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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 more direct and straightforward comparison with other

geological or geophysical observations (earthquakes,

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

*>< marianne.metois@Quniv-lyonl.fr

114 |

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;
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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 Jouwve 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 (Bazter 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
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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 Wirm 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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