities, for the ten data sets used in this work, follow a log-normal distribution (Figure 
S2 in Supporting Information S1). Their amplitudes and dispersions can strongly differ from one solution to the 

Figure 2. Velocity field solutions rotated into the stable Eurasian plate realization of the ITRF2014 reference frame (Altamimi et al., 2016; Altamimi et al., 2017). 
Circles represent the position of the GPS stations color-coded by the amplitude of vertical velocities. Arrows represent the direction and the amplitude of the horizontal 
velocities. Upper row from left to right– European Plate Observing System-UGA solution (Deprez et al., 2019), INGV solution, NGL solution (Blewitt et al., 2018), 
ETH solution (Sánchez et al., 2018a), MONT solution (Masson et al., 2019b), Bottom row from left to right—KIER solution (Kierulf et al., 2021), CEUR solution 
(Zurutuza et al., 2019), KREE solution (Kreemer, 2020), BALK solution (D'Agostino et al., 2020), EPND solution (Kenyeres et al., 2019).
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other. For the uncertainties to be comparable, we rescale the uncertainties of ETH, KIER, MONT, CEUR, KREE 
and EPND solutions to a level compatible with uncertainties coming out of MIDAS (EPOS-UGA, INGV, NGL, 
BALK).

The uncertainty scaling has been done through modeling the log-normal distributions, independently for the three 
components on each solution. The logarithm of the uncertainties follows a normal distribution. Each normal 
distribution is characterized by its mean (ln(μ)) and standard deviation (σ). Then, the percentile “Px” correspond-
ing to the velocity uncertainty “δ” can be obtained using the Cumulative Distribution Function (CDF) defined as:

𝑃𝑃𝑥𝑥(𝛿𝛿) = Φ

(

𝑙𝑙𝑙𝑙(𝑥𝑥) − 𝑙𝑙𝑙𝑙(𝜇𝜇)

𝜎𝜎

)

 

where Φ is the CDF of the normal distribution with zero mean and σ = 1 unit standard deviation.

The scaled uncertainty “xs” has the same CDF as the original uncertainty “x”, but in a lognormal distribution of 
reference with central tendency parameters μr and σr, that can be obtained from the CDF, called Percent Point 
Function (PPF):

𝛿𝛿𝑠𝑠 = 𝑒𝑒𝜇𝜇𝑟𝑟+𝜎𝜎𝑟𝑟Φ
−1(𝑃𝑃𝑥𝑥(𝛿𝛿)) 

Figure 3. Histograms of horizontal velocity differences at common stations, by pairs of velocity field solutions. Upper triangle—differences in East component. Lower 
triangle—differences in North component. The number of common stations between each data set is indicated in the upper part of the histograms.
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where Φ −1 is the PPF of the normal distribution.

For this work, the velocity uncertainties distribution of the EPOS-UGA solution has been chosen as reference 
for the log-normal distribution. The uncertainties of the Vertical, East and North velocities of the ETH, KIER, 
MONT, CEUR, KREE and EPND solutions were scaled in order to fit the reference log-normal distribution 
(Figure S3 in Supporting Information S1).

2.3.2. Removal of Stations With Largest Uncertainty

The stations that exhibit the largest uncertainties have been removed from each data set. Given that the East and 
North uncertainty components display similar distributions for most solutions (Figure S2 in Supporting Informa-
tion S1), East and North uncertainties were merged into a unique horizontal uncertainty:

𝛿𝛿ℎ𝑜𝑜𝑜𝑜 =

√

𝛿𝛿2
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

+ 𝛿𝛿2
𝑁𝑁𝑜𝑜𝑜𝑜𝐸𝐸ℎ

 

For each solution, a new lognormal model was fitted to the distribution of horizontal velocity uncertainties. The 
stations exhibiting uncertainties larger than the 99th percentile were removed from the datasets. Stations with 
largest uncertainties on the vertical velocity were removed with a similar procedure.

Figure 4. Upper triangle—Radial histograms of velocities azimuthal difference at common stations, by pairs of velocity field solutions. Bottom triangle—Histograms 
of vertical velocity differences at common stations, by pairs of velocity field solutions.
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2.3.3. Weighted Average of Velocities at Each Measurement Point

After removing the stations with the largest velocity uncertainties and harmonizing the uncertainties of the solu-
tions, we combine all the information into a single velocity solution. At stations for which more than one velocity 
solution is available, we compute a weighted average velocity using the uncertainty of the velocity solutions:

′
� �=

∑�
�=1

���
���

∑�
�=1

1
���

 

where 
′
� � is the weighted average velocity of the station in the k velocity component (North, East or vertical 

direction), n is the number of solutions that provide a velocity for the station,Vki corresponds to the velocity of 
the station on the component k in the solution i, and δki is the uncertainty of the velocity for the component k in 
the solution i.

The weighted average velocity uncertainty is computed as follow:

′
��=

�
∑�

�=1
1
���

 

3. Filtering of the Combined Velocity Field
The combined velocity field (Figure S4 in Supporting Information S1) shows locally some anomalous velocity 
values or high uncertainties that are inherited from the original solutions (see Figure 2 for comparison with the 
original velocity fields). Since the strain rate estimation is sensitive to the scatter, additional filters will be applied 
to the combined solution before the strain rate computation.

We test here the effect of three different cascading filters: (a) stations removal based on the velocity uncertainty 
level, (b) identification and removal of outliers based on the spatial consistency of the velocities and (c) spatial 
smoothing of the velocities.

3.1. Removal of Stations by Velocity Uncertainty Level

This is a simple and direct way to eliminate poorly constrained values of the velocity field, as reflected in their 
uncertainties. A noise level threshold is proposed to classify the quality of the GPS stations into 3 categories: A, 
B and C (Table 1). Since stations affected by important level of seismic activity are associated with higher uncer-
tainties on their velocity estimate than stations located in plate interiors (characterized by stable time series—
Figure S5 in Supporting Information S1), we propose a different threshold value on tectonically active regions 
and on stable ones (Table 1). The active tectonic regions in Europe are considered to be the regions that are 
directly affected by the collision with the African plate: the Hellenic subduction, the Apennines, the south of Italy 
(Sicilia) and the south of the Iberic peninsula.

Selecting only high-quality stations falling in class A (very conservative criterion) would reduce dramatically the 
number of stations (from 4,863 stations in total, to 3377) in the combined velocity field.

Class

A B C

Active Stable Active Stable Active Stable

Horizontal Uncertainty (mm/y) <0.5 <0.25 0.5–0.75 0.25–0.375 0.75–1 0.375–0.5

Vertical Uncertainty (mm/y) <1.5 <0.75 1.5–2 0.75–1 2–3 1–1.5

Number of Stations 3377 714 377

Note. Lower thresholds are defined for stable plate interiors than for active tectonic regions.

Table 1 
Uncertainty Thresholds Applied for Station Classification Into Groups A, B, and C
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3.2. Identification and Removal of Outliers

To identify outliers in the combined velocity field, a criterion that evaluates the agreement between neighboring 
stations has been used. It is based on the assumption that the velocity field should be coherent within a region 
surrounding each station, and no velocity should significantly differ from its neighbors. We assume that the distri-
bution of station velocities within a given region can be modeled with a normal distribution. A region defined by 
a circular area of radius “R” from a given station is considered; the mean of the station velocities in that region is 
“ω” and its standard deviation is “ψ” (Figure 5). Stations with velocities in the tails of the distribution are consid-
ered as outliers, that is, stations with velocities:

𝑉𝑉𝑠𝑠𝑠𝑠 < 𝜔𝜔 − 𝜏𝜏 ∗ 𝜓𝜓 or 𝑉𝑉𝑠𝑠𝑠𝑠 > 𝜔𝜔 + 𝜏𝜏 ∗ 𝜓𝜓 

where “𝐴𝐴 𝐴𝐴 ” is an integer value chosen to define the threshold. Despite the simplicity of this criterion, it is a 
powerful tool for outlier identification in a large variety of deformation context. In tectonically stable regions, 
where low velocity variability is expected, the velocity distribution is expected to be narrow (Figure 5). Station 
velocities that differ slightly (a few mm/year) from the median will be considered as outliers. On the other hand, 
in actively deforming areas, the velocity distribution is expected to be more spread out and only velocities that are 
much larger or much lower than the mean will be considered as outliers.

We must then define the radius “R” of the considered area, and the threshold “τ” that characterizes the tails of the 
distribution. The choice of the tail threshold is crucial, small tail threshold can generate false detections, while a 
conservative tail threshold could fail in detecting outliers. Since each component of station velocities is independ-
ent, this verification must be done in the three velocity directions. Tests are only performed in regions of radius 
“R” that contains at least 4 stations besides the evaluated one.

Figure 5. Upper Left—Sketch region of radius R around a GPS station (“St” in red), inside which velocities are assumed spatially coherent. Blue arrows and ellipses 
represent the Global Navigation Satellite System (GNSS) velocities and uncertainties. “di” represent the distance between the station “St” and station “Sti.” Bottom 
Left—Sketch of the velocity distribution of the GNSS stations inside the region; “ω” and “ψ” are the mean and standard deviation of the velocity distribution; Green 
vertical lines indicate the tails of the distribution. If station “St” falls in the tails it is either classified as outlier (see Section 3.2) or identified to be smoothed (see 
Section 3.3). Upper Right—Example of velocity distribution in a stable region. Bottom right—example of velocity distribution in an active region. Note that the 
velocity distribution in an active region has a larger standard deviation “ψ” than in a stable region.
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3.3. Velocity Field Smoothing

The last filter tested here is meant to reduce the regional scatter in the combined velocity field to avoid artifacts 
in the strain rate estimation, which is critical in low deformation regions.

Assuming that the uncertainties on station velocities are spatially uncorrelated, in very dense instrumented 
regions an improved GNSS velocity field could be extracted by averaging the measurements. This will tend to 
cancel the random noise, while consistent signals will be conserved.

Similarly to the identification of outliers, it is assumed that the velocity field is coherent in a region surrounding 
the stations. Again, a circular area of radius “R” from a given station is considered. The uncertainty on the veloc-
ity at the station corresponds to “δst”, while “μs” and “σs” are the mean velocity and the standard deviation of the 
distribution of velocities for stations within that region (Figure 5). The station velocity is smoothed if:

𝜏𝜏 ∗ 𝛿𝛿𝑠𝑠𝑠𝑠 ≥ 𝜎𝜎𝑠𝑠 

where “τ” is the threshold ratio between spatial variability and station uncertainty.

This smoothing criterion favors the smoothing of stations with large velocity uncertainty in environments where 
velocity is highly coherent. Instead, if the coherence of neighboring stations or the station's velocity uncertainty 
decreases, the station has less chance to be smoothed. Therefore, in tectonically stable regions characterized by 
low deformation, where the velocity distribution is expected to be narrow and coherent, the stations have more 
chances to be smoothed. On the other end, in tectonically active areas, the velocity distribution is expected to be 
wider and the velocity uncertainties higher, the possibility to activate the smoothing criterion is lower.

This criterion is applied in the three velocity directions. If the region of radius “R” contains at least 5 stations 
besides the evaluated one, and if the uncertainty of the station falls in the tail of the distribution for at least one of 
the components, the velocities are smoothed in the three directions as follows:

′
� �= 0.5 × �� + 0.5 ×

∑�
�=1

���
��

∑�
�=1

1
��

 

where 
′
� � is the weighted smoothed velocity for the k velocity component (North, East or vertical), n is the 

number of stations inside the region,Vki correspond to the velocity component k of the station i, and di is the 
distance between the station and station i. A similar procedure is applied to smooth the uncertainty of the velocity 
for each component k:

′
��= 0.5 × �� + 0.5 ×

∑�
�=1

���
��

∑�
�=1

1
��

 

For this criterion, as in Section 3.2, we need to fix the radius “R” of the region around each station where the 
velocity field is considered coherent. This radius has an impact on the number of stations involved in the smooth-
ing and needs to be explored, as well the threshold value “τ” that controls the sensitivity of the smoothing criteria.

3.4. Sensitivity Analysis for the Filtering Parameters of the Combined Velocity Field

Since the filtering of the velocity field depends on parameters that need to be defined, a sensitivity analysis 
has been performed in order to observe the impact of those parameters on the number of filtered and smoothed 
stations of the combined data set:

For the removal of stations with high velocity uncertainty, 4 different cases have been considered:

1.  Keep only the stations of Class A.
2.  Keep the stations of Class A and B.
3.  Keep the stations of Class A, B and C.
4.  Consider all the stations.
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For the identification of outliers, 4 different Radius “R” (50, 100, 150, and 200 km) and two threshold values “τ” 
(2 and 3) have been tested.

For the smoothing of the velocities, 4 different Radius (25, 50, 75 and 100 km), and two threshold values “τ” (2 
and 3) have been tested.

Figure  6 summarizes the results of the sensitivity study, and shows for each combination of parameters the 
number of stations kept in the solution, the number of stations considered as outliers, and the number of stations 
where the velocity is smoothed. It is possible to see that the smaller the radius considered for outlier identifica-
tion, the larger is the number of outliers detected. Whereas for the smoothing criterion, the larger the radius of 
the area considered, the larger is the number of stations smoothed. Finally, it is important to note that using a 
large threshold value for detecting outliers or for the smoothing implies that less velocities are removed from the 
database.

To choose the outlier detection and smoothing radius for our preferred solution, we analyze three quantitative 
metrics in addition to our sensitive study: (a) the total number of stations Ni kept in each filtered solution i, (b) 
the number of velocities smoothed Nvi, and (c) the variance reduction between each filtered solution i and the 
raw solution. The raw solution (all class stations, with no outliers removed and no velocities smoothed) has 4,863 
stations. The filtering process diminishes the total number of stations and increases the number of smoothed 
velocities. However it is noticeable in Figure 6 that these values stabilize and reach a plateau with increased filter-
ing. Our solution is picked as a compromise between the necessary cleaning of the solution and the will to keep 
as much as possible relevant information and details in the solution. Figure S6 in Supporting Information S1-Top 
shows for each solution Ni as a function of Nvi. Our preferred solution is plot with a star, and the median of the 
values are also indicated. This plot shows that the solution we picked performs a reasonable filtering of the veloc-
ities, at least in terms of number of stations filtered. we also look at the variance reduction between each solution 
i and the raw solution by computing:

nRSM� =
�=��
∑

�=1

√

(

���
� − �����

�

)2 +
(

���
� − �����

�

)2

��
 

Figure 6. Sensitivity analysis on the parameters used in the procedure to filter the combined velocity field: impact on the number of stations affected at each stage. The 
figure can be read as a table. The top row shows the number of stations included in the combined solution, depending on their quality class (Table 1). The two bottom 
rows show the impact of the tail threshold value “τ” (2 or 3) used to identify outliers and or smoothing candidates. In each cell, the left diagram shows the impact of the 
radius used to define the outliers on the number of stations kept (blue bar) and the number of outliers (orange bar), while the diagram on the right shows the effect of 
the radius used for the smoothing criterion (colors refer to the different outlier radius used).
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where Ni correspond to the number of of station in each solution i, ���
� and ���

� correspond to the East and North 
velocity component of station j in solution j, and �����

�  and �����
�  East and North velocity component of station 

j of combined data set non filtered.

We plot nRMSi as a function of Rout and Rsmooth for the different solutions tested (Figure S6 in Supporting Infor-
mation S1 - Bottom). Our preferred solution is indicated with a star. This graph shows that the variance reduction 
is important with the first outliers detected, and then flattens with the smoothing and outlier detection radius.

The preferred solution is therefore chosen as being the solution that shows a good compromise between number 
of station kept in the solution and variance reduction, in other word, we keep a solution from which aberrant 
values have been removed (variance reduction) but that keeps enough density of information (we try to minimize 
the number of outlier and smoothed velocities). The filtering results of our preferred solution (shown in Figure 7), 
and the processed combined velocity field (Figure 8), corresponds to the following filtering parameters:

1.  Considering A, B and C class stations.
2.  Radius of 150 km for the outlier detection.
3.  Radius of 50 km for the decision to smooth spatially.
4.  Threshold for outlier detection or smoothing of three.

This solution generates a total number of 4468 A, B and C Class stations distributed all over Europe. Out of 
these 4,468 stations, 346 where identified as outliers and removed. Out of the remaining 4,238 stations, 2,615 
were smoothed (61.7% of the remaining stations). This solution seems to be a good trade-off between density of 
information, level of uncertainty, reliability of the velocities, and spatial variability of the solution. The obtained 
velocity field exhibits the main features of the deformation that were previously observed in other studies, 
such as the uplifting of the Alps (i.e., Nocquet et al., 2016; Walpersdorf et al., 2018) and Scandinavia (Keiding 
et al., 2015) or the tectonic deformation in the Balkans (D'Agostino et al., 2020) and Italy (Métois et al., 2015).

4. 3D Strain Rate Estimation Using Elastic Solid Assumption
Since the preferred combined velocity field solution presents a good coverage of Europe, it can be used to esti-
mate well-constrained strain rates. To do so, the velocities have been interpolated on a discrete grid of 0.01° 
steps using VISR software (Shen et al., 2015). This software has been modified in order to derive the 3D strain 

Figure 7. Preferred solution filtering results. From left to right: bad quality stations not included in classes A, B, and C (395 stations); stations identified as outliers 
(230 stations); remaining stations after filtering bad quality stations and outliers (4,238 stations).
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rate field in a local Cartesian coordinate system. In this system, x and y axes correspond to the two horizontal 
directions, the third axis z, corresponds to the vertical axis positive upward, and the corresponding displacement 
components are U, V, and W.

Since the available observations (GNSS velocities) are limited to the Earth surface, the observational data are 
U(x, y, 0), V(x, y, 0) and W(x, y, 0) and the partial derivative of the surface displacement functions correspond to:

𝑈𝑈 ′𝑥𝑥 =
𝜕𝜕𝑈𝑈

𝜕𝜕𝑥𝑥
;𝑈𝑈 ′𝑦𝑦 =

𝜕𝜕𝑈𝑈

𝜕𝜕𝑦𝑦
;𝑉𝑉 ′𝑥𝑥 =

𝜕𝜕𝑉𝑉

𝜕𝜕𝑥𝑥
;𝑉𝑉 ′𝑦𝑦 =

𝜕𝜕𝑉𝑉

𝜕𝜕𝑦𝑦
;𝑊𝑊 ′𝑥𝑥 =

𝜕𝜕𝑊𝑊

𝜕𝜕𝑥𝑥
;𝑊𝑊 ′𝑦𝑦 =

𝜕𝜕𝑊𝑊

𝜕𝜕𝑦𝑦
 

while � ′� , � ′� , � ′� , are not available since there is no observation underneath the surface of the Earth.

The 3D strain rate components (ε) correspond to:

𝜀𝜀𝑥𝑥𝑥𝑥 = 𝑈𝑈 ′𝑥𝑥 ; 𝜀𝜀𝑦𝑦𝑦𝑦 = 𝑉𝑉 ′𝑦𝑦 ; 𝜀𝜀𝑧𝑧𝑧𝑧 = 𝑊𝑊 ′𝑧𝑧 

𝜀𝜀𝑥𝑥𝑥𝑥 =
(𝑈𝑈 ′𝑥𝑥 + 𝑉𝑉 ′𝑥𝑥)

2
; 𝜀𝜀𝑥𝑥𝑥𝑥 =

(𝑈𝑈 ′𝑥𝑥 +𝑊𝑊 ′𝑥𝑥)

2
; 𝜀𝜀𝑥𝑥𝑥𝑥 =

(𝑉𝑉 ′𝑥𝑥 +𝑊𝑊 ′𝑥𝑥)

2
 

and, the second invariant of strain rate is defined as:

𝑆𝑆𝑆𝑆𝑆𝑆 =
√

𝜀𝜀𝑥𝑥𝑥𝑥2 + 𝜀𝜀𝑦𝑦𝑦𝑦2 + 𝜀𝜀𝑧𝑧𝑧𝑧2 + 2 ∗ 𝜀𝜀𝑥𝑥𝑦𝑦2 + 2 ∗ 𝜀𝜀𝑥𝑥𝑧𝑧2 + 2 ∗ 𝜀𝜀𝑦𝑦𝑧𝑧2 

where εzz cannot be derived, while εxz and εyz can only be partially determined.

To estimate the 3D strain rate, assumptions must be done. At the surface of the Earth it can be considered that the 
stresses applied on the horizontal surface are null, that is, ssxz, ssyz, and sszz must be zero.

Assuming that the crust is a linear elastic material, we can use the Hooke's law and obtain:

���� = �0 ∗ ��� = 0⇒ ��� = 0 ∧ � ′� = −� ′� 

���� = �0 ∗ ��� = 0⇒ ��� = 0 ∧ � ′� = −� ′� 

Figure 8. Horizontal (left) and vertical (center) smoothed velocity fields in Europe, derived from our analysis. The topography (Smith & Sandwell, 1997) and the main 
active tectonic structures are plotted on the right panel (Nocquet, 2012).
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���� = � ∗ ��� + 2�0 ∗ (��� + ��� + ���) = 0⇒ ��� =
−2�0 ∗ (��� + ���)

� + 2�0
 

where λ and μ0 correspond to the Lame constants. As a result, the second invariant of strain can be reduced to:

���3� =

√

���2 + ���2 + 2 ∗ ���2 +
(

−2�0 ∗ (��� + ���)
� + 2�0

)2

 

With those assumptions, the 3D second invariant of the deformation depends only on the horizontal velocities, 
since it is assumed that the vertical displacement can be predicted from the horizontal ones using elastic equa-
tions, which differs from the 2D case that is defined as follow:

���2� =
√

���2 + ���2 + 2 ∗ ���2 

Thus, taking values for the Lame constants for the Earth crust equal 60 Gpa for λ and μ0 respectively, the differ-
ences of the second invariant of the strain rate tensor for 3D and 2D are negligible (Figure S8 in Supporting 
Information S1).

In order to obtain a robust and smoothed strain rate maps, an interpolation trade-off have been performed with 
VISR varying the weight threshold parameter wt (see Shen et al. (2007) and Shen et al. (2015) for a complete 
explanation of the meaning of the Wt parameter) This parameter impacts the optimal distance considered by 
VISR to use or not a given GNSS velocity to interpolate the velocity field at each point of the grid. Larger values 
of this parameters generate smoother strain rate maps (Shen et al., 2015). A wt value of 12 has been selected as 
this value generates the best velocity field interpolation. Figure S9 in Supporting Information S1 shows the distri-
bution of the parameter D of the selected interpolation model (wt = 12), that corresponds to the optimal interpola-
tion distance for each coordinate, based on the in-situ data uncertainty and the density of GNSS data. For most of 
Europe this parameter remains stable at low values, suggesting that the chosen solution is stable for a wide region.

5. 3D Velocity Field, Strain Rates and Spatial Seismicity Distribution: Edge-Driven 
Deformation Versus Buoyancy-Driven of the Crust
5.1. Main Features of Our Combined Velocity Field and Derived Strain Rates

The resulting 3D velocity field with respect to stable Europe and the strain rates derived from it show charac-
teristic patterns of known features in Europe (Figures 8, 9, and S7 in Supporting Information S1) (Grenerczy 
et al., 2000; Kenyeres et al., 2019; Nocquet, 2012; Nocquet & Calais, 2003, 2004).

With respect to stable Europe, a north-eastward movement is visible in the Italian peninsula and is associated 
to the movement of the Adria plate with respect to stable Europe. In southern Italy, Sicilia is moving toward the 
NNW at a rate of ∼5 mm/year with respect to stable Europe and is often considered as part of the Nubian plate. 
Instead, velocities point toward the NNE in Calabria that is often considered as the Apulia microplate. In central 
Italy, ∼3 mm/year of NE-SW extension associated with 1–2 mm/year of uplift characterizes the deformation 
along the range of the Apennines (D'Agostino et al., 2001; D'Agostino et al., 2008; D'Agostino et al., 2011; Devoti 
et al., 2017; Serpelloni et al., 2005). This north-eastward movement vanishes in the Dinarides and the Pannonian 
basin (D'Agostino et al., 2020; Métois et al., 2015), where the ∼3 mm/year convergence between Adria/Apulia 
and stable Europe is accommodated. A close look at the strain rate map in Figure 9 shows a transition from tran-
stensive deformation mode and ∼1 mm/year subsidence in the north western coastal region of Croatia (Kvarner 
region) to a NNE-SSW compression and sub-millimeter uplift inland or further south in Dalmatia, Bosnia and 
Montenegro. Velocities rotate clockwise (Figure 9) around a pole located at the junction between the Dinarides 
and the Southern Balkans (D'Agostino et al., 2020; Métois et al., 2015). The areas affected by this clockwise 
rotation of the velocities are associated with a transpressive regime evolving into transtension and 0.5–1 mm/year 
uplift in the southern Balkans (42°N, 20–25°E). Velocities then display a large south-westward movement in the 
Aegean (Armijo et al., 2004; Cocard et al., 1999; Kreemer & Chamot-Rooke, 2004; Le Pichon et al., 1995; Nyst 
& Thatcher, 2004; Reilinger et al., 2010). As expected by previous knowledge of the deformation of the area, the 
strongest strain rate values are concentrated along the North Anatolian right-lateral strike-slip fault and across the 
Corinth Gulf that accommodates the N-S extension between Peloponnesus and continental Greece.
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In the westernmost part of the Mediterranean Sea, in the Betic Cordillera and the Rif, a westward movement of 
∼3–4 mm/year with respect to stable Europe generates a right-lateral strike slip deformation and the clockwise 
rotation of mainland Spain (Figure 9) associated with the extension of the Alboran domain as a response to the 
subduction rollback (Borque et al., 2019; Echeverria et al., 2013; Koulali et al., 2011; Vernant et al., 2010).

In Scandinavia, as a result of glacial isostatic adjustment, a strong vertical uplift centered on central Scandinavia, 
that locally exceeds 10 mm/year, is associated with a divergent horizontal velocity field that generates a NW-SE 
extension (Johansson et al., 2002; Lidberg et al., 2007; Nocquet et al., 2005). The uplifted zone extends beyond 
Scandinavia until Estonia, Latvia, Lithuania, the southern shore of the Baltic sea, Denmark, and reaches Scotland 
and Ireland to the westernmost. The areas surrounding the uplift zone are generally affected by a compressive 
regime.

In the Alps, our combined vertical velocity field confirms a ∼2 mm/year uplift along the Alpine arc that extends 
from western Alps until the central Alps in Austria, with an uplift peak reaching 2.5 mm/year (Calais et al., 2002; 
Nocquet et al., 2016; Serpelloni et al., 2016; Walpersdorf et al., 2018). The strain rate field is characterized by 
a compression perpendicular to the range direction along both fronts of the Alps, that surround the area of the 
highest reliefs where extension is dominating. In the western Alps, the horizontal velocities are infra-millimetric, 
showing a movement compatible with right-lateral strike-slip, and an anticlockwise vorticity centered on the Po 
plain. In the central and eastern Alps, the ∼2 mm/year convergence between the Adria plate and stable Europe 
is accommodated. The strain rates are characterized by a shortening of ∼5–10 nanostrain/year in N-S direction, 
mostly localized along the southern front in the Dolomites, in Slovenia and northern Italy. To the north, the 
Bohemian Massif and the Cheb Basin—Eger rift (50°E, 14°N, Czech Republic) are affected by an uplift of 
∼1 mm/year. A sub-millimetric uplift extends to the East to the Carpathians, and surrounds the Pannonian basin 
(∼46°N, 21°E) that is subsiding at ∼1 mm/year. The uplifting area extends south down to the Balkans. Along the 
northern shore of the Black Sea, the Moesian platform (∼45°N, 27°E) is affected by ∼1 mm/year subsidence that 
transforms to the east into a few mm/year of uplift in the Ukrainian shield, once the Tornquist Suture is passed.

Central Europe, France, UK and Spain are characterized by very low velocities (0.1–1 mm/year), within the error 
bar. However, our outlier identification procedure, associated with the spatial filtering of the velocities allows to 
characterize the main direction of strain rates, the vertical movements, as well as the tectonic style. In both the 

Figure 9. Close views of the interpolated vertical and horizontal velocity fields, and of the strain rate tensors and deformation style (extension in red and compression 
in blue). Main tectonic structures are shown as dashed lines. Left column: zoom on UK (top), Spain (center), France and Alps (bottom). Center column: zooms on 
Scandinavia (top) and the Balkans and the Aegean (bottom). Right Column: zoom on east Europe (top), and Italy (bottom).
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vertical and the horizontal, a clear local feature characterized by ∼0.5–1 mm/year of uplift and a similar amount 
of radial velocity divergence is associated with the Eifel hotspot, located at the boundary between Belgium and 
Germany (with a centroid at ∼50.5°N and 6.5°E), already highlighted by Kreemer et al. (2020). The other known 
hotspot discussed by Kreemer et al.  (2020) is located in the French Massif Central (∼45.5°N, 2.5°E). There, 
our results show null vertical velocities along a NW-SE diagonal that follows the South Armorican Shear Zone 
and the SW limit of the Hercynian Central Massif, while the surrounding areas are slowly subsiding at a rate of 
∼0.5 mm/year, which is compatible with Kreemer et al. (2020) and Masson et al. (2019b) results. The oriental 
Pyrenees are also characterized by a small uplift compared to the surroundings, and the whole Pyrenean chain is 
characterized by an NNE-SSW extension with a variable amount of strike-slip.

5.2. Toward a Separation of the Mechanisms Responsible for Deformation and Seismicity

In Europe, Italy and the Hellenic subduction present the largest seismicity rates of the continent, and are asso-
ciated with large horizontal tectonic movements relative to stable Europe. On the other hand, stable regions 
(where low strain rates exist) usually exhibit low seismicity rate with earthquakes of low or moderate magnitude. 
Several attempts to relate strain and seismicity rates have been explored with relatively good results (that is, 
D'Agostino, 2014), especially on regions where horizontal strain rates associated with identified active faults are 
important. However, in regions of low strain rates that display non-negligible seismic activity, such as Fennos-
candia or the Alps, the seismicity does not seem to be associated with the horizontal edge-driven strain rates but 
rather with the buoyancy-driven engendered by the isostatic adjustment and mantellic flow concomitant with the 
post-glacial rebound.

Assuming an elastic behavior for the crust and considering that the strike-slip deformation is negligible (i.e., 
principal stress component ss2 is close to horizontal), the vertical movements in the crust can be separated in two 
parts: (a) the vertical deformation (thinning or thickening) generated by the horizontal tectonic compression or 
extension, and (b) the vertical movements generated by flexural deformation, spawned by the isostatic adjust-
ments (e.g., post-glacial rebound) or the mantellic buoyancy (e.g., dynamic topography).

Horizontal velocity gradients generate strain rate components in the three directions (𝐴𝐴
𝜕𝜕𝜕𝜕
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including in the vertical direction associated with thickening or thinning of the crust/lithosphere in response to 
tectonic horizontal compression or extension. Part of this thickness variation is instantaneously accommodated 
by isostasy, thus assuming that the horizontal strain rates is accommodated evenly over the crust thickness. The 
vertical velocity at the surface (HS) associated with horizontal strain rates can be estimated using the expression 
proposed by Howell et al. (2017), modified for emerged lands:
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were Tc and Tl represent the thickness of the crust and the lithosphere respectively, ρm and ρc are the mantle and 
crust densities respectively, α corresponds to the volumetric coefficient of thermal expansion of the crust and the 
mantle, and t1 is temperature of the asthenosphere. In order simplify the model, the effects of the thermal expan-
sion can been neglected setting the α coefficient to zero, thus the equation presented above can be reduced to the 
following expression (corresponding to an incompressible crust, with an isostatically compensated thickening):

𝐻𝐻𝑆𝑆 ≃
−𝑇𝑇𝑐𝑐 (𝜀𝜀1 + 𝜀𝜀2) (𝜌𝜌𝑚𝑚 − 𝜌𝜌𝑐𝑐)

𝜌𝜌𝑚𝑚
 

Using this equation, considering an average crust thickness of 35 km for the whole region in order to keep the 
model simple, and assuming values of 2,700 and 3300 kg/m 3 for crust and mantle densities, a theoretical vertical 
velocity field due to horizontal strain rate can be derived (Figure 10—left). As expected, predictions of uplift 
and subsidence are controlled by the style of horizontal strain rates: in regions where extension dominates (such 
as in the central Apennines, the Corinth Gulf or the Balkans) subsidence is predicted, while in regions where the 
compression is dominant (e.g., eastern Alps, Dinarides) uplift if predicted.
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As shown in Figure 10, the interpolation of the observed vertical velocity field and the predicted vertical velocity 
field computed from horizontal strain rates differ strongly. This suggests that a significant part of the observed 
vertical deformation can not be explained by elastic bulk deformation triggered by horizontal stress and therefore 
do not result in crustal thinning/thickening processes, but rather arise from deeper buoyancy-driven processes 
in the mantle. To image the regions of Europe most affected by the crust flexure, the contribution of the hori-
zontal deformation to the observed vertical velocity field has been removed by differentiating the observed and 
the predicted vertical velocity fields (Figure 10—right). The regions that are most affected by buoyancy-driven 
vertical movements are: the Fennoscandia where Glacial Isostatic Adjustment is going on, Italy and the Aegean 
that are affected by a large-scale uplift generated by active mantellic upwelling (D'Agostino et al., 2001; Komut 
et al., 2012), the Alps where uplift results from isostatic adjustment combining effects of erosion, post-glacial 
rebound and delamination (Nocquet et al., 2016; Sternai et al., 2019), the Eifel hotspot and the Eger Cenozoic 
rift in the Bohemian massif where the active uplift may result either from a plume or from a mantellic upwelling 
(Plomerová et al., 2007; Plomerová et al., 2016), and the Ukrainian shield.

To appreciate the role of these two end-member driving processes (edge vs. buoyancy forces) on the generation 
of seismicity in Europe, an earthquake rate model (Figure 11—left) has been derived using the earthquake cata-
log used in the European Seismic Hazard Model ESHM13 (Grünthal et al., 2013; Stucchi et al., 2013; Woessner 
et al., 2015) and based on the methodology proposed by Hiemer et al. (2014), smoothing the earthquake source 
locations without considering seismogenic faults. The spatial distribution of the smoothed seismicity is then 
compared to the strain rate map (Figure  11—center), to the vertical velocity field associated with buoyancy 
(Figure 10—right), and to its horizontal gradient (Figure 11—right). For example, in the Southwestern Alps, 
where horizontal strain rates are low, the seismicity seems to be well correlated with the horizontal gradient of 
the vertical velocity field (Figure 11—right), suggesting that the seismicity of the region could be associated with 
the buoyancy-driven deformation of the lithosphere.

To evaluate more precisely the similarities between the earthquake rate model, the 2nd invariant of strain rate 
and the effect of crustal buoyancy-driven deformation (i.e., the interpolated vertical velocity field from which 

Figure 10. Left—Theoretical vertical velocity field in Europe derived from horizontal strain rates assuming a simple model of isostatic compensation. Blue and red 
colors represent regions of subsidence and uplift respectively. Center—Interpolation of the observed vertical velocity field. Right—Vertical movements associated 
with buoyancy-driven flexure (i.e., caused by isostatic adjustment or mantellic flow), obtained by computing the difference between the observed vertical velocity field 
and the one predicted by Howell et al. (2017) modified equation. Note that the color scale is logarithmic to highlight the abrupt fast changes of the vertical velocities 
behavior occurring in Europe.
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the plane-stress contribution has been removed, Figure 10-right and its horizontal derivative Figure 11-right), 
normalized correlation maps have been computed between pairs of images, in a squared sliding window:
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where c represents the correlation coefficient, xij and yij correspond to the fields values at position i,j on each 
sliding window. 𝐴𝐴 𝑥𝑥 and 𝐴𝐴 𝑦𝑦 are the mean values in the sliding window, n 2 the size of the square sliding window, 
and σx and σy is the standart deviation of values in the sliding window. Then the absolute value of the correlation 
coefficient is assigned to the center of the sliding window.

The correlation maps obtained using this method are sensitive to the size of the sliding window, and several 
window sizes allow to highlight processes of different characteristic wavelengths. For example, the deformation 
and the seismicity distributions in the southern part of Europe (mostly controlled by boundary forces associated 
with horizontal plates movements, i.e., edge-driven) present patterns of smaller wavelength than in northern 
Europe (mostly dominated by post-glacial adjustment and generating a broad signal). Taking this limitation into 
account, we examine the correlations between the smoothed seismicity and the strain rate, the flexure contribu-
tion to the vertical displacements, or its horizontal gradient using a window of 0.75° (Figure 12).

In northern Europe, although Scandinavia is affected by the largest vertical rates due to GIA, the correlation 
pattern observed is not obvious because the seismicity is located mostly offshore and because the deformation 
is well constrained on the continents only. More, the large wavelength of the deformation field in Scandinavia 
necessarily implies a small maximum correlation value. Still, the maximum of correlation with seismicity is 
found along the NW coast of Norway for both the horizontal gradient of vertical deformation and the vertical 
velocity field suggesting that the seismicity there might be a response to the flexure generated by the post-glacial 
adjustment.

In other areas of stable plate interiors characterized by a low horizontal deformation (i.e., 2nd invariant of strain 
rates lower or equal to ∼10 nanostrain/year), four areas exhibit a quite important seismicity rate:

Figure 11. Left—Spatial distribution of cumulative annual earthquake rates (Mw > 4.5), based on the ESHM13 earthquake catalog and the Hiemer et al. (2014) 
smoothing algorithm. Center—Strain rate map superimposed on the seismicity of the earthquake catalog (gray dots), note that areas where the formal uncertainty on 
shear strain rate (see Figure S9 in Supporting Information S1) is larger than the 2nd invariant of the strain rate tensor, are masked. Right—Horizontal gradient of the 
flexural contribution of the interpolated vertical velocity superimposed on the seismicity of ESHM13 earthquake catalog (gray dots) (Woessner et al., 2015).
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1.  The Alps.
2.  The Eifel volcanic area.
3.  The Carpathian.
4.  The Pyrenees.

The correlation maps obtained for these regions show that only a small portion of the seismicity distribution is 
well correlated with horizontal tectonic deformation. The Northwestern Alps (close to the Leman Lake) and the 
Eifel volcanic region are characterized by moderate strain rates and important vertical uplift. There, the seismicity 
is best correlated with the vertical velocity field, suggesting a prevalence of buoyancy-induced mantel processes 
in controlling deformation and seismicity in those areas. In the Carpathian, even if the uplift is less important, 
the seismicity correlates well with vertical uplift and its horizontal gradient, suggesting that the seismicity could 
be associated with flexure. In the Pyrenees, affected by NE-SW extension (Figure 9) (Rigo et al., 2015) and 
limited relative uplift (Figure 9) (Masson et al., 2019b), a strong seismic activity occurs in the area of Lourdes. 
It is well correlated with the horizontal gradient of the vertical displacements (Figure 12), suggesting that the 
mechanism that controls the seismicity in this area might be the flexure, or gravitational collapse of the mountain 
chain during the isostatic upwelling of the orogenic crust (Lukk & Shevchenko, 2018). Similarly, the smoothed 
seismicity rates and the horizontal gradient of the vertical displacement associated to flexure correlate well in 
the Southwestern Alps.

The southern part of the Iberic Peninsula (Betic cordillera), the Corinth rift in Greece, and the North Anatolian 
Fault all show a good correlation with the 2nd invariant of strain rate, suggesting that the seismicity is there 
mainly controlled by the tectonic processes (edge-driven, i.e., result of tractions at plate boundaries) generating 
mostly horizontal deformation (and associated bulk vertical deformation). Along the Apennines in Central Italy, 
the seismicity seems to be well correlated with the 2nd invariant of strain rates, but also with the vertical uplift 
that affects the area, suggesting that the seismicity might result from both edge and buoyancy-driven, that is, both 
“edge-driven” (result of tractions at plate boundaries) and “mantle-driven.” In Sicilia, a correlation is found with 
vertical only suggesting that volcanism might be the main driving process there. Finally, in Northern Italy and 
along the southern front of the Eastern Alps (Emilia-Romagna, Dolomites), a strong correlation is found with the 
horizontal gradient of the vertical displacement, suggesting that the flexure of the Adriatic plate as a response to 
its subduction below stable Europe might be the dominant mechanism there.

Figure 12. Normalized correlation maps, computed using a sliding window of 0.75°, between spatial distribution of cumulative annual earthquake rates and the 2nd 
invariant of strain Rates (left), Vertical velocity field due to buoyancy-driven (center), or the Horizontal gradient of the vertical velocity due to buoyancy-driven (right).
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In the Balkans, the distribution of seismicity ressembles the strain rate distribution. Still, best correlations are 
found with the vertical velocity field, which suggest a complex interaction between the effects of the mantellic 
buoyancy and the edge-driven tectonics to explain the seismicity.

6. Conclusion
The combination of different GNSS velocity solutions and the proposed filtering process are efficient tools 
to generate a dense 3D velocity field covering the whole Europe (Figures 8, 9, and S7 in Supporting Informa-
tion S1), allowing to study the processes responsible for the large-scale deformation. The outliers and scatter 
in  the velocities could be mitigated by applying a proper filtering and smoothing strategy, and provided reliable 
results even in slowly deforming areas. Most of the features of the 3D velocity field, strain rate and rotation maps 
detected by previous works in Europe are clearly visible, within a wide range of GNSS velocity amplitudes.

The strain rate maps derived from the GNSS velocity field show a good agreement with the seismicity in regions 
that experience important tectonic deformation, but cannot explain the seismicity in regions with important 
vertical velocities, such as regions affected by post glacial rebound, dynamic topography and mantle buoyancy 
processes, or other isostatic processes that induce flexure on the lithosphere. Using a simple model of vertical 
motion driven by crustal compensation of topography created by horizontal deformation, we could predict the 
theoretical vertical displacement associated with horizontal convergent or divergent fields. This prediction has 
then been subtracted from the measured vertical velocity field to map the regions that undergo the effects of 
buoyancy forces (Figure 10).

A smoothed seismicity rate model has been derived from the declustered earthquake catalog used in the Euro-
pean Seismic Hazard Model ESHM13 (Woessner et al., 2015) (Figure 11 left), and compared to the obtained 
deformation maps. A good correlation (Figure 12) is usually found between the smoothed seismicity rate and the 
strain rate in regions dominated by the edge-driven horizontal tectonics, such as the North Anatolian Fault, the 
Corinth rift in Greece, or the southern part of Spain (Betic cordillera) (D'Agostino, 2014; Métois et al., 2015). 
In the regions that experience significant vertical velocities that cannot be explained by edge-driven horizontal 
tectonic forces, such as the Central Alps, the Eifel Volcanic region, the Pyrenees or some areas of Central Europe, 
the strain rate does not correlate with the seismicity that may rather be generated by vertical flexure of the crust 
induced by isostasy or mantle dynamics (e.g., Brandes et al., 2019; Keiding et al., 2015; Walpersdorf et al., 2018). 
In regions such as the Apennines, the Balkans, or the Eastern Alps, the seismicity seems to be influenced by both 
processes.

The correlation between the smoothed seismicity rate and markers such as the vertical velocity field or its hori-
zontal gradient suggests that the flexure of the crust plays a more important role than previously thought on the 
generation of seismicity. An important part of the intracontinental seismicity in Europe is located around regions 
that undergo uplift, or at the transition between uplift and subsidence, such as around the Alpine arc or in northern 
Italy, where the horizontal gradients of the vertical velocities are higher. Those observations are consistent with 
the strain rates induced by flexural deformation that generates surface extension in uplifted areas, shortening 
in areas of subsidence and concentrates shear stresses in zones of high horizontal gradient of vertical velocity 
(Couples et al., 1998) due to isostasy or mantellic processes (Faccenna et al., 2014; Gvirtzman et al., 2016). 
Whereas those effects are considered as second order stresses for regions of large horizontal strain rates, they 
could control the crustal seismicity in zones of low tectonic deformation (Tarayoun et al., 2018), such as in the 
volcanic Eifel zone (Kreemer, 2020) or in the Alps.

Also, in regions with significant vertical movements and complex structural inheritance, such as the Alps, the 
Pyrenees or the Eger rift in the Bohemian massif, the role of the buoyancy-driven processes on the local seis-
micity rate can be important (Mazzotti et al., 2020; Tarayoun et al., 2018). Even in a region with an important 
contribution of edge-driven processes like Italy or the northern Balkans, the high rates of vertical deformation 
could have an important impact on the seismicity, implying a considerable impact for seismic hazard. We empha-
size that, in addition to the horizontal strain rate, the vertical deformation of isostatic or mantellic origin must be 
considered as an important input to hazard models in Europe.
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Data Availability Statement
All individual Global Navigation Satellite System (GNSS) velocity field solutions are online available: EPOS-
UGA solution is available at https://www.isterre.fr/english/research-observation/research-projects/europe-
an-projects/article/epos-gnss-products.html, NGL solution is available at http://geodesy.unr.edu, ETH solution 
is available at https://doi.pangaea.de/10.1594/PANGAEA.886889, MONT solution is available at https://
data.oreme.org/doi/view/2cdc72ec-1066-486c-aef7-9da36662f46d, KIER solution is available at https://doi.
org/10.1016/j.jog.2021.101845, KIER solution is available as supplementary material at https://www.sciencedi-
rect.com/science/article/pii/S0264370721000314?via%3Dihub, CEUR solution is available at http://cegrn.cisas.
unipd.it/CEGRN/network/CEG_tableVEL.htm, KREE solution is available at https://dataverse.harvard.edu/data-
set.xhtml?persistentId=doi:10.7910/DVN/ONATFP, BALK solution is available as supplementary material at 
https://www.sciencedirect.com/science/article/pii/S0012821X20301898#se0090, EPND solution is available at 
https://epnd.sgo-penc.hu/downloads/ and INGV solution that has been provided through personal communication 
by the author. The code used to combined and transform the GNSS velocity fields is rotvel, a package distributed 
with the GAMIT/GLOBK suite.
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