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Abstract.

This work aims at investigating the consistency between a strain rate model and a long-term earthquake forecast at the

European scale. We take advantage of the release of geodetic strain rate models by Piña-Valdés et al. (2022), and the release

of the European Seismic Hazard Model 2020 (ESHM20) by Danciu et al. (2024), to compare geodetic and seismic moment

rates across Europe. Seismic moments are inferred from the magnitude-frequency distributions that constitute the ESHM205

source model. We explore the full ESHM20 source model logic tree to account for the epistemic uncertainties. On the geodesy

side, we use the strain rates to calculate the geodetic moment for each area source zone of the hazard model, considering

associated epistemic uncertainties. We show that the parameters contributing the most to the overall uncertainty on the geodetic

moment rate are the distance weighting scheme used in the spatial inversion, the equation used to convert surface strain to a

scalar moment rate, and the effective seismic thickness. We compare the distributions of geodetic and seismic moment rates10

at different geographical scales. In highly seismic activity zones, such as the Apennines in Italy, Greece, the Balkans, and

the Betics in Spain, primary compatibility between seismic and geodetic moment rates is evident. Discrepancies emerge in

low-to-moderate seismic activity zones, particularly in areas affected by the Scandinavian Glacial Isostatic Adjustment, where

geodetic moment rates exceed seismic moment rates significantly. We show that considering broader zones enhances the match

between geodetic and seismic moment rate distributions. In zones where ESHM20 magnitude-frequency distributions are well-15

constrained (established on more than 30 complete events), the distributions of seismic and geodetic moments usually overlap

significantly, 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 assessment (PSHA) studies are based both on past seis-

micity and active tectonics datasets. For example, the source model logic tree in the European Seismic Hazard Model 201320

(Woessner et al., 2015) and in the updated 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 hazard estimations (e.g., Stirling et al., 2012; Field et al., 2014; Beauval et al., 2018). Fault models are
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mostly based on geologic information, covering much larger time windows than the available earthquake catalogs, and bring

insights on the generation of earthquakes that complement the catalog-based earthquake forecasts. However, fault databases25

are known to be incomplete, even in the best characterized regions, and earthquakes may occur on unknown faults, as demon-

strated by several earthquakes in the past, such 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).

A number of studies have analyzed the relationship between geodetic strain rates and observed seismicity (e.g., Zeng et al.,

2018; Kreemer and Young, 2022; Riguzzi et al., 2012; Farolfi et al., 2020). However, the use of geodetic data in the development30

of source models for PSHA has been limited up to now, although deformation rates based on velocities from the Global

Navigation Satellite Systems (GNSS) constitutes a promising perspective for constraining earthquake recurrence models (Jenny

et al., 2004; Shen et al., 2007). GNSS stations measure the present-day displacements 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 estimated strain rates depends on the spatial density of35

GNSS stations, the quality of the sites, and the duration of the records (Mathey et al., 2018). Along major interplate faults,

such as subduction zones or lithospheric strike slip faults, interseismic 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 boundary 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 moving40

at low slip rates and where fault mapping is incomplete, 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 other factors such as

aseismic deformation are not significant, then the rate at which energy is released during earthquakes (represented by the

seismic moment rate) and the rate at which tectonic forces build up between earthquakes (represented by the geodetic moment45

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 loading 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 the50

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 maximum

magnitudes compatible with those expected in the region. They combine these moment-balanced earthquake recurrence models

to ground-motion models to estimate probabilistic seismic hazard (e.g. Stevens and Avouac, 2021).

However, to our knowledge, in Europe, the only seismic hazard model that integrates a source model based on strain rates is55

the new Italian hazard model (Meletti et al., 2021). The gridded-seismicity model MG1 (Visini et al., 2021) relies on a strain rate

tensor field calculated using the VISR software (Shen et al., 2015), similarly to Piña-Valdés et al. (2022). The rate of seismic

moment is converted into earthquake rates assuming that earthquakes are distributed according to a tapered Gutenberg-Richter,
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considering two alternative seismogenic thicknesses (7 and 13 km). The total seismic rate is scaled to the seismic moment

release of the Italian catalog (Visini et al., 2021). Meletti et al. (2021) also includes a second more complex geodetically-based60

source model, MG2. In this case, the model relies on the NeoKinema code (Bird, 2009) that delivers interseismic and long-term

strain rates and velocities on a �nite element grid (see Bird and Carafa, 2016).

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

is very heterogeneous in terms of tectonic activity. Southern Europe, with regions such as the Apennines, Greece and Turkey,65

is characterized by a high seismic activity and signi�cant 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., 2024); and the strain rates models computed by Piña-Valdés et al. (2022) as

presented in Figure 1. Our objective is to compare the ESHM20 earthquake rate forecast with the deformation rates obtained70

from the GNSS velocities, giving special attention to the estimation of uncertainties.

In a �rst step, we present the datasets and methods used to compute the seismic and geodetic moment rate distributions.

Next, we compare the obtained seismic and geodetic moment rate distributions at the scale of the ESHM20 area source zones.

We then discuss the parameters that most in�uence the compatibility in high as well as low to moderate seismicity regions.

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 (Piña-Valdés et al., 2022) with area sources of ESHM20 superimposed; (b) Smoothed seismicity model, earthquakes

ratesM W � 4:5, faults included in the model are superimposed (Danciu et al., 2021, 2024)
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2 Methods and Data75

2.1 Seismic moment: moment distributions associated with the ESHM20 source model logic tree

ESHM20 aimed at delivering seismic hazard levels throughout Europe, using harmonized datasets and applying homogeneous

methodologies (Danciu et al., 2024). The hazard model consists of two main components: a seismogenic source model forecast-

ing earthquakes in space, time, and magnitude, and a ground-motion model predicting the ground-motions these earthquakes

may generate. The present study deals with the seismogenic source model. The earthquake rate forecast includes all earthquake80

types, i.e., crustal, deep (Vrancea region, Romania), and subduction (Hellenic, Cyprian, Calabrian and Gibraltar Arcs) earth-

quakes. In this paper we focus on the contribution of crustal shallow seismogenic sources, that can be directly compared to

surface strain rate.

The ESHM20's seismogenic source model is based on several updated datasets (Danciu et al., 2021, 2024): an earthquake

catalog, covering the time window 1000-2014, including both historical (Rovida et al., 2022) and instrumental (Lammers et al.,85

2023) periods, and a fault database including potentially active faults, with their geometry and geologic or geodetic slip rates

(European Fault-Source Model 2020 EFSM20, Basili et al., 2023). The source model logic tree accounts for alternative 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 faults with a background smoothed seismicity model (Danciu

et al., 2021).90

The area source model consists of cross-border harmonized seismogenic sources whose geometry is guided by seismotec-

tonic evidence such as potentially active faults, geologic features and seismicity patterns (Danciu et al., 2021, 2024). For each

area source, a Gutenberg-Richter magnitude-frequency distribution (Gutenberg and Richter, 1944) has been evaluated from

the earthquake catalog taking into account time windows of completeness. Two alternative models have been considered to

account for the uncertainty in forecasting earthquake rates in the upper magnitude range:95

– a magnitude-frequency distribution truncated at a maximum magnitudeM max , corresponding to Form 2 in Anderson

and Luco (1983):

N (m) = 10 a� b� m + 10a� bM max for m � M max (1)

whereN (m) represents the cumulative annual rate of events as a function of magnitude (m); a andbare the Gutenberg-

Richter recurrence coef�cients, respectively the productivity and the exponential coef�cient ; andM max is the maximum100

magnitude.

– a tapered Pareto distribution (Kagan, 2002) which includes a bending of the recurrence model from a magnitude called

the corner magnitude (M c). With respect to Anderson and Luco (1983) magnitude-frequency distribution, the sharp

cutoff at a maximum magnitude in the truncated distribution is replaced by smooth tapering.

As an alternative to the area source model, the hybrid model consisting of active crustal faults combined with off-fault105

smoothed seismicity (Fig 2). For each fault, a moment-balanced magnitude-frequency distribution has been established, that
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accommodates the moment inferred from the slip rate and the geometry of the fault, assuming moment conservation principle.

The maximum magnitude is obtained applying the Leonard (2010, 2014) scaling relationships to the length, the width and

the area of the fault (Basili et al., 2023). The smoothed seismicity model is built from the earthquake catalog and forecasts

earthquake rates within spatial cells, using a grid with 0.1-degree spacing. This smoothed seismicity model is developed by110

optimizing the adaptive kernel bandwidth, the smoothing parameters and the declustering parameters. Training and validation

sets are used to determine the optimal combination of parameters. To avoid double-counting, a buffer zone is applied around

each fault. Details are provided in the EFEHR report (see 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-115

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.

For every area source zone, 21 alternative estimates for the seismic moment are computed from the 21 alternative magnitude

frequency distribution. Considering the Gutenberg-Richter and Pareto recurrence models, the total annual moment rate corre-

sponds to the integral under the curve in terms of moment. In the case of the Gutenberg-Richter model (Form 2 in Anderson120

and Luco, 1983), the following equation is used (Mariniere et al., 2021):

_M 0S =
b

(c� b)
� 10a+ d+( c� b)M max (2)

in N myr � 1, with c = 1 :5 andd = 9 :1 the parameters used in the calculation of the seismic moment from the moment

magnitude, Hanks and Kanamori (1979).

To compute the annual seismic moment rate from the smoothed seismicity and fault model, we sum the seismic moments125

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 to130

every branch combination (Fig 2). Besides, approximate16th and84th percentiles are inferred from the discrete distributions.

2.2 Geodetic moment computation from strain rates maps and uncertainty exploration

Our aim is to use the strain rates to estimate the geodetic moment rates within every area source of the ESHM20 source

model. To achieve this goal, we start from the work of Piña-Valdés et al. (2022). They combined ten GNSS velocity �elds

with different spatial coverage in Europe. After �ltering the velocity �eld to remove stations with highest uncertainties, they135

applied the Velocity Interpolation for Strain Rate (VISR) algorithm (Shen et al., 2015) to derive a strain rate model for Europe

(a best estimate model). The algorithm VISR calculates horizontal strains through interpolation of a geodetic velocity �eld. It

is an undetermined inverse problem: the algorithm uses the discretized geodetic observations as inputs and delivers smoothed

distributed strain rates. Key decisions need to be taken on the exact weighting scheme to apply, that may impact the interpolation
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Figure 2. ESHM20 source model (Danciu et al., 2024): (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, green:

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 FRAS176

(southern Brittany in France, blue triangle), colors correspond to the branch combinations in the area source model, Fig. 2b. Area source

zones polygons can also be found in Figure 6.
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and the �nal strain rate estimates. In our case, rather than a best estimate, we need a distribution for the geodetic moment rate140

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 for

the analysis. Piña-Valdés et al. (2022) have classi�ed the 4863 available stations into 4 categories, i.e. A, B, C, and remaining145

stations, depending on their noise level responsible for the uncertainty on the velocity (the noise and the uncertainty on the

velocity increases from A class station ahead). To derive their best model, they 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 related to the use of only class A stations (3377), of both A and B stations (4091), or all stations A, B

and C (4468).150

For the strain rates to be reliable, anomalous velocities must be identi�ed and removed from the combined velocity �eld.

Piña-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 in the

tails of the distribution are considered outliers. Piña-Valdés et al. (2022) tested 4 different radius (50, 100, 150 and 200 km)

and showed that when the radius increases, the number of outliers decreases. They used 150 km for deriving their best estimate155

model, considering this radius is 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 applying the algorithm VISR, a number of required decisions may impact horizontal strain rates estimates: the distance

and spatial weighting scheme, and the weighting threshold implied in the spatial inversion. Shen et al. (2015) show that the160

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; see Shen et al., 2015).165

2.2.2 Estimation of the geodetic moment rate within an area source zone

For each area source of the ESHM20 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 tensor (_" xx , _" yy , _" xy ), we determine the mean component from all grid cells

falling within the source zone (Figs. 3a and 3b):170
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As underlined by previous authors (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 rate estimate:

– The Working Group on California Earthquake Probabilities (1995) uses the difference between the principal strain rates:

180

_M 0G = 2 �AH ( _"max � _"min ) (6)

– Savage and Simpson (1997) propose that the scalar moment rate is at least as large as:

_M 0G = 2 �AH MAX( j _"max j; j _"min j; j _"max � _"min j) (7)

– Stevens and Avouac (2021) uses the second invariant, which re�ects the magnitude of the total strain rate:

_M 0G = Cg �AH
q

_" xx
2

+ _" yy
2

+ 2 _" xy
2

(8)185

With A the area of the zone,� the shear modulus andH the seismogenic thickness.Cg is a geometric coef�cient, which

depends on the orientation and dip angle (� ) of the fault plane accommodating the strain. Following Stevens and Avouac (2021),

for dip-slip faults with uniaxial compression,Cg = 1=[sin (� ):cos(� )]. A dip of 45° corresponds to a geometric coef�cient equal

to 2, which is the value assumed by Working Group on California Earthquake Probabilities (1995) and Savage and Simpson

(1997), as well as in a large part of the literature (e.g., Ward, 1998; Jenny et al., 2004; Bird and Liu, 2007; D'Agostino, 2014).190

In their study on the Himalayan region, Stevens and Avouac (2021) consider two values ofCg, corresponding to dips between

45° (Cg = 2 ) and 15° (Cg = 4 ), to account for the low-angle thrust faults in the region. Here we consider twoCg values, 2 and

2.6, which is the range corresponding to a dip between 25° and 65°, representing standard thrust and normal faults, respectively.

The uncertainty on the shear modulus is also taken into account, including two alternative values proposed for continental

crust :3:3 � 1010N:m � 2 and3:0 � 1010N:m � 2 (e.g., Dziewonski and Anderson, 1981; Burov, 2011) and widely used in the195
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literature (e.g., Stevens and Avouac, 2021; Working Group on California Earthquake Probabilities, 1995; Mazzotti and Adams,

2005). Whereas for the seismogenic thickness (H in Equations 6 to 8), we consider here the elastic thickness, i.e. the average

thickness over which a region's principal faults store and release seismic energy (Ward, 1998). Only a fraction of the frictional

slip takes place during earthquakes (Bird et al. 2002). Mazzotti and Adams (2005) de�ne the "effective seismic thickness" as

the thickness of the crust where deformation is fully accommodated by seismicity. In an application in eastern North America,200

they show that this effective seismic thickness may represent only40%of the seismogenic thickness based on maximum and

minimum depths of earthquakes. The thickness considered in the literature to evaluate seismic moment release from strain rates

usually varies between 5 and 15 km. Pancha (2006) used a �xed seismogenic thickness of 15 km throughout the Basin and

Range region in Western US. D'Agostino (2014) applied a thickness of10� 2:5 km throughout the Apennines in Italy. Stevens

and Avouac (2021) have considered 15 km in the India-Asia collision zone. Carafa et al. (2017) estimated average coupled205

thicknesses between 3 and 8 km for faults in Italy. At last, using strain rates to forecast earthquakes in the Italian seismic

hazard model, (Visini et al., 2021) assume elastic thickness equal to 7 and 13km throughout Italy. As there is considerable

uncertainty on this parameter, based on this literature review, we use three alternative values (5, 10, and 15 km) and propagate

this uncertainty up to the geodetic moment rate estimates.

Figure 3. Scalar geodetic moment computed from a mean strain tensor, example for the source zones in Northwestern France. (a) Horizontal

strain rate tensor from Piña-Valdés et al. (2022) best model, for each grid cell: principal components of the strain rate tensor (_" min in red;

_" max in blue) and deformation style (_" min + _" max , red: extension, blue: compression). (b) Mean strain rate tensor per source zone, mean

principal components in the source zone (�_" min and�_" max ) (Equation 4, 5). (c) One estimate for the geodetic moment rate within the source

zone, using the strain rate best model of Piña-Valdés et al. (2022) and considering a depth of 10 km, a shear modulus of� = 3 :3 � 1010

N:m � 2 , the equation from Savage and Simpson (1997), and a geometric coef�cientCg equal to 2. Acronyms of ESHM20 area source zones

are indicated.
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2.2.3 A geodetic moment rate distribution per area source zone210

The aim is to obtain a distribution of the moment rate within an area source of ESHM20, that is representative of the uncer-

tainties. Figure 4 displays the exploration tree set up to combine 12 different preprocessing parameters to �lter the stations

of the GNSS velocity �elds (three selections of GPS stations times four outlier radii), 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 parameterizations to calculate the moment rate from the strain rates. For a given source215

zone area, we obtain 5184 alternative moment rate estimates (12� 12� 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 percentile84th is three times larger than the value corresponding to the percentile16th .

To understand which parameters, or decisions, control mostly the overall variability on the geodetic moment, different parts

of the tree are explored (Figure 5, see Mariniere et al., 2021). The analysis is displayed in 3 example area source zones220

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 moderate 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 percentiles16th and84th are estimated. For

example, exploring separately the alternative branches corresponding to the three different selections of GPS stations yields225

3 distributions, made of 1728 moment estimates each (in green). Exploring separately the branches based on the 2 alternative

spatial weighting schemes yields 2 alternative distributions, made of 2592 moment estimates each (in purple). 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 moment rate variability.

The results show that all parameters but the shear modulus contribute to the overall uncertainty on the geodetic moment230

rate. The parameter that contributes the most is the effective seismogenic thickness. The geodetic moment rate is linearly

correlated with both the effective seismic thickness and the shear modulus. We accounted for only a small uncertainty in the

shear modulus (ten per cent variability). It is interesting to note that the exact selection of GNSS stations, controled by the

selection steps related to the Class and the Radius Outlier, has an in�uence on the moment rate estimates only in low seismicity

regions (Fennoscandia and Southern Brittany), but no impact in the moderate to high seismicity regions (such as northern235

Tuscany). This phenomenon can be attributed to the high strains in high-deformation zones, where even lower-quality stations

provide accurate measurements at a �rst-order approximation. Conversely, in low-deformation areas, the measured signal is

close to the noise level (hence, highly uncertain), and the exclusion or inclusion of one or more stations has a strong impact.

Furthermore, it is noteworthy that the parameters involved in the spatial inversion, particularly the distance weighting scheme,

have a signi�cant impact on the overall uncertainty. This impact is more pronounced in regions with a relatively high density240

of GNSS stations, such as northern Tuscany and southern Brittany. The Gaussian function reduces data weight with distance

faster than the Quadratic function, which can yield a smoother solution when dealing with heterogeneous data. In regions with

a high density of stations, this may lead to higher strain rates calculated using the Gaussian function than those obtained with
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the Quadratic function. Additionally, the weighting threshold, which controls the smoothing of the solution, naturally has a

greater impact in regions with a higher station density. The results also highlight that the equation used to convert surface245

strain into scalar moment rate can have a signi�cant impact (in blue in Fig. 5). The uncertainty on the choice of the equation

contributes to the overall variability of the moment rate.

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 rates from

the geodetic velocities, and on the parameters used to calculate the moment rate within an area source. Exploration of the full tree results in

3x4x2x2x3x3x3x2x2=5184 alternative moment rate estimates. (b) distribution of the geodetic moment rate estimates (histogram built from

the 5184 values) obtained for the example source zone Parisian Basin in France (FRAS188 in ESHM20), mean value (red) and percentiles

16th and84th (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.
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Figure 5. Distribution for the geodetic moment rate (_M 0G ) 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 as16th and84th percentiles (vertical bar). “Full distribution”: 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 thickness”: elastic thickness (5, 10 and 15 km,

pink to red, 1728 values each). “� ”: choice of shear modulus value (3:3� 1010 N:m (pink), 3� 1010 N:m (red)). “ _M 0G equation”: choice of

the geodetic moment equation, see the text. “Cg ”. Choice of the geometric coef�cient parameter, 2 (light purple) or 2.6 (dark purple).
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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 Fig. 10). 1: ITAS308 , 2: ITAS331, 3: ITAS339, 4: BGAS043, 5:

FRAS164, 6: DEAS113, 7: DEAS109, 8: CHAS071. The grey dashed line represents the zones considered affected by the Scandinavian

Glacial Isostatic Adjustment (GIA), including those intersecting this line and those located to the north of the line. The selection is based on

the vertical velocity signal Piña-Valdés et al. (2022) and includes 18 zones. In green: example source zones in section 2.2.3: 9: FRAS176 in

Southern Brittany in France, 10: SEAS410 in Fennoscandia, 11: ITAS335 in northern Italy, as well as 12: GRAS257 in Greece in section

3.1.2.
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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 geodetic250

moment rate. We acknowledge that the comparison between deformation measurements performed over a few decades and a

seismogenic source model for a regional seismic hazard assessment must be done with caution. The ESHM20 earthquake rate

forecast relies on earthquake catalogs extending over several centuries in most regions of the study area. The recurrence model

is in general anchored on the observed earthquake rates extrapolated up to magnitudes that correspond to the largest possible

events in the area sources. The model thus relies on both recent observations (instrumental earthquake catalogue) and past255

historical seismicity as well as on a wider analysis of the seismogenic potential of the area. The earthquake rate forecast model

also includes our current knowledge about active faults (fault traces, segmentation, extension at depth, see Basili et al., 2023).

Geodetic information has been used in some cases for estimating the deformation accumulating along these faults (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 evaluate260

how realistic it 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 processes.

The mean moment estimates obtained in every area source zone are displayed in Figure 7. Overall, geodetic moment rates

appear larger or equal to seismic moment rates, similarly to the �ndings of many previous studies (e.g., Ward, 1998; Jenny265

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 could

be that the deformation measured by geodesy is more representative of long-term processes than the earthquake catalogs. 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? We don't know. Another explanation270

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. Due to the smoothing procedure applied to derive the strain rates, the geodetic moment is strongly

correlated spatially.

Figure 8 shows a comparison between geodetic and seismic mean moment in Europe at the scale of the ESHM20 area source

zones. It demonstrates a remarkable linear correlation between the geodetic and seismic moment rates above� 2:1011N myr � 1275

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, above� 50° latitude, the geodetic

moment appears completely decorrelated from the seismic moment. Seismic moment rates decrease to levels as low as

109 � 1010N myr � 1 km � 2, whereas geodetic moment rates reach a plateau around1012N myr � 1 km � 2. The deformation
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measured in Fennoscandia and surrounding regions might be mostly related to the post-glacial rebound and only a very small280

part of it might be tectonic deformation (Keiding et al., 2015; Craig et al., 2016).

Figure 7. Mean geodetic and seismic moment rates within the ESHM20 area source zones. (a) Mean geodetic moment (_M 0G ) based on the

strain rates, mean of the distribution obtained by exploring uncertainties; (b) Mean seismic moment (_M 0S ) estimated from the ESHM20

source model logic tree. Area sources with more than35 %of surface off-shore, or where the density of GNSS station is too low (� 1 station

per100000km2) are discarded. Area source zone polygons can also be found in Figure 6.
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