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Abstract Analysis of crustal deformation is key to understand current tectonics, deformation
processes and seismicity. However, there is no consensus to date on how to integrate geodetic strain
rates in seismic hazard models for continental intraplate regions. Most of Western Europe and
mainland France are located within the Eurasia Plate, with very low deformation and seismicity
rates, and GNSS velocities that comprise different sources, from tectonic contributions (e.g., fault
motions) to non-tectonic long-term or transient processes (e.g., Glacial Isostatic Adjustment - GIA).
Some of these processes also reflect stress changes at depth, loading of active faults, and seismicity.
Understanding this deformation is therefore key to better assess seismic hazard in slow straining
areas. In order (i) to assess the variability due to the diversity of strain-rate calculation methods and
(ii) to test their capacity to resolve low-amplitude deformation, we conduct a benchmark exercise
based on synthetic velocity fields comprising background noise (with the same characteristics as that
observed in mainland France) plus velocity signals from various geodynamic processes. Comparing
to the expected values the strain rates derived independently by eight different methods, four main
conclusions can be drawn. (1) The capacity to deal with velocity noise and recover large-scale or
local signals vary strongly between the methods, with some standing out from the others. (2) No
method is able to retrieve the strain rate signals associated with active faults slipping at rates of
0.3-1 mm/yr (i.e. larger than expected for mainland France). (3) No method is able to retrieve the
small deformation associated with a potential hot spot under the Massif Central (similar to, but
about twice lower than observed for the Eifel hotspot). (4) Some methods are able to retrieve parts
of the large-scale strain rate patterns (but not the amplitudes in general) associated with Alpine GIA
or rotating rigid blocks. These results must be interpreted with caution, keeping in mind the strict
benchmark design. They point out the potential for improvements in future analyses of geodetic
deformation in mainland France and continental intraplate context in general.

1 Introduction
Rather than looking at (messy) velocity fields derived
from GNSS time series and representing either
long-term velocities or abrupt displacements, deriving
continuous maps of strain rates is more and more
often considered. This method offers an alternative
view to the deformation characteristics that gets rid
of reference-frame related issues and allows for a
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more direct and straightforward comparison with other
geological or geophysical observations (earthquakes,
fault traces, stress measurements, etc). The tendency
is to get more data to provide estimates of long-term
velocities: denser GNSS-derived velocity fields of varying
quality (e.g., campaign mode, low-cost, RTK), velocity
fields from InSAR time series at regional to continental
scales (e.g. Wang and Wright, 2012; Ou et al., 2022;
Lemrabet et al., 2023; Elliott et al., 2026), displacement
fields from optical correlation (e.g. Barnhart et al., 2020;

114 | https://doi.org/10.55575/tektonika2026.4.1.121 TEKTONIKA | volume 4.1 | 2026

https://orcid.org/0000-0002-1489-0513
https://orcid.org/0000-0003-2514-4310
https://orcid.org/0000-0003-0922-5057
https://orcid.org/0000-0003-1487-6030
https://orcid.org/0009-0009-3938-1529
https://orcid.org/0000-0002-0186-7138
https://orcid.org/0000-0001-5738-9027
https://orcid.org/0000-0001-9213-7837
https://orcid.org/0000-0002-5958-9839
https://orcid.org/0000-0002-9208-7136
https://orcid.org/0000-0001-8024-8142
https://orcid.org/0000-0002-6367-2168
https://orcid.org/0000-0001-5185-0070
https://doi.org/10.55575/tektonika2026.4.1.121


TEKTONIKA | RESEARCH ARTICLE | Métois et al., Strain Rate in Mainland France From Synthetic GNSS Velocity Fields

Cheng and Barnhart, 2021; Antoine et al., 2021; Li et al.,
2023), etc. Strain rate maps derived from these data sets
(alone or in combination) are now calculated routinely
and used for tectonic interpretation. However, these
calculations are not straightforward, in particular when
looking at very low strain rates.

Being more commonly produced and published,
maps of strain rates are also more often integrated
in seismic hazard calculations (Beauval et al., 2018;
Meletti et al., 2021; Donniol Jouve et al., 2024).
One way of doing so consists in integrating seismic
hazard models constrained only by geodetic data in
PSHA calculations, with Gutenberg-Richter laws derived
from Kostrov calculations of geodetic moment rates
(Ward, 1998; Jenny et al., 2004; Mazzotti et al., 2011;
D’Agostino, 2014). Other approaches propose to take
into account geodetic constraints more indirectly, for
example to refine seismic zoning and local tectonic style,
or combined with geological observations in consistent
models (Petersen et al., 2024; Pollitz et al., 2022). To
date, no consensus exists on the best way to integrate
these constraints in robust seismic hazard estimates, and
information coming from geodesy is still associated with
relatively low weights in hazard logic trees (e.g. Meletti
et al., 2021; Petersen et al., 2024), when considered at
all. This may come from the legitimate distrust of strain
rate calculations that are prone to interpolation artifacts
that limit their interpretations (Baxter et al., 2011), and
also to the discrepancy between seismic potential derived
from geodesy and from seismology in some regions (e.g.
Jouve et al., 2024).

In mainland France, where strain and seismic rates are
very low, it is still unclear how geodesy can help improve
seismic hazard models. Recent significant earthquakes
(Mw=5, 2019, Le Teil; Mw=5, 2023, La Laigne, or
Mw=3.9, 2019, Jonzac) are in relative agreement with
the geodetic strain rate principal directions and tectonic
styles (Masson et al., 2019a; Cornou et al., 2020).
However, part of the current surface deformation may
not be representative of the crustal state of stress
(Grosset et al., 2023), reflecting the potential stress /
strain disagreement associated with short-term GNSS
data (Wang, 2000; Townend and Zoback, 2006). A first
step in integrating geodesy in seismic hazard models in
France is to build maps of geodetic strain rate as reliable
as possible and associated with robust uncertainties.
This is what is expected in the framework of the Alceste
project piloted by academic researchers at the request of
the French Ministry of Ecological Transition in charge
of risk management, which should provide a new hazard
map by 2026.

In this study, we present results from the first
contribution to this major work by the scientific
community involved in the national observing service
RENAG (RESIF , 2017). We have focused our efforts on
understanding our collective ability to retrieve expected
geodynamic signals from the computation of strain rate
maps from GNSS velocity fields. In the following, we
present the design and results of a benchmark exercise
in which we test the ability of several methods used in the

French and international community to compute strain
rates from synthetic velocity fields covering mainland
France.

2 Rules of the Game
2.1 Design of the Benchmark Exercise
This study aims at assessing which geodynamic signals
may be retrieved by different strain-rate methods over
mainland France. To do so, we have designed a
benchmark exercise, or data challenge, inspired from the
pioneer work of Sandwell et al. (2010) in California,
that proposes to test the ability of each participant’s
method to retrieve strain rate characteristics expected
from synthetic velocity fields, i.e. properly retrieve
its spatial derivatives. Given the intraplate context of
mainland France and its low level of seismic activity,
we built synthetic velocity fields (hereafter called
“models”) that reflect a realistic level of noise and
surface deformation coming from active faults (either
creeping or locked), rigid block rotations, but also from
non-tectonic transient motions associated with Glacial
Isostatic Adjustment (GIA) due to the melting of the
Alpine Würm ice sheet, or flexure associated with
supposed hotspot activity in the Massif Central.

Eleven models were produced and made accessible
to the participants (hereafter referred to as “players”).
Each player was provided with (i) some knowledge of the
kind of geodynamic signal included in the models and (ii)
cleaned velocity fields to be used for their calculation. To
do so, velocity outliers were detected and removed based
on “interquartile range” statistics at a regional scale (i.e.,
considering clusters of about 200 km radius).

This study has not been designed for systematic
comparison between the techniques/codes used by each
player (detailed in the following section). Many
parameters come into play when computing strain rates
from a velocity field, including subjective choices of the
user that may vary depending on its a priori knowledge
of the data structure and noise, such as the choice
of smoothing parameters. The geodynamic signals
expected in mainland France come from very different
physical processes producing variable deformation
patterns in both amplitude and wavelength. Therefore,
the parameterization used in each method could differ
depending on the synthetic model considered, making
the task of comparing the different results nearly
impossible. Thus, in this exercise, the players had to
choose a single parameterization for their method, which
they kept constant for computing strain rates from all
11 synthetic velocity fields. Further discussion on this
constraint is provided in section 5.

Computing the strain rate tensors from discrete
velocities is a highly non-unique problem, and most
methods (but not all) developed to do so first interpolate
the velocity field before taking its derivatives. They
therefore provide predicted velocities at observation
points, allowing estimations of data fit that are usually
very good (few tenth of mm/yr on average). However,
because the goodness of the data fit is a necessary but
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not sufficient condition to recover the correct strain
rate pattern, we do not compare directly observed and
predicted velocities in this exercise, but rather focus on
estimating indicators derived from velocity gradients (see
section 2.3).

2.2 Strain Rate Analysis Methods
Table 1 summarizes the 8 different methods that have
been tested, applied by 7 different players coming mostly
from the scientific community involved in the french
national observation service RENAG (https://renag.
epos-france.fr). In the following, in order to ease the
reading, we refer to each method with a letter (A to H)
and describe the parameterization choices.

Table 1 – Methods used in the benchmark exercise, ∗ refers
to methods using explicitly vertical velocities.

Code Method
A∗ Geostrain (Goudarzi et al., 2015)

B
VISR3D (Piña-Valdés et al., 2022),
modified from Shen et al. (2015)

C
StrainTool (Anastasiou et al., 2019),
based on Shen et al. (2015)

D
SPARSE (Haines and Holt, 1993),
modified from Kreemer et al. (2000)

E∗ Gaussian smoothing
(Mazzotti et al., 2011; Masson et al., 2019a)

F B-Strain (Pagani et al., 2021)
G STIB (Masson et al., 2014)
H Basis function expansion (BSF, Okazaki et al., 2021)

A: Geostrain is a Least Square Collocation (LSC)
method developed on a spherical Earth and
described in details in Goudarzi et al. (2015).
Geostrain is used with a Gaussian correlation
function and a correlation distance of 175 km.
Strain rates calculations take into account the
vertical velocities as in E (Mazzotti et al., 2011).

B: The VISR3D method comes from the initial
method of Shen et al. (2015) that has been slightly
modified by Piña-Valdés et al. (2022). The velocity
field is used to invert for strain rate tensors using
the VISR technique from Shen et al. (2015) adapted
for cartesian coordinates. The weighting threshold
parameter Wt is set at 48. VISR3D method
implicitly assumes a spatially variable smoothing
parameter: the higher Wt, the smoothest the
solution.

C: StrainTool (Anastasiou et al., 2019) is an open
source python suite https://github.com/DSOlab/St
rainTool based on the VISR method of Shen et al.
(2015) and used by the EPOS-GNSS consortium to
provide their strain-rate product (Fernandes et al.,
2022). It has been used by the player with the
default set of parameters, i.e. Wt set to 24 and the
optimal smoothing distance chosen by exploring the
1-500 km interval by steps of 1 km. Since Straintool
does not allow for station duplicates, when two

velocities are available for the same site, the velocity
with the higher uncertainty is discarded.

D: The SPARSE code developed by Haines and
Holt (1993) derives strain rates from the horizontal
velocities that are interpolated using a bi-cubic
Bessel spline technique (Beavan and Haines, 2001).
The lithosphere is supposed to be homogeneous,
with a single smoothing parameter (sm 0.25) used
over the whole region.

E: The Gaussian smoothing method relies on
computing at each grid node the 3D velocity and
the horizontal strain rate tensor by weighting the
observed 3D velocities by a Gaussian function of
the distance between the computation point and
the GNSS site, and the inverse of the velocity
uncertainty. Uncertainties lower than 0.01 mm/yr
are set to 0.01 mm/yr. In this method, the
vertical component of the velocity is used for
the computation of the horizontal strain rate by
assuming a radial motion on a sphere, i.e.: isotropic
extension rate = Vup

REarth
(see Mazzotti et al., 2011;

Masson et al., 2019a, for a full description).

F: The BStrain method inverts for the interpolated
horizontal velocity field and strain rate tensors by
using a bayesian transdimensional inversion (Pagani
et al., 2021; Métois et al., 2025). As for method
E, uncertainties lower than 0.01 mm/yr are set
to 0.01 mm/yr. The same a-priori conditions
and convergence parameters are used for all the
models, and 1 million of iterations are considered.
To compare with the results from other players,
we plot the median of the probability density
functions (PDF) associated with each component of
the interpolated strain rates. Where the standard
deviation of the interpolated horizontal velocity
PDF is higher than 2 mm/yr, results are disregarded
and not plotted.

G: The STIB method (Masson et al., 2014) is
used with a smoothing parameter chosen to be
200 and a damping factor of 10−9. This inversion
technique is inspired from the delay-time seismic
tomography considering temporal variations of the
baseline lengths all over the study area.

H: Horizontal interpolated velocities and 2D strain
rates are computed using the basis function
expansion (BSF) method (Okazaki et al., 2021;
Okazaki, 2025). Basis functions are placed
with 30 km intervals. The hyper parameter is
objectively determined by minimizing ABIC, so
spatial smoothness depends on the model. The
velocity uncertainties are not taken into account in
the computation.

Two contributions are proposed using codes derived
from the same VISR method developed by Shen et al.
(2015) (B, C). Others are proposed by players who have
developed their own method and have therefore a high
level of expertise for this specific method (E, F, G),
while others are end users (A, C, D, H).
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2.3 Conventions and Format
We ask all players to provide their results on a 0.5◦×0.5◦

grid, for each synthetic velocity field. The file structure
is described in supplementary table S1, note that we
define the second invariant I2 as

√
ε̇2

xx + ε̇2
yy + 2ε̇2

xy; and
the divergence d as ˙εxx + ˙εyy. Some codes do not allow
for simple control on the grid output and impose, for
instance, a regular grid in Cartesian coordinates that
slightly differs from our reference grid. In this case
(C), we interpolate linearly and resample the results.
Contribution D gives angular vorticity in ◦/Myr that
we convert in /yr assuming ω = f × ωang with f =
2π/(180 × 106).

3 Building Synthetic Velocity
Fields

3.1 GNSS Network in Mainland France
Mainland France is quite densely covered with GNSS
permanent stations from academic, public, and private
networks producing position time series of heterogeneous
quality and duration (Figure 1). However, because of the
large number of potentially active faults and their very
low loading rates (lower than 1 mm/yr, Jomard et al.,
2017), this coverage may be too sparse to capture the
deformation associated with single features. Therefore,
since the 2000s, the academic community has developed
and maintained complementary networks of benchmarks
particularly dense in tectonically active zones (Alps,
Pyrenees, southeastern France), which positions are
measured on an episodic basis.

Several secular velocity fields have been computed
and published in recent years, encompassing subsets of
these potentially available observations (Déprez et al.,
2018; Masson et al., 2019a; Piña-Valdés et al., 2022;
Santamaría, 2022). In our theoretical exercise, we
aim at exploring what kind of deformation signal
(shape and amplitude) is reasonably detectable using
GNSS long-term velocities. We therefore chose to
sample our synthetic velocity fields on a reasonably
optimistic available network, i.e., we associate a velocity
value to each GNSS station in mainland France that
has already been used to build these secular velocity
fields, whether the station is still operating or not,
and including all known benchmark networks (hereafter
called semi-permanent). We did not include stations
from the recent Centipede network (Bosser et al.,
2024; Ancelin et al., 2025), since it remains unclear
up to now whether we can use these stations to
derive robust long-term velocities. Added to permanent
stations from other networks abroad, that have not
been considered exhaustively, this results in a theoretical
network composed of 1600 stations covering France and
neighboring countries.

The density of stations in our idealized network is
highly variable: the highest densities are observed in
the Paris basin that benefits from a large number
of private GNSS stations distributed via the RGP
network, together with the Pyrenees and the Alps where

the existing academic stations are complemented by
semi-permanent networks. Fewer stations operate in
Massif Central and western France. To further explore
the impact of the network design on our results, we
consider four boxes of about 150 000 km2 (Figure 1):
(1) the Alps and Rhone Valley, (2) the Pyrenees,
(3) the Armorican Massif and western Massif Central,
and (4) the Paris Basin. We use the same idealized
network to build 11 distinct synthetic velocity fields,
or “models”, as listed in Table 2 and presented in
the following sections. The synthetic horizontal and
vertical velocity fields from these models are presented
in Figure 2 and Figure S5 (Supporting Information),
without adding the reference noise model, to better show
the expected geodynamic signal. For each synthetic
model, we compute the theoretical strain rates indicators
on a 0.5◦ grid: principal strain rates directions, I2,
divergence and vorticity, all presented in Figures S2 to
S4 in Supporting Information. For all models except
7 and 11 (i.e., block rotation models), the theoretical
strain rate tensors are computed at each grid node based
on analytical formulations from elastic plate flexure and
fault dislocation equations. We compute vorticity from a
dense and regular 0.1◦ x 0.1◦ velocity field using standard
gradient computation in order to minimize interpolation
artifacts. The same strategy is used to compute the
strain rate tensors and their invariants for velocity fields
computed using rigid blocks. Vorticity is computed
analytically for model 7 (rigid blocks and noise).

3.2 Building Noise Models [1, 2, 3]
In order to test the sensitivity of the methods to
the noise content, we generate three synthetic velocity
fields containing only noise, i.e., free from any coherent
geodetic and geodynamic signal. Since the spatial
structure and frequency content of noise in GNSS time
series is still a research issue (Benoist et al., 2020;
Costantino et al., 2023; Gobron et al., 2024; Rebischung
and Gobron, 2024), generating realistic noise models
associated with velocity fields is not trivial. Our
velocity noise models are based on randomly selected
synthetic velocities from Masson et al. (2019b), with
minor adjustments to the statistical properties to ensure
noise characteristics that correspond to the mainland
France observations. These velocities are derived from
synthetic position time series of durations of 3–21 years,
with colored noise amplitudes of 0.6–4.4 mm and spectral
indices of -0.9 to -0.01, and with a number of offsets that
depend on the series’ length. Details of the synthetic
velocity creations can be found in Masson et al. (2019b)
and in Figure S1 (Supporting Information) and Data
Availability section.

The statistical characteristics of the noise-model
velocities are given in supplementary material, compared
to those of actual velocities in mainland France from
(Masson et al., 2019b; Piña-Valdés et al., 2022; Grosset
et al., 2023). In summary, the interquartile ranges
of our synthetic horizontal and vertical velocities are
0.1–0.15 mm/yr and 0.3 mm/yr, respectively, compared
to 0.3–0.4 mm/yr and 0.7–0.8 mm/yr for the observed
velocity solutions. Thus, our synthetic noise-model
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Figure 1 – Left: GNSS networks available and used in our study area. Continuous academic (RESIF , 2017) or non academic
networks (RGP https://rgp.ign.fr/ and Geodata-Orpheon data archived at re3data.org, 2022) are plotted as circles and
diamonds. Semi-permanent or campaign mode benchmarks networks installed in the most tectonically active area are plotted
as colored crosses: Venice (Masson et al., 2003), ResPyr (Chenel et al., 2009; Rigo et al., 2015) , PotSis (Talaya et al., 1999),
GPS Alpes (Vigny et al., 2002; Walpersdorf et al., 2018). Gray triangles are stations from other networks with published velocity
that we use to build our synthetic velocity field. Active faults are from Jomard et al. (2017). Right: Earthquakes from the
FCAT catalogue (Manchuel et al., 2018) as circles that scale with magnitude. Simplified traces of major faults used to build
synthetic models 4 to 7 are shown as dotted colored segments. ESA - Eastern South Armorican Fault; BF - Belledonne Fault;
AF - Ardenne Front; RG - Rhine Graben; PF - Pyrenean Front; WSA - Western South Armorican Fault; JT - Jura Thrust;
CF - Cevennes Fault; DF - Durance Fault; SH - Sillon Houiller. Black boxes correspond to four subzones. 1- Alpine area, 2-
Pyrenean area, 3- Armorican and western Massif Central, 4- Paris Basin.

Table 2 – 11 synthetic velocity fields: number, content, and description.

Model Content Details
1 Noise 1 Same as Noise 3 but with half amplitude
2 Noise 2 Same amplitude as Noise 3 but spatially different
3 Noise 3 Reference noise
4 Creeping no noise Active faults creeping at 0.3 mm/yr, no noise added
5 Creeping + noise Active faults creeping at 1 mm/yr, noise added
6 Locked + noise Locked faults at rates 1mm/yr, noise added
7 Blocks + noise Rigid block rotations, noise added

8 GIA Alps + noise
Visco-elastic rebound expected from Glacial Isostatic
Adjustment associated with the Alpine ice sheet melting, noise added

9 MC hot spot + noise Surface flexure modeled for a theoretical hot spot under Massif Central, noise added
10 Locked + GIA + MC + noise Combination of models 6, 8 and 9, noise added
11 Blocks + GIA + MC + noise Combination of models 7, 8 and 9, noise added

velocities show a smaller dispersion (by a factor of
∼2), which can be attributed to the fact that the
actual velocities contain tectonic or solid Earth signals
of amplitudes ca. 0.1–1 mm/yr (e.g., deformation
in the Alps and Pyrenees). Alternatively, the lower
dispersion of our synthetic data sets may indicate that
our noise model is slightly optimistic, which will be
taken into account in the analyses and discussions of
the results. The velocity uncertainties in our synthetic

noise model are characterized by median values of
0.15 mm/yr and 0.4 mm/yr for the horizontal and
vertical components, respectively, and a correlation
coefficient with the velocities of 0.3–0.5. These synthetic
uncertainty statistics are similar to those of actual
velocity solutions.

Hereafter, the three noise models are referred to as
model 1, 2, and 3 (Table 2). Models 2 and 3 have the
same statistical properties but with two different random
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samplings of velocities at the GNSS stations, allowing us
to test the effect of the regional station distribution as
a function of noise location. The first model (model 1)
corresponds to model 3, with velocities and uncertainties
divided by two. Model 3 also serves as the reference
noise model that is added to the tectonic models defined
below. By definition, the “true” strain rate invariants
and vorticity associated with these models are null.

3.3 Fault and Tectonic Models [4, 5, 6,
7]

In mainland France, rates of potentially active faults
barely reach 0.1 mm/yr (Jomard et al., 2017), i.e.
very low slip rates. We chose to overestimate these
slip rates up to 1 mm/yr in order to maximize the
surface deformation that could be associated with active
faults. We use a subset of faults from the database
of potentially active faults (BDFA) in mainland France
(Jomard et al., 2017), selected to capture the variability
in fault styles and locations: normal faulting in the
Pyrenees, the Upper Rhine Graben, and the northern
branch of the South Armorican Shear Zone, strike-slip
faulting in the South Armorican Shear Zone, the Massif
Central, the Western Alps, and the North-Artois Shear
Zone, reverse faulting in the French Juras and the
Cévennes (Figure 1-right). Each fault trace is simplified
to a continuous segment with a single homogeneous dip.
These simplifications likely impact near-field (< 10 km)
velocities and strain rates, but they have very little to no
effect at distances sampled by the GNSS network (few
10s km).

We create three sets of fault-related synthetic
velocities where all faults have the same slip
characteristics (Table 2 and Figure S2 in Supporting
Information): model 4, in which all faults creep at a
slip rate of 0.3 mm/yr; model 5, in which all faults
creep at a slip rate of 1 mm/yr; model 6, in which all
faults are locked (i.e., in the interseismic phase of strain
accumulation) at 1 mm/yr. For the last two (models 5
and 6), we add random noise from our reference noise
model (model 3). Model 4 remains noise free, thus
allowing us to test a best-case scenario for potential
faults with a reasonable slip rate in the context of
mainland France, while the other two models allow
testing the detection capacity for unreasonably fast
faults, but with a reasonable noise level.

Fault-related velocities are computed using
formulations for dislocations in an elastic half-space
(Okada, 1985), with slip dislocations between 0 and 15
km depth for the creeping-fault models (models 4 and
5) or between 15 and 100 km depth for the locked-fault
model (model 6). The fault traces are independent
and not connected, resulting in the main deformation
patterns concentrated within ∼100 km of the fault traces
(Figure 2). This unusual model is meant to replicate
very slow unconnected faults loaded by far-field stresses
without large-scale tectonics, as expected in intraplate
contexts.

A second set of models is created to represent potential
rigid block rotations in mainland France and nearby

areas. The block boundaries are chosen to reflect large
crustal-scale structures, most of which are similar to
the fault traces used in the fault models, while others
are only there to “close” the blocks outside of our
area of interest (Figure S3, Supporting Information).
Relative block rotations, i.e., relative to overall France,
are defined to reproduce the first-order patterns observed
in the GNSS velocity solution of (Masson et al., 2019a).
The rotations characteristics are given in supplementary
table S2. This block model provides an alternative
“plate boundary tectonics” version to the fault model, in
which all faults are connected in a consistent kinematic
framework where the block-boundary faults are creeping
at slip rates imposed by the relative block motions.
The main block model (model 7) comprises only the
rigid-block velocities combined with the reference noise
model (model 3). Block boundaries are vertical creeping
faults, resulting in large values of divergence and I2 in
the vicinity of the boundaries only. Inside each block, the
divergence and second invariant are expected to be zero,
while the vorticity is uniform (Figure S3, Supporting
Information).

3.4 Flexure Models [8, 9]
The last set of geodynamic models represents the
flexural response of the lithosphere to both external and
internal processes (Table 2; Figure S4 in Supporting
Information): Model 8 corresponds to present-day
Glacial Isostatic Adjustment in response to the loading of
the lithosphere by the Pleistocene (Würm) alpine glaciers
and ice sheets (e.g. Walpersdorf et al., 2018; Sternai
et al., 2019; Grosset et al., 2023). The ice loading model
is based on the glacier reconstruction at the Last Glacial
Maximum (LGM, ca. 21 ka BP) by Mey et al. (2016).
The model covers the entire Alps, with ice thicknesses up
to 2000–2500 m in the deepest valleys. The response of
the lithosphere is computed with the open-source gFlex
code (Wickert, 2016) assuming a simple elastic plate
overlying a Newtonian viscous fluid (i.e., 1D Maxwell
rheology), with an elastic plate thickness of 60 km and
a viscous relaxation time of 5500 yr, following Grosset
et al. (2023) and Damon et al. (2023). Ice-sheet melting
is supposed to occur instantaneously at 17 ka (Seguinot
et al., 2018). The predicted horizontal velocity field
(Figure 2) shows a standard radial outward pattern
associated with upward flexure of the alpine region, with
horizontal and vertical velocities up to ~0.5 mm/a and
~1.5 mm/a, respectively.

Model 9 is created to represent the potential effect of a
hotspot underneath the Massif Central. The lithosphere
response to such an upper mantle dynamics is modeled
as the flexure of a 20 km-thick elastic plate, using the
gFlex software, driven by an upward push centered under
the Massif Central (diameter of the plume circa 80 km).
The response is then scaled to fit the GNSS velocities
observed in Belgium and Germany, proposed to represent
deformation due to the hotspot associated with the Eifel
Volcanic Field (Kreemer et al., 2020). The predicted
velocities are about twice smaller than those of the
Alpine GIA model, with a circular pattern centered on
the Mont Dore volcanic system (45.0827◦N, 2.6836◦E).

119 | https://doi.org/10.55575/tektonika2026.4.1.121 TEKTONIKA | volume 4.1 | 2026

https://tektonika.online/index.php/home/article/view/121/187
https://tektonika.online/index.php/home/article/view/121/187
https://tektonika.online/index.php/home/article/view/121/187
https://tektonika.online/index.php/home/article/view/121/187
https://tektonika.online/index.php/home/article/view/121/187
https://tektonika.online/index.php/home/article/view/121/187
https://tektonika.online/index.php/home/article/view/121/187
https://doi.org/10.55575/tektonika2026.4.1.121


TEKTONIKA | RESEARCH ARTICLE | Métois et al., Strain Rate in Mainland France From Synthetic GNSS Velocity Fields

Figure 2 – Synthetic horizontal velocity fields computed based on geophysical assumptions and combined with noise to build
models 4 to 9 (from left to right, top to bottom). Vertical velocity fields are provided in Figure S5 (Supporting Information).

For models 8 and 9, the theoretical vorticity is computed
by derivation of the interpolated velocity field.

These two flexural models are combined and added to
the 1 mm/yr locked-fault model (model 6) to produce
model 10 (Alpine GIA + Massif Central hotspot + fast
active faults). Model 11 includes both flexural models
and block rotations as in model 7. Finally, all four
models are combined with the reference noise model
3. Note that the theoretical strain rates invariant and
vorticity are computed and not given analytically for
these combined models.

4 Results
Results are summarized here as maps of second invariant
I2 (i.e., total strain), divergence (i.e., dilatation /
contraction), vorticity (i.e., rotation), and principal
directions retrieved by each player (Table 1) for each
model (Table 2), with the full sets presented in
Supporting Information (Figures S7 to S21). In
each figure, we present the theoretical values (upper
left panel) and what is effectively retrieved by the
contributors, using the same color scale for comparison
(see Figure 3 for instance). We quantify the agreement
between the true value and the inverted ones using
different metrics that give an overall idea of the

performance of each method: we compute the RMS
(root-mean-square) of the difference between the true
and retrieved maps by summing residuals on each
pixel (blue histograms in Figure 3) and the correlation
between the true and retrieved maps (where the true
value is not zero, i.e. models 4 to 11, black diamonds in
Figure 3). We also compute an autocorrelation score (red
triangles in Figure 5) in order to have an idea of how the
results are controlled by noise. The autocorrelation score
is obtained by computing the correlation between the
results for the specific model and for the reference noise
model 3. Thus, an autocorrelation score significantly
lower than one indicates that the results are likely to be
meaningful and contain signal that differs from noise.

4.1 Do We See Noise?
Some results for model 3 containing only noise are
presented in Figure 3 (see Figures S7, S8 and S9
for complete results from all noise models). At first
glance, we clearly see that some contributions deviate
significantly from the expected null pattern regardless of
the indicator considered. The residual RMS is always
maximal for contributions C and G. We compute the
wRMS between observed and predicted velocities for
methods allowing this analysis, as shown in Figure S24
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(Supporting Information). No significant overfitting is
observed for method C, nor systematic misfit for methods
A, F and H, that are considered to be performing
slightly better than others. This confirms that the fit
to the observed velocities is not efficient to discriminate
between methods.

The dispersion around zero (i.e., around the true
model) of each contribution is a measure of its capacity
to deal with velocity noise in extracting strain rates.
These dispersions are shown as boxplots in Figure S10
(Supporting Information). They are summarized in
Figure 4 as the widths associated with 67% of the
distributions (CI67), i.e., the 67th percentile for the
second invariant I2 (positive values) or the difference
between the 83.5th and 16.5th percentiles for the
divergence and vorticity (negative and positive values).
We compute these statistical indicators based on the
entire study area in Figure 4, and on 4 geographic boxes
presented in Figure 1 and in Figure S11 (Supporting
Information). Overall, contributions A and H present
the lowest dispersions around zero (i.e., the best capacity
to deal with velocity noise), while contribution C shows
the largest dispersion, about 100 times larger. The
average 67% dispersions are about (0.1-1)×10−9/yr. The
dispersion is overall lower for all contributions in the
Paris Basin where the station density is the highest, with
only continuous GNSS stations. The results are closest
to the true model for the noise model 1 in which the level
of noise is half that in models 2 and 3 (Figure 4).

From this analysis, we can estimate confidence
thresholds for each contribution, i.e., threshold values
under which the contribution is unable to resolve actual
signal from noise for I2, divergence and vorticity. To do
so, we compute the mean of these statistical indicators
retrieved for the entire onshore part of models 2 and 3
and for their subsets as sampled by our 4 geographical
boxes (Figure 1). Below these threshold values, as
presented in Table 3, the results of the inversions should
not be interpreted as actual signal and will be masked in
the following. However, as discussed in the next section,
some contributions that appear very resilient to noise
(i.e., the threshold values are low for every indicator)
nonetheless fail in retrieving geodynamic signal (see for
instance contribution H). Contributions A, F, and H are
the most resilient to noise, with low confidence threshold
values, while contribution C is the most sensitive to
noise. For models 4 to 11, we compute statistics (RMS,
correlation and autocorrelation) based on pixels which
value is above these confidence thresholds.

4.2 Do We See Geodynamic Signals?
4.2.1 Do We See Flexure?
We present retrieved maps of strain rates indicators for
flexural models 8, 9 and 10 in supplementary Figures
S12 to S15. We show on Figure 5, I2 and divergence
obtained for model 8 containing GIA signal and noise.
Based on the noise analysis conducted in section 4.1, we
choose to mask the areas where the retrieved values are
lower than the confidence thresholds listed in Table 3.
Results from contribution H are barely masked since the

Table 3 – 67% confidence threshold values (in 10−9/year)
determined for each contribution and indicator, based on
noise models 2 and 3 considered realistic. Q83.5 minus
Q16.5 for the divergence and vorticity, Q67 for I2, cf. text.
Maximum thresholds for tuned methods are in bold, and can
be considered as conservative values.

Contribution
Divergence
threshold

I2

threshold
ω

threshold
A 0.069 0.09 0.033
B 1.55 1.21 0.34
C 3.46 4.18 1.5
D 0.28 0.33 0.13
E 0.82 0.71 0.41
F 0.06 0.17 0.011
G 1.22 1.03 0.36
H 0.01 0.02 0.0003

confidence threshold is very low, while large parts of
the results from contributions B, C, D, E, and G are
classified as non-interpretable (i.e., it is impossible to
reconstruct the expected shape associated with the GIA
signal from masked contributions B and E, for example).
Unmasked maps are provided in Figure S23 (Supporting
Information).

For model 9 containing a subtle flexure of the Massif
Central due to a potential hotspot, autocorrelation scores
are close to 1 (i.e., full correlation with reference noise
model 3) for all strain rate indicators (Figures S12
to S15). We conclude that this geodynamic signal is
invisible within the noise model, too small to be correctly
recovered.

On the contrary, autocorrelations are lower than 1
for several contributions when retrieving strain rates for
the Alpine GIA model (model 8). This is particularly
notable for I2 and divergence (Figure 5), for which the
contributions A, F and H differ significantly from the
reference noise model (A and F only when considering
vorticity, see Figure S14 in Supporting Information).
Significant correlations (≥ 70%) with the expected
I2 are observed for contributions A, F and H, while
good correlation scores are observed for divergence for
contributions A and F, and for strain style patterns
for contributions F and H (Figure S23, Supporting
Information). These methods capture the alternation
between the GIA inner extension and its compressive
forebulge, retrieving the shape (and in amplitude for
method F) of this pattern. The subtle change in vorticity
(≤ 0.5 nstrain/yr) induced by this GIA model is not
convincingly retrieved by any method.

Figure 6 allows comparison of unmasked results of
model 8 (Alpine GIA) along a NW-SE profile crossing
the Western Alps. It underlines that contributions A
and H that manage to recover a consistent signal in
the divergence both underestimate it by more than 1
nstrain/yr at its maximum. Contribution F retrieves
correctly the amplitude and overall shape of the northern
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Figure 3 – Maps of retrieved I2 for our reference noise model 3 and the 8 contributions (A to H, see Table 1). Gray area are
where strain rates are not computed or considered unreliable (i.e. offshore). Lower left graph shows RMS as blue histogram.

Figure 4 – Widths associated with 67% of the distributions (CI67), i.e., the 67th percentile for the second invariant I2 (positive
values) or the difference between the 83.5th and 16.5th percentiles for the divergence and vorticity (negative and positive values)
for the entire noise models 1, 2 and 3, from left to right.

part of the extension area, but fails in recovering its
decrease to the south.

4.2.2 Do We See Active Faults?
We present retrieved maps of strain rates indicators for
active faults models 4, 5 and 6 in supplementary Figures
S17 to S19. In the main text, we show on Figure 7 results
of the inversion of I2 for these models. As for flexural
models, we mask the results based on the confidence
threshold determined for each contribution. However, we
show the entire results for model 4 that is free of noise
and contains only very small signal (creeping faults at
0.3 mm/yr).

In the peculiar case of this model 4, which is
free of noise, 6 of the 8 contributions exhibit a
significant correlation with the expected I2 pattern, with
a correlation score higher than 80% for contribution

H (Figure 7). The very low correlation score for
contribution F is probably due to outliers at the
model boundaries. Results are significantly worse when
looking at retrieved patterns of divergence and vorticity
(supplementary Figures S17 and S18), for which only
contribution H performs correctly (i.e. correlation higher
than 50%). The tectonic style associated with each
active structure is correctly recovered by contributions G
and H (Figure S19, Supporting Information). Therefore,
even in the absence of noise associated with surface
velocities, it is very challenging to recover the strain rate
signal of faults creeping at 0.3 mm/yr, while this rate
is already too large for mainland France. I2 is probably
the most reliable and stable indicator to look for active
faults in this case. Note that most methods are designed
for continuous velocity fields, which is not the case when
considering creeping faults.
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Figure 5 – Maps of theoretical (upper left panel) and retrieved (onshore only) I2 (top) and divergence (bottom) for model
8 (Alpine GIA). Retrieved maps are masked based on the threshold values determined in section 4.1 and Table 3. Lower left
graphs show computed statistics. Autocorrelation is computed with respect to retrieved values for model 3 (reference noise
model).

The theoretical strain rates are higher for model 5, in
which faults are creeping at 1 mm/yr, than for model
6, in which faults are locked at similar rate and produce
deformation at larger spatial scales. I2 is only partially
recovered (score ∼50%) for model 6 by contribution
A and not at all for model 5. Retrieved patterns of
divergence and vorticity are far from the expected for all
contributions (see profile view in Figure S22, Supporting
Information). When deformation due to locked faults
is superimposed to deformation coming from flexural
processes (model 10 in supplementary Figures S12 to

S15), the tectonic style associated to single faults is not
recovered at all.

Overall, these results indicate that it is easier
to recover large wavelength deformation signals than
intense but localized deformation. This is a direct
effect of the spatial filtering or averaging imposed
by most methods to remove short-wavelength velocity
noise. When noise is considered to perturb the observed
velocity fields, it is impossible to recover strain rate
patterns associated with 1 mm/yr locked or creeping
faults given the network characteristics, the level of noise,
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Figure 6 – Profile of expected (black bold line) versus retrieved divergence, along a profile line crossing the Alpine chain for
model 8. Values originally sampled on a 0.5◦ grid have been interpolated. See Figure S16 (Supporting Information) for a profile
sampling I2 and the vorticity.

and the techniques selected in this exercise (see Section
5.1).

4.2.3 Do We See Rigid Block Motion?
We present retrieved maps of strain rate indicators
for the Eulerian block model 7 in Figure 8, masked
based on the confidence thresholds determined for each
contribution. Contributions A and H recover some
patterns of the second invariant, but systematically
overestimate I2 by ∼ 0.5 × 10−9/yr in the center of
the blocks where it should be zero, in particular where
blocks are small and affected by the deformation along
their boundaries. Divergence is not correctly recovered
by any contribution. Vorticity is the most relevant
indicator associated with the expected motion since we
are looking for Eulerian rotations. All contributions but
D retrieve the vorticity pattern with correlation scores
of about 50% or higher. Contributions F and H give the
most interpretable results since they provide spatially
continuous results due to their low confidence thresholds.
For model 11, in which block motion is superimposed
to flexure from Alpine GIA and Massif Central (Figure
S21, Supporting Information), we get roughly the same
conclusions.

5 Discussion and Conclusions
Given the current design of our benchmark exercise,
several first-order conclusions can be drawn :

1. Some contributions deal with noisy velocity fields
better than others, namely A, F, and H based on the
Geostrain (Goudarzi et al., 2015), B-Strain (Pagani
et al., 2021) and BSF (Okazaki et al., 2021) methods,
respectively. These contributions generally perform
better than others in recovering strain rates by
being less sensitive to noise, but they fail like the
others in recovering signals associated with active
faults. Note that Geostrain is designed to capture
continuous velocity fields with no discontinuity. On
the contrary, some methods that appear to be
sensitive to noise (B, E) are able to recover strain

rates associated with the Alpine GIA, although not
significantly outside of noise level (Figures 5 and 6).

2. Given the modeled noise characteristics in the GNSS
velocity fields and the imposed rules of the game,
none of the players were able to retrieve the expected
strain rates associated with locked or creeping faults
slipping at rates that are already too high for
mainland France (i.e., 0.3 or 1 mm/yr).

3. Similarly, all players are blind to the tiny
deformation produced by a supposed hotspot under
the Massif Central (maximum values of 2 nstrain/yr
for divergence, 1.5 nstrain/yr for I2, and horizontal
velocities lower than 1 mm/yr, vertical velocities
about twice lower than those observed for the Eifel
hotspot (Kreemer et al., 2020)).

4. Some contributions, mainly A, F and H, are able to
retrieve the overall shape of the strain rate patterns
associated with signals producing deformation on
large wavelengths, like the Alpine GIA or rotating
rigid blocks. However, the amplitude of the strain
rate indicators is not always captured properly.

These conclusions tend to show that there is still a
long way to go before being able to capture small-scale
signals associated with active faults in mainland France.
However, these results must be interpreted with caution,
keeping in mind the very strict rules of the game that we
imposed during this community exercise.

5.1 Limitations and Warnings
In order to ease the comparison between the
contributions, we ask the players to choose a single
parameterization for all their calculations. This demand
favors methods that are self-adaptive, i.e., that adapt
the calculation parameters to the signal-to-noise ratio
(either fixed a priori or automatically adjusted to the
data set). In contrast, by adjusting “by hand” the
smoothing parameters in the contributions based on
Shen et al. (2015) approach (which implies having some
knowledge of the noise affecting the velocity field), we
could probably obtain better results.
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(Figure 7, caption on next page)
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Figure 7 – Maps of theoretical (upper left panel) and retrieved (onshore only) I2 for models 4 (creeping and no noise, top),
5 (creep and noise, middle), and 6 (locked and noise, bottom). Retrieved maps are masked based on the threshold values
determined in section 4.1 and Table 3. Lower left graphs show computed standard statistics. Autocorrelation is computed with
respect to retrieved values for model 3 (reference noise model).

Figure 8 – Maps of theoretical (upper left panel) and retrieved (onshore only) I2 (top) and vorticity (bottom) for model 7
(blocks and noise). Retrieved maps are masked based on the threshold values determined in section 4.1 and Table 3. Lower left
graphs show computed standard statistics. Autocorrelation is computed with respect to retrieved values for model 3 (reference
noise model). Red lines are the block boundaries.

We also ask the players to give only one solution for
each model, while a common approach when dealing
with real velocity fields is to produce several “realistic”
or “preferred” strain rate calculations that give an
idea of the method variability. In the specific case
of contribution F, the player has to extract one single
statistical indicator (here, the median) from the full
probability density functions calculated as outputs of the
BStrain code, which contains much more information
on the plausible strain rate values. Other methods

provide uncertainties associated with the strain rate
tensor components that have not been analyzed here,
although this could help interpret the results.

A restriction of our exercise is to use a velocity
noise model with significant limitations, as presented
in Section 4.1: the dispersion of the noise velocities
may be too small compared to observations in mainland
France, the noise velocities have no spatial correlation
and low correlation between north-south and east-west
components. The first point likely results in our strain
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rate analyses being too optimistic, while the last two
would likely improve our analyses if the correlations were
included.

Based on the results obtained on the synthetic noise
models and the confidence threshold values extracted
from these (see Table 3), we should be safe in interpreting
strain rates results (except when coming from the
approach used without any tuning for the regional
study, contribution C) if: divergence is higher than
±1.5 nstrain/yr, I2 > 1.2 nstrain/yr and |ω| > 0.4
nstrain/yr (conservative values in Table 3). However,
these confidence thresholds should be used with caution
since they suggest that the best performing methods
(i.e. contributions A, F, and H) should be able to
see divergence higher than ±0.07 nstrain/yr, I2 > 0.17
nstrain/yr and |ω| > 0.033 nstrain/yr, i.e., values much
lower than the theoretical strain rates expected from
fault models, which these methods fail to recover. The
wavelength of the deformation signal and its position
with respect to the network itself are also key parameters
that should be considered together with these confidence
thresholds that are too optimistic when considered alone.

5.2 The Strain Rate Game is not Over
Mainland France is not the easiest playground for
geodesists looking for tectonic signals. By putting our
effort on this benchmark exercise, we aim at pushing the
boundaries of strain rate calculations toward very small
strain rates expected in stable continental interiors.

Our main findings show that today, while we are
probably able to recover correctly large-wavelength
signals like GIA (although missing part of its amplitude),
it is not reasonable to think that we can recover
signals coming from loading on single active faults in
strain rate calculations. However, this does not mean
that GNSS-derived strain rates cannot give interesting
information about the main local tectonic style: in
particular, we should be able to see consistent block
motions even associated with horizontal velocities of the
order of the mm/yr. Strain rates computed for mainland
France from real velocity fields with the strategy used
in contribution E (Masson et al., 2019a) are often
found to be consistent in style with recent earthquakes,
while this strategy is not outstanding in our benchmark
exercise. Horizontal strain rates associated with Alpine
GIA are among the signals that can be best estimated
in our analyses (Figure 5). This is in agreement with
studies using actual geodetic data in the Western Alps
showing that GIA contributes significantly to observed
vertical and horizontal velocities, and strain rates (e.g.
Nocquet, 2012; Masson et al., 2019a; Sternai et al.,
2019). Such results also have strong implications for
active faults and seismic hazard, with a current debate
regarding the potential impact of GIA fault activation
(e.g. Walpersdorf et al., 2018; Grosset et al., 2023).

There is also room for improvement in the strain
rate calculation methods or player strategies that could
be adapted depending on the expected signal. The
STIB method (Masson et al., 2014, , contribution G) is
performing better than most methods for velocity fields

that are free of noise, but fails when noise is added, which
could probably be improved. The BSF method (Okazaki
et al., 2021, , contribution H) is one of the methods that
allows correct recovery of some geophysical strain rates
but fails in recovering small-scale signals associated with
faults. Some work is ongoing to improve the method,
which currently does not take into account velocity
uncertainties (Ueda et al., 2024). B-Strain (contribution
F based on (Pagani et al., 2021)) is also one of the
methods that perform relatively well. One limitation is
that the inherent noise level of the data set is estimated
without distinction between continuous and campaign
mode measurements that are all considered together.

By gathering many researchers around this strain
rate calculation problem in slowly deforming France,
our scientific community is being pushed to tackle
methodological issues and to propose solutions to reduce
the noise associated with the surface velocity fields and
to improve the spatial coverage in mainland France. The
work started must continue in order to answer some
strategic questions :

• Would we get better strain rate recovery if we
had a denser velocity field with the same noise
amount? Some locally denser velocity fields have
been published recently (e.g. Kreemer et al., 2020),
suggesting room for improvement.

• Could we get better results by developing
semi-permanent networks in low-density areas or
around active faults, even if the uncertainties
associated with such measurements are high and
difficult to estimate?

• Would new velocities coming from dense but
low-quality and recent networks, such as the
collaborative Centipède low-cost network (Bosser
et al., 2024; Ancelin et al., 2025), be sufficient to
improve our calculations?

• Would it be enough to wait 10 more years to reduce
the velocities uncertainties and get better strain rate
estimates?

• Can we improve our calculations by taking into
account spatial correlation in the GNSS position
time series (Costantino et al., 2023; Gobron et al.,
2024), or potentially in GNSS velocities?

• What if we finally get some reliable estimates of
long-term velocity from InSAR (e.g. Thollard et al.,
2021; Cheaib and Doin, 2023; Daout et al., 2023;
Lemrabet et al., 2023; Meridi et al., 2025; Viltres
et al., 2025)?

Finally, this community benchmark exercise is
certainly not over. The synthetic data sets and true
models presented in section 3 are available online for
other players to join the game, and for current players
to refine their solutions (see Data Availability). Despite
the limitations listed above, this study forms a solid
foundation for moving on to the analysis of strain rate
maps computed from real observed velocity fields over
mainland France, and for integrating robust information
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from geodesy into a new seismic hazard model for
mainland France.
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