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Abstract.

This work aims at investigating how geodetic monitoring can offer valuable constraints to improve the source model in
probabilistic seismic hazard assessment. We take advantage of the release of geodetic strain rate models for Europe by
Pifia-Valdés et al. (2022) , and the release of the European Seismic Hazard Model 2020 (ESHM20) hazard model by Dan-
ciu et al. (2024) to compare geodetic and seismic moment rates across Europe, a wide region characterized by heterogeneous
seismic activity. Seismic moment computation relies on the magnitude-frequency distributions proposed in the ESHM20 source
model logic tree. We take into account the epistemic uncertainties explored in ESHM?20. On the geodesy side, we meticulously
calculate the geodetic moment for each zone, considering associated epistemic uncertainties. Comparing the distributions of
geodetic and seismic moments rates at different scales allows us to assess their compatibility. The geodetic moment rate lin-
early depends of the seismic thickness, that is therefore a key parameter contributing to the uncertainty. In high-activity zones,
such as the Apennines, Greece, the Balkans, and the Betics, primary compatibility between seismic and geodetic moment rates
is evident. However, local disparities underscore the importance of source zone scale; considering broader zones improve the
overlap between geodetic and seismic moment rate distributions. Discrepancies emerge in low-to-moderate activity zones, par-
ticularly in areas affected by Scandinavian Glacial [sostatic Adjustment, where geodetic moment rates exceed seismic moment
rates significantly. Nevertheless, in most zones where ESHM20 recurrence models are well-constrained, by either enough
seismic events in the catalogue or mapped active faults, we observe an overlap in the distributions of seismic and geodetic

moments, suggesting the potential for integrating geodetic data into hazard models, even in regions with low deformation.

1 Introduction

Nowadays, source models in up-to-date probabilistic seismic hazard studies are based both on past seismicity and active tecton-
ics datasets. For example, the source model logic tree in the European Seismic Hazard Model 2013 (Woessner et al., 2015)
and its update the European Seismic Hazard Model 2020 (Danciu et al., 2024) include two main branches, an area source
model and a fault model. In regions where active faults are rather well-characterized, they must be accounted for in the haz-

ard estimations (e.g., Stirling et al., 2012; Field et al., 2014; Beauval et al., 2018) . Fault models are mostly based on geologic
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information, covering much larger time windows than the available earthquake catalogs. Fault models thus bring insights on
the generation of earthquakes that complement the catalog-based earthquake forecasts. However, fault databases are known
to be incomplete, even in the best characterized regions, and earthquakes may occur on unknown faults, as demonstrated by
several earthquakes in the past, as the two 2002 Mw  5:7 Molise earthquakes (Valensise et al., 2004) in Italy or the Darfield
Mw 7.1 earthquake in New Zealand (Hornblow et al., 2014) .

The use of geodetic data in the development of source models has been limited up to now, although deformation rates
based on velocities from the Global Navigation Satellite Systems (GNSS) constitutes a promising perspective for constrain-
ing earthquake recurrence models (Jenny et al., 2004; Shen et al., 2007) . GNSS stations measure the present-day displace-
ments at the surface of the earth. A convenient way to characterize the ground deformation is to invert the surface velocities
measured by GNSS to compute strain rate maps, that are independent from the reference frame. The accuracy of the esti-
mated strain rates depends on the spatial density of GNSS stations, on the quality of the sites, and on the duration of the
records (Mathey et al., 2018) . Along major interplate faults, such as subduction zones or lithospheric strike slip faults, in-
terseismic velocities measured by GNSS are now commonly used to constrain the slip deficit on the fault associated with
locking in between large seismic events, also referred to as interseismic coupling. In such highly active tectonic bound-
ary regions, the interseismic slip deficit may be combined with the earthquake catalog to constrain earthquake recurrence

(Avouac, 2015; Mariniere et al., 2021) . In plate interiors, where the faults are moving at low slip rates and where the fault
mapping might be not enough developed, strain rate models can provide constraints on the seismic potential.

Indeed, the tectonic loading recorded by geodesy should be proportional to the energy released during earthquakes, under the
assumption that the earth’s crust behaves elastically (Reid, 1910) . If this assumption is true and if other factors such as aseis-
mic deformation are not significant, then the rate at which energy is released during earthquakes (represented by the seismic mo-
ment rate) and the rate at which tectonic forces build up between earthquakes (represented by the geodetic moment rates) should
be equal (Stevens and Avouac, 2021) . This balance can be used to constrain magnitude-frequency distributions. In the last 30
years, a number of studies have analyzed catalog-based magnitude-frequency distributions with respect to the tectonic load-
ing measured by geodesy. Based on the mapping of strain rates from geodesy in the Hellenic arc, Jenny et al. (2004) found
that the maximum magnitudes required for the earthquake recurrence models to be moment-balanced were unrealistic and
concluded that a large part of the strain is released in aseismic processes, following Papadopoulos (1989) . In the India-
Asia collision zone, Stevens and Avouac (2021) highlighted a correlation between earthquake rates and strain rates. They
established moment-balanced recurrence models that fit both past seismicity and the geodetic moment, bounded by maxi-
mum magnitudes compatible with those expected in the region. These moment-balanced earthquake recurrence models can
be combined to ground-motion models to quantify probabilistic seismic hazard (e.g. Stevens and Avouac (2021)) . To our
knowledge, in Europe, the only seismic hazard model that integrates a source model based on strain rates is the new Italian
hazard model (Meletti et al., 2021) . Gridded seismicity rates are inferred from geodetic strain rates, following in particular
the method of Carafa et al. (2017) . A number of studies have demonstrated how geodetic strain rates correlate with seismic

rates (e.g. Zeng et al. (2018)).



Determining the extent to which the methods used to study highly active tectonic regions can be applied to areas with lower
levels of seismic activity is an open research question. The present study is at the scale of the whole European continent, that
60 is very heterogeneous in terms of tectonic activity. Southern Europe, with regions such as the Apennines, Greece and Turkey,
is characterized by a high seismic activity and significant tectonic deformation (Nocquet, 2012; de Vicente and Vegas, 2009) ;
whereas northern and central Europe is characterized by a low to moderate seismic activity (Kierulf et al., 2021; Lukk et al., 2019) .
We take advantage of two new studies performed at the scale of Europe: the release of the new probabilistic seismic hazard
model for Europe (ESHM20, Danciu et al. (2021) ); and the strain rates models computed by Pifa-Valdés et al. (2022) as
65 presented in Figure 1. Our objective is to compare the ESHM20 earthquake rate forecast with the deformation rates obtained
from the GNSS velocities, giving special attention to the estimation of uncertainties.
In a first step, we present the datasets and methods used to compute the seismic and geodetic moments integrated in space
and time and to explore the uncertainties. Next, we compare the estimated seismic and geodetic moments in the different
seismogenic source zones of ESHM20 that covers the Euro-Mediteranean region. We then discuss the parameters that influence

70 the most the compatibility in both high and low-to moderate seismic activity.
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Figure 1. Strain rate model for Europe and ESHM20 earthquake rate forecast (smoothed seismicity and fault model branch). (a) II invariant of
the strain rate tensor (Pifia-Valdés et al., 2022) , with area sources of ESHM20 superimposed; (b) Smoothed seismicity model, earthquakes

rates My 4:5, faults included in the model are superimposed (Danciu et al., 2021)
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2 Methods and Data
2.1 Seismic moment: moment distribution associated with the ESHM20 source model logic tree

ESHM20 aims at delivering seismic hazard levels throughout Europe, using harmonized datasets and applying homogeneou:
methodologies (Danciu et al., 2021) . The regional hazard model consists of two main compc¢ a seisimcgenic source
mode thai forecast: eartlquake in space time anc magnitude anc a grounc-mction mode thar predicts the grounc-mctions
thal thes¢ earttquake may gerelate. The present study deals with the seismogenic source model and its comgThents.
earttquake rate forecas include: all earttquake typesi.e., crustal deey (Vrancei region, Rcmenia), anc sutduction (Hellenic,
Cyprian Calabriar anc Gibratar Arcs) earttquakes In this pepel we focus on the cortribution of crusta shalow seismcgenic
sources that car be directly conrparec to suiface strair rate.

The ESHM20's seismogenic source model is based on several updated c (Danciu et al., 2021) : an earthquake cata-
log, covering the time window 1000-2014, including both histor (Rovida et al., 2022) and instrumen (Lammers et al., 2023)
periods, and a fault database including potentially active faults, with their geometry and geologic or geodetic slip rates (Eu-
ropean Fault-Source Model 2020 EFSM Basili et al. (2023) ). The seismogenic source model logic tree accounts for alter-
native seismogenic source models to capture the spatial and temporal variability of the earthquake rate forecast in Europe. It
includes two main branches : an area source model and a hybrid model that combines active shallow faults with a background
smoothed seismicity with an adaptive ker (Danciu et al., 2021) .

The area source model consists of cross-border harmonized seismogenic whosesgeometry is guided by seismo-
tectonic evidence such as potentially active faults, geologic features, seismicity pattern (Danciu et alFor eact area
source a Guterberc-Richtel macnitude-frequenc distribution (Gutenberg and Richter, 1944) has beevauated from the
earthquake catalog taking into account time windows of completeness. Two alternative models have been considered to ac:
count for the uncertainty in forecasting earthquake rates in the upper magnitude range:

— a magnitude-frequency distribution truncated at a maximum magnilgs , corresponding tForn 2 in Anderson
and Luco (1983) :

N(m)=10% P ™ +102 PMmx form M pay (1)

— atapered Pareto distributic (Kagan, 2002) which includes a bending of the recurrence model from a magnitude called

the corner magnitude\.).

As an alternative to the area source model, the hybrid model consisting of active crustal faults combined with off-fault
smoothed seismicity (Fig 2). For each fault, a moment-balanced magnitude-frequency distribution has been established, tha
accommodates the moment inferred from the slip rate and the geometry of the fault, assuming moment conservation principle.
The maximum magnitude is obtained applying Leonard (2010, 2014) , scaling relationship to the length, the width and the
area of the faul (Basili et al., 2023) . The smoothed seismicity mcis built from the earttquake caelog, it forecast: eartt-
quakerate: within speial cells. To avoid double-counting, a buffer zone is applied around each fau Danciu et al. (2021) ).



The source model logic tree explores the uncertainty on the de nition of the maximum (or corner) magnitude both in the
area source model and in the fault model (Figure 2). For the area source model, the uncertainty on the estimation of a- and b-
105 values is also considered (Gutenberg-Richter model branch). For the fault model, the uncertainty on the slip rate estimates is
explored. Overall, the exploration of the logic tree leads to 21 alternative recurrence models, with different weights.

Figure 2. ESHM20 source mode (Danciu et al., 2021) : (a) area sources (black polygons), and larger macrozones (dashed blue) used to
infer the b-value in regions with poor earthquake data; orange: sources with at least 30 events used to establish the recurrence model, greer
with less than 10 events, black dots: area sources not considered in the study (poorly constrained strain rates). (b) Source model logic tree
with the weights associated to the different branches. (c) Alternative earthquake recurrence models for the example source zone FRAS17¢
(southern Brittany in France, blue triangle), colors correspond to the branch combinations in the area source modeArez source

zone: polygons car alsc be founc in Figure 6.

For every area source zone, 21 alternative estimates for the seismic moment are computed from the 21 alternative mag:
nitude frequency distribution. Considering the recurrence models Gutenberg-Richter and Pareto, the total annual moment
rate corresponds to the integral under the curve in terms of moment. In the case of the Gutenberg-Richter model (form 2 in
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Anderson and Luco (1983) ), the following equation is u (Mariniere et al., 2021) :

b
(c b

in Nmyr %, with c=1:5andd=9:1 the parameters used in the calculation of the seismic moment from the moment

Mos = 107t DM max 2

magnitude Hanks and Kanamori (1979) .

To compute the annual seismic moment rate from the smoothed seismicity and fault model, we sum the seismic moments
associated to every spatial cell within the area source zone (one magnitude-frequency distribution per cell). When a fault
straddles several zones, the seismic moment associated to the source zone is proportional to the length of the fault within the
source zone.

For each source zone, a distribution of 21 seismic moments is obtained, representative of the uncertainties considered in the
ESHM20 seismogenic source logic tree. A weighted mean seismic moment is calculated considering the weights associated tc

every branch combination (Fig 2). Besides, approxim#te and84™" percentiles are inferred from the discrete distributions.
2.2 Geodetic moment computation from strain rates maps and uncertainty exploration

Our aim is to use strain rates evaluated at the scale of Europe to estimate the geodetic moment rate within every area sourc
of the ESHM20 source model. To achieve this goal, we start from the of Pifia-Valdés et al. (2022) . They combined ten

GNSS velocity elds with different spatial coverage in Europe. After Itering the velocity eld obtained to remove stations with
highest uncertainties, they applied Velocity Intetpclation for Strair Rate (VISR) algorithm (Shen et al., 2015) to derive a

strain ratemodel for Europe (a best estimate model). The algorithm VISR calculates horizontal strains through interpolation
of a geodetic velocity eld. It is an undetermined inverse problthe algcrithm use: the discretizec geodtic oksevetions

as inputs and delivers smoothed distributed strain rates. Key decisions need to be taken on the exact weighting scheme tc
apply, that may impact the interpolation and the nal strain rate estimates. In our case, rather than a best estimate, we need ¢
distribution for the geodetic moment rate that is representative of the uncertainties.

2.2.1 Uncertainties on the strain rate estimates

Ideally, only the stations with the best constrained velocity estimates should be included for deriving strain rates, however a
compromise must be obtained between discarding poorly constrained stations and keeping a reasonable number of stations fc
the analysis Pifia-Valdés et al. (2022) have classi ed the 4863 available stations into 4 categories A, B, C, and remaining
stations, depending on their noise level that increase the uncertainty on the velocity (increasing the uncertainty from A class
station ahead). To derive their best model, they nally decided to include all stations falling into categories A, B and C. Here,
we are interested in quantifying how much this decision impacts the strain rate estimates and we explore the uncertainty relatec
to the use of only class A stations (3377), of both A and B stations (4091), or all stations A, B and C (4468).

For the strain rates to be reliable, anomalous velocities must be identi ed and removed from the combined velocity eld.
Pifa-Valdés et al. (2022) proposed to detect outliers based on an analysis of the spatial consistency of the velocities. For
every station, the distribution of the velocities within a circular region around the station is obtained; stations with velocities
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in the tails of the distribution are considered outlie Pifia-Valdés et al. (2022) tested 4 different radius (50, 100, 150 and
200km) and showed that when the radius is increased, the number of outliers decreases. They used 150km for deriving thei
best estimate model, considering this radius a compromise between the number of stations left (4238) and a reduction of
the variance obtained on the nal solution. Here, we keep track of the uncertainty associated with this decision, and we use
alternatively the 4 different radii to evaluate strain rates.

While agplying the algcrithm VISR, a nurrbel of decisions are requirec thal may impac hotlizortal strair rate: estimates
: the distance anc spetial weighing scheme anc the weighing threslold implied in the spdial inveision. Shen et al. (2015)
show that the distance-dependent weighting can be achieved by employing either a Gaussian or a Quadratic decay function
and that for the spatially-dependent weighting either an Azimuthal weighting or a Voronoi cell area weighting function can
be applied. Another crucial parameter is the weighting threshold, which governs the smoothing of the inversion process. Here
we include in the analysis both the uncertainty on the smoothing function and on the spatially dependent weighting, as well as

three alternative weighting thresholds values (6, 12 and 24 Shen et al. (2015) ).
2.2.2 Estimation of the geodetic moment rate within an area source zone

For each area source of the EHSM20 model, we determine a distribution for the geodetic moment rate. Figure 3 illustrates the
different steps for the source zones in Northwestern France.
First, for each component of the strain rate tensgy ("yy , "xy ), we determine the mean component from all grid cells

falling within the source zone (Figs. 3a and 3b) :

P ncells .
ui2 i= |
N ©
With ncells the nurrbel of cells corsidered.

Then we calculate the principal components (eigenvalues) of the strain rate tensor within the area source :

S S
w [ w w2 2 [ w w2 )
o — XX vy XX vy wooe, XX vy XX vy I
_max — MAX 2 + 2 + Xy ’T # + Xy (4)
S S
[N w w2 > - w w2 )
T _ XX vy XX vy e, XX vy XX vy [
oin = MIN - 2222+ R 2oW 4Ty (5)

As underlined by previous authao (e.g., Ward, 1998; Pancha, 2006) , the conversion of surface strain to a scalar moment
rate bears large uncertainties and there is no unique method. We use three different equations for calculating the moment rate

to propagate this uncertainty up to the nal moment estimate:

— The Working Group on California Earthquake Probabilities (1995) , uses the difference between the principal strain

rates:

Moc =2 AH ("max i ) (6)
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— Savage and Simpson (1997) , propose that the scalar moment rate is at least as large as:

Mog =2 AHMAX  ("pax i min §:i o " J) 7

— Stevens and Avouac (2021) , uses the second invariant, which re ects the magnitude of the total strain rate:
q
2, w2 2
Moc = Cy AH o Flyy 27y 8

With A the are: of the zone, the shear modulus aridl the seismogenic thicknesS, is a geometric coef cientwhich de-
pends on the orientation and dip angledf the fault plane accommodating the strain. Follon Stevens and Avouac (2021) ,
for dip-slip faults with uniaxial compressio@g = 1 =[sin( ):coq )]. A dip of 45° corresponds to a geometric coef cient equal
to 2, which is the value assumed Working Group on California Earthquake Probabilities (1995) Savage and Simpson (1997) ,
as well as in alarge part of the literatt (e.g., Ward, 1998; Jenny et al., 2004; Bird and Liu, 2007; D'Agostino, 2014) . In their
study focused on the Himalayan regic Stevens and Avouac (2021) consider two values, corresponding to dips between 45°
(Cq=2) and 15° C4 = 4), to account for the low-angle thrust faults in the regiHere we corsidel two values 2 anc 2.6,
which is the range coiresponiing to a dip betweer 25° anc 65°, regresening stardarc thrus anc noimal faults respetively.

The uncertainty on the shear modulus is also taken into account, including two alternative3v@Iue®°N:m 2 and3:0
10'°N:m ? (e.g., Dziewonski and Anderson, 1981) . Whereas for the seismogenic thickh@s&(uations 6 to 8)we cor-
sidel herethe elastic thicknesi.e. the average thickness over which a region's principal faults store and release seismic energy
(Ward, 1998) Only afraction of the frictional slip take: place duting earttquake: (Bird elal.2002) Mazzotti and Adams (2005)
de ne the "effective seismic thickness as the thicknes: of the crus where deformetion is fully accorrmcdatec by seismicity.
In ar agplicetion in easerr North Amelica, they show thai this effective seismic thicknes: may refresen only 40% of the
seismcgenic thicknes: baser on maximun- anc minimun: depth: of earttquakes. The thickness considered in the literatare
evauate seimic mcmen releast from strair rates ustally varies betweer 10 anc 15km. Pancha (2006) used a xed seis-
mogenic thickness of 15km throughout the Basin and Range region in Weste D'Agostino (2014) applied a thickness
of 10 2:5km throughout the Apennines in Italy, where Stevens and Avouac (2021) considered 15km in the India-Asia
collision zone Carafa et al. (2017 estimatec avelage coLplec thicknesse betweer 3 anc 8km for faults in Italy. As thereis
corsicerable urceitainty, we use three alteinctive values (5, 10, anc 15 km) anc progegate this urceitainty up to the geoditic

mcmen rate estimates.
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Figure 3. Scalar geodetic moment computed from a mean strain tensor, example for the source zones in Northwestern France. (a) Horizontal
strain rate tensor fror Pifia-Valdés et al. (2022) best model, for each grid cell : principal components of the strain rate"tgpsan (ed;

"max in blue) and deformation stylé (in + "max , red : extension, blue : compression). (b) Mean strain rate tensor per source zone, mean
principal components in the source zohgi{ and"max ) (Equation 4, 5). (c) One estimate for the geodetic moment rate within the source
zone, using the strain rate best mode Pifia-Valdés et al. (2022) and considering a depth of 10km, a shear modulus ®f3 10

N:m 2, the equation fron Savage and Simpson (1997) , and a geometric coef dignequal to 2. Acronyms of ESHM20 area source

zones are indicated.

2.2.3 A geodetic moment rate distribution per area source zone

The aim is tcoktain a distribution of the mcmen rate within an area source of ESHM20, that is representative of the uncertain-
ties. Figure 4 displays the exploration tree set up to combine 12 different preprocessing parameters to Iter the stations of the
GNSS velocity elds (choice on the class and on the radius applied to identify outliers), with 12 different regularizations of the
velocity elds inversion to determine strain rates (choice of the distance and spatial weighting scheme, choice of the weighting
threshold) and with nally 36 different parametrizations to calculate the moment rate from the strain rates. For a given source
zone area, we obtain 5184 alternative moment rate estinfe2ed? 36). Figure 4b displays the distribution obtained for the
example area source zone hosting Paris in France. The variability of the moment rate is signi cant, the value corresponding to
the percentilé4" is three times larger than the value corresponding to the percéftile

To understand which parameters, or decisions, control the most the overall variability on the geodetic moment, different
parts of the tree are explored (Figure 5, { Mariniere et al. (2021) ). The analysis is led irexanple area source zones
characterized by different seismic activity: southern Brittany in France, located in an intracontinental region and characterized
by a low seismic activity, a large source zone in Fennoscandia in a very low seismicity region, and northern Tuscany in Italy,
a mocerate seismicity region (see Fig. 6 for locations). For every parameter choice, the entire tree is explored keeping xed
the other parameters, then from the distribution obtained the mean as well as the pert&htidesl84" are estimated. For



210 example, exploring separately the alternative branches corresponding to the three different selections of GPS stations yields
3 distributions, made of 1728 moment estimates each (in green). Exploring separately the branches based on the 2 alternativ
spatial weighting schemes yields 2 alternative distributions, made of 2592 moment estimates each (in pink). The larger is the
dispersion obtained between the alternative mean values of the distributions, the larger is the contribution of this parameter
uncertainty to the overall momerate variability.

215 The results show thai the unceitainty on the effective seismic thicknes: cortrols the ovelall mcmen rate variability, for all
arei sourct zones The geoditic mcmen rate exhibits a lineal varigtion with bott the effective seismic thicknes: anc the shear
moculus. Excep for the shea moculus for which a limited range of values is explored all othel peramreters unceitainties also
cortribute to the ovelall variability. It is intetesing to note that the exact selection of GNSE stetions cortrolec by the selection
step: relatec to the Clas: anc the Redius Oullier, has ar in u ence on the mcmen rate estimate: only in low seismicity regions

220 (Fennoscedia anc Soutterr Brittany) bul na impac in the mocerate to high seimicity atea: (suct as nortterr Tuscany).

This phenomenol car be attributec to the high strain< in high-deformetion zones where ever lowel-quaity stetions prcvide
accLrate meessurement:ala rst-ordel agproximetion. Corversely in low-deforméetion aleas the meisurec signal is close to the
noise level (hence highly unceitain). Corsequently the exclusior or inclusior of one or more stetions has a sukstartial impact.
Fuitheimore it is noteworthy thai the perarreters involvec in the spéial invelsion paiticularly the distance weighing scheme,

225 have a significan impac on the ovelall unceitainty. This impac is more prcnouncei in regions with a relstively high dersity
of GNSE stetions suct as nortrerr Tuscany anc soutterr Brittany The Gau:siar function reduce: date weight with distance
faste thar the Quadrati function, which car yield a smoothe sclution wher deaing with he'ercgeneou: data In regions with
a high dersity of stetions this may leac to highel strair rate: caculatec using the Gau:siar function thar those oktainec with
the Quadratit function. Additionally, the weighing threslold, which cortrols the smootling of the sclution, naurally has a

230 greateimpac in regions with a highel stetion dersity. Anothel peramreter with a nor-necligible impac on the total unceitainty
is the equiion usec to caculate the geodtic mcment.

10
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Figure 4. Determination of a distribution for the moment rate per area source zone, taking into account the uncertainties on the different
steps. (a) Exploration tree to account for the uncertainty on the exact set of GNSS stations used, on the technique applied to infer strain rate:
from the geodetic velocities, and on the parameters used to calculate the moment rate within an area source. (b) distribution of the geodetic
moment rate estimates (5184 values) obtained for the example source zone Parisian Basin in France (FRAS188 in ESHM20), mean value
(red) and percentiles6” and84" (blue). (c) Three alternative distributions for the moment rate estimates, depending on the choice of the

seismogenic depth, example source zone Parisian Basin in France

3 Results
3.1 Is ESHM20 earthquake rate forecast consistent with the tectonic loading measured by geodesy?

Our aim is to compare the moment rate corresponding to the long-term ESHM20 earthquake rate forecast with the geode-
tic moment rate. We acknowledge that the comparison between deformation measurements performed over a few decade
and a seismogenic source model for a regional seismic hazard assessment must be done with caution. The ESHM20 eartf

11



Figure 5. Distribution for the geodetic moment raté s ) and identi cation of controlling parameters, in 3 example source zones: southern
Brittany (FRAS176), Fennoscandia (SEAS410), and Northern Tuscany in Italy (ITAS335), see location in Figure 6. Mean value (square), as
well as16™ and84™ percentiles (vertical bar). “Full”: full exploration of the tree (5184 branches' combination and moment values). “Class

A, AB, ABC": 3 different sets of GNSS stations, according to quality (1728 values each). “Radius outlier”: choice of the spatial radius for
discarding outliers (50, 100, 150, 200 km, from salmon to dark red, 1296 values each). “Distance weighting scheme”: choice of the decay
function used for interpolation, whether Gaussian or Quadratic (2592 values each). “Spatial weighting scheme”: choice of the method for
spatial inversion, whether Azimuth or Voronoi. “Weighting Threshold”: Choice of the threshold value on the distance weighting function (6,
12, 24, increasing smoothing, beige to brown, 1728 values each). “Seismogenic depth”: elastic depth (5, 10 and 15 km, pink to red, 1728
values each). “": choice of shear modulus valug:8 10'° N:m (pink), 3 10 N:m (red)). “Moc equation”; choice of the geodetic

moment equation, see the tex€4”. Choice of the geometric coef cient parameter,2 (pink) or 2.6 (purple)

12



Figure 6. Area source zones mentioned throughout the manuscript. In pink : the eight source zones where the geodetic moment estimates
is much lower than the seismic moment estimates (section 3.1.3 and Fil : ITAS30€ , 2 : ITAS331 3: ITAS339 4 : BGAS043 5 :

FRAS164 6 : DEAS113 7 : DEAS109 8 : CHASO71. The grey dashed line represents the zones considered affected by the Scandinavian
Glacia Iscstatic Adjusimen (GIA), including those intersecting this line and those located to the north. The selection is based on the vertical
velocity signal Pifia-Valdés et al. (2022) and includes 18 zoln green exanple sourctzone:in sedion 2.2.3:9: FRAS17¢in Souttern

Brittany in France 10: SEAS41(in Fennoscadia, 11 : ITAS33E in nortrerr Italy, as well as 12 : GRAS25' in Greeciin sedttion 3.1.2.
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quake rate forecast relies on earthquake catalogs extendin¢severa certuries in mos regions of the study area. The
recurrence model is in general anchored on the observed earthquake rates extrapolated up to magnitudes that correspond
the largest possible events in the area sources. The model thus relies on both recent observations (ineartlquake
catalogue) and past historical seismicag well as on a wider analysis of the seismogenic potential of the area. The earth-
quake rate forecast model also includes our current knowledge about active faults (fault traces, segmentation, extension a
depth, see Basili et al. (2023) ). Geodetic information has been used in some cases for estimating the deformation accumulat-
ing along these fault (Basili et al., 2023) . The strain model thus is not strictly independent from the source model, however
GNSS velocities have not been directly used to build the ESHM20 source model. The strain rate model can be used to test the
ESHM20 source model and evaluate how realistic the model is.

3.1.1 Correlation between geodetic and seismic moment rates at the scale of Europe

The geodetic moment rate quanti es the ground surface deformation, that encompasses both seismic and aseismic processe
The mean moment estimates obtained in every area source zone are displayed in Figure 7. Overall, geodetic moment rate
appear larger or equal to seismic moment rates, similarly to the ndings of many previous studies (e.g., Ward, 1998; Jenny
et al., 2004; Mazzotti et al., 2011). Largest geodetic and seismic rates are found in Greece, in Italy and in the Balkans. The
distribution in space of the geodetic moment rate is much more smoothed than the seismic moment rate. One explanation coulc
be that the deformation measured by geodesy is more representative of long-term processes than the earthquake catalog
If earthquake catalogs of much longer time windows were available (e.g. 100,000 years), would the spatial distribution of
the seismic moment rates be more alike the spatial distribution of the geodetic moment rates? Another explanation could be
that the geodetic moment rate has a lower resolution in space than the seismic moment rate inferred from the modeling of
earthquake recurrence. Indeed, because of the smoothing procedure applied to derive the strain rates, the geodetic moment
strongly correlated spatially. Besides, we observe that in low-seismicity regions, geodetic moment rates stay bévkeen
and10?N myr Ykm 2 (in blue and green, in mainland Spain and France, northern Europe and Fennoscandia) whereas the
seismic moment rates go down to much lower values.

Figure 8 shows a comparison between geodetic and seismic mean moment in Europe at the scale of the ESHM20 source
zones. It demonstrates a remarkable linear correlation between the geodetic and seismic momentri 210N myr ?*
km 2. In general, in the most active regions in Southern Europe, the geodetic moment rates are well correlated with the
seismic moment rates. On the contrary, in the less active regions in northern Europe, ab@véatitude, the geodetic
moment appears completely decorrelated from the seismic moment. Seismic moment rates decrease to levels as low a
10° 10'°Nmyr 'km 2, whereas geodetic moment rates reach a plateau arc@AN myr *km 2. The deformation
measured in Fennoscandia and surrounding regions might be mostly related to the post-glacial rebound and only a very smal
part of it might be tectonic deformation (Keiding et al., 2015; Craig et al., 2016).
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