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Abstract. The south-east of France, encompassing the western Alps, the Jura Mountain range, the Rhône valley 

and the Provence region, is the most seismically active region in metropolitan France and, consequently, one of 10 

the most extensively surveyed and studied. However, seismicity remains low to moderate (less than 10 Mw 5 and 

1 Mw 6 events per century since 1300 CE) and geodetic deformation rates appear relatively low (< 20 nanostrain 

yr-1). The resulting low-signal-to-noise ratios, together with the complex, dense fault networks inherited from a 

polyphased tectonic history, make this region particularly challenging for seismic hazard assessment. The 

geophysical and geological data available are extensive, yet inhomogeneous and insufficient to confidently 15 

characterize active faults, quantify on-fault deformation and associate seismic rates. Therefore, seismic source 

characterization through seismogenic area models is commonly adopted. These models are however highly 

sensitive to the data used to describe seismotectonic behavior. Our objective is to consider newly available 

geophysical data as complementary constraints to geological observations to further refine seismotectonic zonation 

models. 20 

We present an innovative sequenced zoning methodology that disaggregates seismotectonic behavior into three 

components (namely – crustal structure, observed seismicity and surface deformation) each analyzing several key 

features. We thus derive three novel, independent seismotectonic zonation models, each representing a different 

perspective on the seismogenic process. Additionally, we associate confidence levels with zone limits to each 

subsequent zonation model, by assessing feature homogeneity among neighboring zones. Afterwards, we propose 25 

a synthetic model which integrates all seismotectonic features by merging the most recurrent and highest 

confidence zone limits from the three independent zonation models. This approach intends to minimize zone 

mapping uncertainties by quantitatively assessing seismotectonic observations, and to yield reproducible and 

updatable models representative of the current state of seismotectonic knowledge. We subsequently compare the 

resulting zonation models and discuss their implications for seismic source characterization. 30 

 

1 Introduction 

The south-east of mainland France presents low to moderate seismicity (e.g. Larroque et al., 2021) and slow crustal 

deformation, within the 0 – 20 nanostrain yr-1 range (Walpersdorf et al., 2018; Masson et al., 2019; Serpelloni et 

al., 2022). Nevertheless, 27 Mw ≥ 5.5 events, and 7 Mw ≥ 6 are documented since 1356 CE. (FCAT, 463 – 1961, 35 

Manchuel et al., 2018; BCSF Rénass, 1962 – 2021, BCSF-Rénass, 2022; ESHM20 Unified Earthquake catalog, 

1000 – 2014, Danciu et al., 2024) in the area (Fig. 1), pointing to a significant activity in terms of natural hazard. 

The polyphased tectonic history that South-East France has experienced (e.g. Malavieille, 1993; Le Pichon and 

Rangin, 2010; Mohn et al., 2012; Bellahsen et al., 2014; Boschetti et al., 2025) and the resulting complex 

geological structure make this region tectonically, and thus seismically, heterogeneous. The present-day 40 

geodynamics and seismotectonic framework are a complex and active topic of debate (e.g. Sternai et al., 2019; 

Mathey et al., 2021; Grosset et al., 2023), contrasted among the high Alpine belt -extension and trans-tension- and 

its peripheral basins -strike-slip and trans-pression- (e.g., Sue et al., 1999, 2007a; Delacou et al., 2004, 2005; 

Mathey et al., 2021) confirmed by GNSS surveys (Walpersdorf et al., 2015, 2018).  

This framework, alongside the uneven distribution of geophysical monitoring efforts (Jenatton et al., 2007; 45 

Walpersdorf et al., 2015; Mathey et al., 2020; Guéguen et al., 2022; Langlais et al., 2024), is insufficient to 

confidently identify all active faults and determine associated seismic rates, in comparison to more seismically 
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active contexts. In addition, erosion rates exceed tectonic rates (Sternai et al., 2019; Valla et al., 2021), challenging 

the characterization of long-recurrence seismic patterns at the surface. Consequently, fault-based models for 

Seismic Hazard Assessment (SHA) are strongly affected by uncertainties in such a low to moderate seismicity 50 

region. For this reason, in such seismotectonic framework, zonation models are often employed to forecast diffuse 

seismicity (e.g. Coppersmith et al., 2009; Woessner et al., 2015; Martin et al., 2018; Danciu et al., 2021), such is 

the case for mainland France. Seismotectonic Zonation Models (SZM) define data-driven zones assumed to be 

homogeneous in terms of seismogenic behavior and potential, and may thus be used in seismic hazard assessments, 

for example, to define earthquake rates, seismogenic depth, maximum expected magnitudes and the deformation 55 

mode. 

 

Figure 1: Definition of the study area, with the targeted south-east of France (dashed red rectangle). We expand the 

data sample to a larger area encompassing 100 km over its boundaries (solid red rectangle) in order to account for 

seismic sources susceptible of causing hazard in the target area.  Seismicity from the FCAT (463 – 1961; Manchuel et 60 
al., 2018) and BCSF Rénass (1962 – 2021; BCSF-Rénass, 2022) catalogs for metropolitan France, and ESHM20 Unified 

Earthquake catalogue (1000 – 2014; Danciu et al., 2024), for the off-boundary regions. The catalog junction limit is 

expressed with a black line. Digital elevation model obtained from Hengl et al. (2022). 

The current regulatory seismic zoning in France, used in building codes, is based on seismic hazard maps obtained 

from applying the Probabilistic Seismic Hazard Assessment (PSHA) method (seminal articles by Cornell, 1968; 65 

McGuire, 1976; hazard calculations for France by Martin et al., 2002). These hazard calculations produced over 

20 years from now used the seismotectonic zones from the EPAS model (Autran et al., 1998). Several SZM for 

France have been produced since, both by the private sector and by state operators (Terrier et al., 2000; Martin et 

al., 2002; Baize et al., 2013; Le Dortz et al., 2019). They assess and incorporate mainly structural, seismotectonic, 

and seismic data. Hence, other geophysical data, such as geodetic observations, have not been widely exploited in 70 

this purpose previously.  

The objective of this work is to update and improve the seismic source characterization for PSHA of South-East 

France through seismotectonic zone modeling. For this we analyze seismotectonic observations for a large area 

encompassing 100 km from the region of interest (solid rectangle in Fig. 1) based on the inventory of available 

data: geological maps, 3D geological models, fault databases, seismic tomography studies, seismic records, focal 75 

mechanism solutions, GNSS strain-rate and velocity solutions, and InSAR vertical displacement solutions. As a 

result, we develop and present three independent SZM based on distinct observable classes: a crustal structure-

based model, a seismicity-based model, and a deformation-based model; each offering a distinct, complementary, 

insight on seismic hazard. The structure-based SZM informs on the geological environment hosting the seismicity, 

the seismicity-based SZM reflects the spatial distribution of released seismic energy, while the deformation-based 80 

SZM captures the crustal deformation inferred from geodetical surface measurements. 
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As an attempt to assess uncertainties linked to zone mapping, we propose an innovative approach to evaluate zone 

boundaries. Hierarchization of zone boundaries is recurrently applied (e.g. Autran et al., 1998; Baize et al., 2013; 

Le Dortz et al., 2019), as it allows propagation of zone delineation uncertainties and permits grouping certain areas 

with the purpose of increasing the seismic sample to be considered in earthquake recurrence estimates. In this line, 85 

we quantitatively estimate the feature heterogeneity among neighboring zones and correspondingly give levels of 

confidence to each zone limit.  

Finally, we combine the highest confidence zone limits from the three independent SZM to construct a synthetic 

fourth zonation model, named “unified model”, which accounts for all the seismotectonic features we considered. 

The four resulting models may be used as alternative models in a future PSHA study for southeastern France. We 90 

thus compare the zonation models with one another as well as with existing ones and discuss their added value 

and limitations for improving seismic source characterization. 

 

2 Seismotectonic Zonation Model Methodology 

We build three Seismotectonic Zonation Models (SZM), allowing the characterization of seismic source through 95 

different processes and time spans: the occurrence of earthquakes in a given geological context informing on long-

term processes, seismic energy release viewed through earthquake catalogs, and energy accumulation in the crust 

viewed by geodesy; giving place to a structural-based SZM, a seismicity-based SZM and a deformation-based 

SZM, respectively.  

In the following approach, each of these models incorporates three key seismotectonic features (hereafter F1, F2, 100 

F3), which may be defined by one or various complementary observables (Table 1). For each observable, we 

inventory, analyze and discretize up-to-date, relevant data. We then delineate polygons which englobe areas with 

similar data values, for each subsequent model, by identifying spatial distribution patterns.  

The structural model delineates areas with near-homogeneous crustal structure. It is constructed from geology 

(maps and 3D models), faults (a fault data compilation and a fault model for SHA), and crustal thickness 105 

(tomographic studies). The seismicity model quantifies the seismic energy released through seismic observables - 

seismic flux evaluated using both instrumental (~60 yr) and historical (~700 yr) records, rupture mode obtained 

from focal mechanisms (~60 yr) and seismogenic depth analyzed using various instrumental catalogs (~60 yr). 

The deformation model reflects strain accumulation by analyzing crustal deformation (horizontal deformation 

amplitude and mode, and vertical displacement) inferred from geodetic interpretations (GNSS acquisitions ~25 yr, 110 

InSAR acquisitions ~5 yr).  

To enhance the robustness of our zoning approach, we chose to quantify data heterogeneity among zones, thereby 

allowing for an objective assessment of zone limit delineation. We compute for each of the three models, the 

average value of each feature per zone, giving contribution weights for each considered dataset (Table 1). We then 

evaluate the difference for the three key features among neighboring zones in order to attribute confidence levels 115 

to zone limits (CLZL). These levels reflect high confidence when the combination of differences is high, 

intermediate confidence when it’s average, and low when the differences are small.  

SZM Feature Observable Dataset 
Contribution 

weight 

Structure-based 

F1 Geology 

Surface 
chronostratigraphy units 

Geological map 

Qualitative 
analysis 

Basin cover thickness 3D Geological models 

F2 Faults 

Mean azimuth 

SEFPAF fault database 

Amount of fracture 

Seismogenic potential 
index 

Main fault from fault 
source model 

F3 Crustal thickness Moho depth Seismic tomography model 

Seismicity-based F1 Seismic flux 
Mean annual seismic 

moment per area 

FCAT – BCSF catalogs 0.8 

ESHM20 catalog 0.2 

https://doi.org/10.5194/egusphere-2026-623
Preprint. Discussion started: 5 March 2026
c© Author(s) 2026. CC BY 4.0 License.



4 

 

F2 
Rupture 

mechanism 
Style of faulting from the 

moment tensor of an area 
Focal mechanism databases 1 

F3 
Seismogenic 

depth 
D90 quantile for areas of 

events > 10 

SISMALP catalog 0.5 

BCSF Rénass catalog 0.1 

ISIDe catalog 0.4 

Deformation-based 

F1 
Horizontal 

deformation 
amplitude 

Maximum GNSS derived 
strain-rate 

GNSS strain-rate solution 1 0.8 

GNSS strain-rate solution 2 0.2 

F2 
Horizontal 

deformation style 

Deformation mode after 
GNSS derived strain-rate 

tensors 

GNSS strain-rate solution 1 0.8 

GNSS strain-rate solution 2 0.2 

F3 
Vertical 

displacement 
GNSS and InSAR derived 

vertical velocity 

GNSS velocity solution 1 0.5 

GNSS velocity solution 2 0.5 

InSAR solution 
Qualitative 

analysis 

 

Table 1: Logigram of the features, observables, datasets and contribution weights applied for each of the three 

seismotectonic zonation models. See Data analysis for further dataset information. 120 

 

3 Data analysis 

3.1 Structure-based Seismotectonic Zonation Model 

The structural SZM (St-SZM) is based on the following three key features: geology (F1), faults (F2) and crustal 

thickness (F3). 125 

F1: Geology 

The rheology, thickness and superposition of diverse geological units may affect the seismogenic potential of the 

crust (Chiaraluce et al., 2017, Petit et al., 2019). For this reason, we distinguish two observables that characterize 

this feature: surface stratigraphy and basin cover thickness.  

To assess surface geology we focus on distinguishing the main chronostratigraphic horizons given by the 130 

geological map of France (Chantraine et al., 2003), differentiating Cenozoic, Mesozoic and Paleozoic-Proterozoic 

units (Fig. 2a). In order to include the depth dimension, we integrate 3D geological models (GeoMol Project Team., 

2019; Bienveignant et al., 2024) for the Swiss Molasse basin and the Rhône valley. From these, we distinguish the 

limit between the Cenozoic and Mesozoic from crystalline basement units, thus informing on the thickness of the 

sedimentary crustal units composing the basin cover (Fig. 2b).  135 

 

Figure 2: Geological data used to characterize F1 (geology) of the structure-based SZM. A) Geological map showing the 

surface stratigraphy grouping units by geological Eras (modified from Chantraine et al., 2003); B) Thickness of basin 
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cover units (Cenozoic and Mesozoic) available for the Rhone valley (Bienveignant et al., 2024) and the Swiss Molasse 

basin (GeoMol Project Team, 2019). Both A) and B) are superposed with the resulting zone limits of the St-SZM. 140 

 

F2: Faults 

In order to integrate the current state of knowledge on faults as locus where future earthquakes may occur, we take 

into account the following observables: fault azimuth tendency, amount of fracture per region, estimated 

seismogenic potential and main faults considered for a fault-based seismic source model. We define homogenous 145 

ensembles assessing these four observables from the structural standpoint using SEFPAF database (South-East 

France Potentially Active Faults, Mowbray et al., 2025, Fig. 3a) and its associated selection of faults for a fault-

based source model (Fig. 3b). The later presents idealized fault geometries, giving place to composite seismogenic 

sources (Basili et al., 2008). 

 150 

Figure 3: Fault data considered to characterize F2 (faults) of the structure-based SZM. A) Fault traces and their 

seismogenic potential index from SEFPAF (South East France Potentially Active Faults, Mowbray et al., 2025); B) 

Selected faults for a fault-based source model for SHA (Mowbray et al., 2025). Fault acronyms: JF: Jura-Front, NAF: 

North-Alpine-Front, Vu: Vuache, Rh: Rhone, Ao: Aosta, Po: Po, Li: Ligure, Ta: Taggia, Pa: Parpaillon, HD: High-

Durance, Va: Valloire, Be: Belledonne, AF: Alpine-Front, Vey: Veynes, Ve: Ventoux, DA: Digne-Arc, Du: Durance, 155 
SC: Salon-Cavaillon, Ni: Nimes, Ce: Cevennes. Both A) and B) are superposed with the resulting zone limits of the St-

SZM. 

 

F3: Crustal thickness 

Crustal thickness may provide insight on maximum expected depth for large earthquakes (Spooner et al., 2019). 160 

To characterize this feature we use a Moho depth proxy from a recent seismic tomography study (Nouibat et al., 

2022 after Nouibat 2024, using the isovelocity 4.2 km s−1) and a digital elevation model of continental Europe 

(Hengl et al., 2022) in order to obtain the crust thickness (Fig. 4). This tomographic study is generally in agreement 

with other recent studies of the Alpine Moho depth (Lu et al., 2018, Braszus et al., 2025).  However, the isovelocity 

criterion differs between Moho domains - the Adriatic Moho along the Ivrea mantle body (see Fig. C1 for 165 

geographical reference) requires a Vs = 3.8 km s−1 while the European Moho, a Vs = 4.2 km s−1 -, therefore, a fully 
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three-dimensional model on the crust-mantle boundary along the Alpine range would ideally be required. 

 

Figure 4: F3 (crustal thickness) of the structure-based SZM inferred from seismic tomography (Nouibat, 2024, 

computed at Vs = 4.2 km s−1) and a digital elevation model (Hengl et al., 2022). The figure is superposed with the 170 
resulting zone limits of the St-SZM. 

 

3.2 Seismicity-based Seismotectonic Zonation Model 

Based on available earthquake and focal mechanism catalogs, the seismicity SZM (Se-SZM) considers the 3 

following features: seismic flux (F1), rupture mechanism (F2) and seismogenic depth (F3). We examine seismic 175 

events using two grids with hexagonal cells of about 11 km and 55 km (0.1º and 0.5º in EPSG:4326 - WGS 84, 

respectively) of diameter, allowing us to decipher data patterns at both fine and coarse scale, and account for the 

heterogeneous location uncertainties of instrumental and historical data. 

F1: Seismic flux 

Events with magnitude above 3 dominate the total seismic flux. For this reason, we use seismic catalogs with long 180 

temporal coverage. Within France we use FCAT (Manchuel et al., 2018) for the historical period (463 – 1962), 

combined with the BCSF-Rénass catalog (BCSF-Rénass, 2022) for the instrumental period (1962 – 2021; Fig. 5a). 

The data from these records extend 40 km beyond national borders for the historical events, and 20 km for the 

instrumental. To cover the areas outside of the French territory we complement with the ESHM20 Unified 

Earthquake catalog (1000 – 2014; Danciu et al., 2024; Fig. 5b), which itself is a combination of the European 185 

historical catalog EPICA (Rovida et al., 2022) and the instrumental European catalog EMEC (Lammers et al., 

2023).  

Seismic moment rates are estimated for the events in these catalogs falling within the considered completeness 

periods (Fig. A1, A2, Table 2), setting a minimum magnitude threshold of Mw 2 for FCAT and BCSF – Rénass, 

and Mw 3.5 for ESHM20. To do so we compute the seismic moment per event from its magnitude (Hanks and 190 

Kanamori, 1979), and divide it by the time period of completeness for the given magnitude. Finally, we sum the 

event rates within each grid cell and divide it by the cell area. We classify seismic flux values in four bins 

representative of the data set: 106 – 109, 109 – 1011, 1011 – 1013, 1013 – 1016 (N m yr-1 km-2) (Fig. 5c-5f); allowing 

for a better identification of spatial seismic energy release patterns. 

Magnitude interval 2 – 2.5 2.5 – 3  3 – 3.5 3.5 – 4  4 – 4.5 4.5 – 5 5 – 5.5 5.5 – 6  6 – 6.5  6.5 – 7 

Completeness periods 
FCAT + BCSF Rénass 

1975 
– 

2021 

1960 
– 

2021 

1840 
– 

2021 

1830 
– 

2021 

1810 
– 

2021 

1810 
– 

2021 

1775 
– 

2021 

1750 
– 

2021 

1475 
– 

2021 

1350 
– 

2021 

Completeness periods 
ESHM20 

 
 

  1860 
– 

2014 

1850 
– 

2014 

1810 
- 

2014 

1750 
– 

2014 

1750 
– 

2014 

1350 
– 

2014 

1350 
– 

2014 

Table 2: Estimation of completeness time periods per 0.5 magnitude interval (Mw) for FCAT (Manchuel et al., 2018) + 195 
BCSF Rénass (BCSF-Rénass, 2022) and ESHM20 catalogs (Danciu et al., 2024). Considering events falling within the 

area of interest (solid red rectangle in Figure 1). 
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Figure 5:  Seismic data used to characterize F1 (seismic flux) of the seismicity-based SZM. A, B) Seismic records showing 

events falling within each catalog completeness range: A) FCAT (1356 – 1961) + BCSF Rénass (1962 – 2021), Mw > 2; 200 
B) ESHM20 Unified catalog (1356 - 2014), Mw > 3.5; C), D) seismic flux computed on A) and B) respectively, within the 

fine grid; E), F) seismic flux computed on A) and B) respectively, within the coarse grid; C) to F) are superposed with 

the resulting zone limits of the Se-SZM. 

 

F2: Rupture mechanism 205 

The mode of crustal deformation expressed seismically - normal, reverse, strike-slip or oblique - is inferred from 

focal mechanisms. These provide direct information on recorded earthquake ruptures, thus informing on crustal 

stress released seismically at depth.  

https://doi.org/10.5194/egusphere-2026-623
Preprint. Discussion started: 5 March 2026
c© Author(s) 2026. CC BY 4.0 License.



8 

 

We use the focal mechanisms from Mathey et al. (2021), (1989 – 2015) for the Alpine range itself and complement 

it with the FMHex catalog (1954 - 2024, plus one event in 1909, Mazzotti et al., 2021) for events located in the 210 

surrounding regions (Fig. 6a shows only events of Mw > 3 for visualization purposes). We use moment magnitude, 

dip, rake and strike values to compute the summed seismic moment tensor using the Kostrov (1974) approach (see 

also Sue et al., 2007b). We subsequently derive the eigenvalues of the strain-rate tensor and the T, P, and B axes 

representative of each grid cell. We thus determine the faulting style for each cell using the Fröhlich (1992) 

classification for both fine and coarse grids (Fig. 6b, 6c). 215 

 

Figure 6:  Seismotectonic data used to characterize F2 (rupture mechanism) of the seismicity-based SZM. A) Focal 

mechanisms for events with Mw > 3 from Mathey et al., 2021 (1962 – 2013) and Mazzotti et al., 2021 (1962 – 2019); B), 

C) Faulting style deduced from T, P and B, axes obtained with computed moment tensors for all magnitude events 

within cells of both fine and coarse grids, respectively. Both B) and C) are superposed with the resulting zone limits of 220 
the Se-SZM. 

 

F3: Seismogenic depth 

The seismogenic depth is conditioned by crustal rheology, geodynamic processes and the location of structures 

accommodating the deformation (Zielke et al., 2020). We obtain this value from the distribution of hypocenter 225 

depths. A good resolution of hypocenter location is required, thus only instrumental catalogs are used. We consider 

grid cells containing at least 10 earthquakes, and compute the 90% depth quantile (D90) for the cell. We distinguish 

five seismogenic depth levels which allow to identify patterns for this feature and are representative of the 

uncertainty range for hypocenter location; < 5, 5 – 10, 10 – 15, 15 – 20 and > 20 (km). 

We consider all events in the instrumental catalogs SISMALP (1987 – 2024; Langlais et al., 2024), BCSF-Rénass 230 

(1962 – 2021; BCSF-Rénass, 2022) and ISIDe (1985 – 2023; ISIDe Working Group, 2007) to constrain the D90, 

for both sizes of grid cells (Fig. 7). However, the temporal extension of the three catalogs and the depth 

uncertainties differs, affecting the density of events at depth and consequently the D90. 

https://doi.org/10.5194/egusphere-2026-623
Preprint. Discussion started: 5 March 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

 

 

Figure 7: Seismic data used to characterize F3 (seismogenic depth) of the seismicity-based SZM. A), B), C) Hypocentral 235 
depths and moment magnitude of the seismic events from SISMALP (1987 – 2024), BCSF-Rénass (1962 – 2021) and 

ISIDe (1985 – 2023), respectively; D), E), F) Seismogenic depths computed as D90 within cells of the fine grid (presenting 

> 10 events), for the three catalogs respectively; G), H), I) Seismogenic depth computed as D90 within cells of the coarse 

grid (presenting > 10 events), for the three catalogs respectively; D) to I) are superposed with the resulting zone limits 

of the Se-SZM. 240 

 

3.3 Deformation-based Seismotectonic Zonation Model 

We attempt, in the deformation SZM (De-SZM), to consider the geodetically inferred surfacedeformation 

measured by GNSS and InSAR. The leading hypothesis is that part of this interseismic deformation can be released 

seismically. Therefore, geodesy may inform on where seismic stress is being accumulated, and ultimately, on a 245 

potential location for future earthquakes. It thus appears relevant to consider geodetic data to define homogeneous 
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areas in terms of crustal deformation amplitude and mode. However, the short time-span of GNSS measurements 

(< 25 years) along with the high uncertainties related to low deformation contexts result in GNSS solutions 

showing major discrepancies.  

GNSS vertical velocity uncertainties are notably higher than horizontal ones (Masson et al., 2019; Serpelloni et 250 

al., 2022). We aim to account for these uncertainties by complementing GNSS data with velocities derived from 

InSAR (Mathey et al., 2022). Moreover, vertical movements at large-scale are a product of multiple geodynamic 

processes not intrinsically accommodated in the brittle crust (e.g. glacial and gravitational isostasy, dynamic 

topography, and mantle buoyancy), therefore, its relation with seismicity is not yet comprehensively understood 

(Sternai et al., 2019; Piña‐Valdés et al., 2022).  255 

Hence, we assess geodetic deformation considering separately horizontal strain-rates and vertical displacement. 

The features analyzed in this model are horizontal deformation amplitude (F1), horizontal deformation mode (F2) 

and vertical displacement (F3). As in the previous model, the data is represented in hexagonal grid cells, applying 

the fine or coarse grid (hexagonal grid cell diameters of 0.1º and 0.5º in EPSG:4326 - WGS 84, respectively) 

depending on the density and resolution of each dataset. 260 

F1: Horizontal deformation amplitude 

To evaluate horizontal strain-rate spatial variation, we examine two different GNSS strain-rate solutions (GNSS 

s1: Piña‐Valdés et al., 2022; GNSS s2: Lantmäteriet, 2023; Fig. 8a, 8b). The first solution uses an interpolation 

method that captures small wave-length, large amplitude strain variations, but may also accentuate artefacts. The 

latter employs a smoother, lower-resolution interpolation method, revealing coarser spatial variations yet smaller 265 

strain values, as high strain peaks are attenuated. These contrasting results reflect the impact of methodological 

choices. To best represent each solution, we map the strain-rate amplitude in the small and large cell grids, 

respectively for the high and low-resolution datasets. To compare both solutions we use the amplitude of 

deformation (E) from the eigenvalues of the strain-rate tensor (Eq. 1; Masson et al., 2019): 

E = max (|emin|, |emax|, |emin+emax|)        (1) 270 

Where emax and emin are the maximum and minimum principal strain-rate axes. We chose to categorize strain-

rate amplitude in bins representative of the dataset, and allowing pattern identification: < 3, 3 – 5, 5 – 7, 7 – 9, > 9 

(nanostrain yr-1) (Fig. 8c, 8d). 

F2:  Horizontal deformation mode 

We represent the geodetic horizontal mode of deformation using the same two GNSS strain-rate solutions (GNSS 275 

s1: Piña‐Valdés et al., 2022; GNSS s2: Lantmäteriet, 2023), classifying deformation modes (M) from normalized 

principal strains rates (Eq. 2; Jeandet et al., submitted):  

M = (emax + emin)/E           (2) 

Where emax and emin are the maximum and minimum principal strain-rate axes and E is the strain-rate amplitude. 

Thus M = -1 represents compression, M = 0, strike-slip, and M = 1, extension (Fig. 8e, 8f). The differing solutions 280 

lead to variations in the deformation mode, particularly in areas of low strain, where artefact influence can 

dominate. For this reason, we consider only cells with strain-rate amplitudes higher or equal to 3 nanostrain yr-1. 
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Figure 8: Geodetic data used to characterize F1 (horizontal deformation amplitude) and F2 (horizontal deformation 

mode) of the deformation-based SZM. A), B) Maximum and minimum strain axes from the GNSS strain solutions 1 285 
and 2, respectively (GNSS s1: Piña-Valdés et al., 2022, GNSS s2: Lantmäteriet, 2023). C), D) Horizontal deformation 

amplitude for both respective GNSS solutions, for cells of the fine and coarse grid, respectively; E), F) Horizontal 

deformation mode for both respective GNSS solutions, for cells of the fine and coarse grid, respectively. C) to F) are 

superposed with the resulting zone limits of the De-SZM. 

 290 

F3:  Vertical displacement 

The datasets used to quantitatively characterize this feature are geodetic displacement rates from GNSS solutions 

(GNSS v1: Piña‐Valdés et al., 2022, GNSS v2: Sternai et al., 2019) (Fig. 9a, 9b). Both GNSS solutions consistently 

identify uplift along the internal part of the Alps (up to 2.5 mm yr-1) and subsidence in the peripheral basins (up to 
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2 mm yr-1), yet differing in the width of the affected uplifting area. We map the sparse point data in the coarse grid 295 

cells by attributing the mean value of velocities comprised within each cell (Fig. 9d, 9e). 

To strengthen the characterization of vertical displacement we examine an InSAR uplift-rate solution (Mathey et 

al., 2022; Fig. 9c, 9f) from a qualitative perspective. Although InSAR advantages and limitations differ from those 

of GNSS, this solution overall confirms the observed patterns obtained with GNSS. 

 300 

Figure 9: Geodetic data used to characterize F3 (vertical displacement) of the deformation-based SZM. A), B) Uplift 

rates for the GNSS stations included in the GNSS velocity solution 1 (GNSS v1: Piña-Valdès et al., 2022, reference frame 

ITRF2014) and GNSS velocity solution 2 (GNSS v2: Sternai et al., 2019, reference frame ITRF2008), respectively; C) 

InSAR uplift rate solution (Mathey et al., 2022, reference frame IGS14). A black line illustrates the interpolated 

subsidence – uplift limit for A), B) and C); D), E) Mean GNSS uplift rates for both respective GNSS solutions for cells 305 
of the coarse grid; F) InSAR uplift rate solution; D), E), F) are superposed with the resulting zone limits of the De-SZM. 
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4. Zone delineation and zone limit confidence levels 

4.1 Structural-based Seismotectonic Zonation Model 

From a practical sequential viewpoint, we delineate zones after the surface and in-depth geology (F1). As a second 310 

step we overlap the resulting zones with the SEFPAF fault catalog (F2) and remap the zones in order to coherently 

respect structural differences. Afterwards, we check that each fault from the fault-based source model for SHA 

(Mowbray et al., 2025) is preserved entirely within a zone and that its prolongation in depth is considered. At last, 

we modify the zones to consistently integrate the geometry of the crust given by the Moho depth (F3). The final 

zonation is then revisited by each of the features in order to remain consistent, conserving data homogeneity within 315 

the zones. 

We characterize zones after the most representative values for each observable (Fig. 10, Table B1); for geology 

(F1) we identify the main geological Era corresponding to the units observed on surface, and the thickness of the 

Mesozoic - Cenozoic basin cover; for faults (F2), we note the most illustrative azimuth, the quantity of fracture - 

low, mean, high -, the maximum seismogenic potential index given by SEFPAF, and the presence of a major 320 

structure according to the fault source model derived from SEFPAF; for crustal thickness (F3), we note the most 

representative crustal thickness range. Subsequently we compute the normalized sum of differences of the three 

key features (∑∆Fi, see Code and data availability) among neighboring zones in order to attribute confidence 

levels to zone limits. With the intention of obtaining an equitable distribution of the three levels of confidence we 

establish, for this model, low confidence levels when ∑∆Fi < 0.15, intermediate confidence levels when 0.15 < 325 

∑∆Fi < 0.4, and high confidence levels when 0.4 < ∑∆Fi < 1. 

We obtain 44 zones for this model with 13 zone limits with associated high confidence level, 45 limits associated 

with intermediate confidence level and 25 limits with low confidence level (Fig. 10). The data and feature values 

per zone are captured in the database of the Structure-based SZM (Table B1). 
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 330 

Figure 10: A) Structure-based seismotectonic zonation model with zone id values and with 3 different levels of zone 

limit confidence; B), C) and D) Values for F1, F2, and F3 per zone of the structural-based seismotectonic zonation 

model, respectively. 

 

4.2 Seismicity-based Seismotectonic Zonation Model 335 

Following the approach described for the structure-based SZM, we delineate zones for the seismicity-based model 

after the distribution of feature categories in the following order of observation: seismic flux (F1), rupture 

mechanism (F2) and seismogenic depth (F3). At the end of the process, we revisit all the features with their 

respective datasets to verify zone consistency.  

Next, we assign the CLZL by quantifying the feature heterogeneity among neighboring zones. Firstly, we compute 340 

the feature values (F1, F2, F3; Fig. 11; Table B2) from each dataset within each zone, as computed previously for 

the grid cells. We then calculate the weighted average feature value per zone, by applying the dataset contribution 

weights expressed in Table 1. Last, we assess the confidence level of zone limits by normalizing the sum of 

differences of the three key features (∑∆Fi) among zones sharing a boundary. For this model we establish low 

confidence levels when ∑∆Fi < 0.3, intermediate confidence levels when 0.3 < ∑∆Fi < 0.6, and high confidence 345 

levels when 0.6 < ∑∆Fi < 1. 

We delineate 37 zones for this model obtaining 13 limits of high confidence, 46 limits of intermediate confidence 

and 26 limits of low confidence (Fig. 11). The data and feature values per zone are captured in the database of the 

Seismicity-based SZM (Table B2). 
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 350 

Figure 11: A) Seismicity-based seismotectonic zonation model with zone id values and with 3 different levels of zone 

limit confidence; B), C) and D) Mean weighted values for F1, F2, and F3 per zone of the seismicity-based seismotectonic 

zonation model, respectively. 

 

4.3 Deformation-based Seismotectonic Zonation Model 355 

We follow the same procedure as described in 4.1 and 4.2 and delineate zones for the deformation-based model 

after the spatial distribution of each considered feature, starting with the horizontal deformation amplitude (F1), 

followed by the horizontal deformation mode (F2), and concluding with the vertical displacement (F3). We 

characterize zones with similar feature values after repeatedly examining each dataset from each feature.  

With the purpose of assigning CLZLs we compute the values for each dataset per zone, and proceed by calculating 360 

a weighted average per feature (Table B3) using the contribution weights expressed in Table 1. At last, we obtain 

a confidence level for each zone limit by normalizing the sum of differences of the three key features (∑∆Fi) 

among the zones on each side of a boundary. For this model we establish low confidence levels when ∑∆Fi < 0.15, 

intermediate confidence levels when 0.15 < ∑∆Fi < 0.35, and high confidence levels when 0.35 < ∑∆Fi < 1. 

This model presents 35 zones with 18 limits of high confidence, 41 limits of intermediate confidence and 17 limits 365 

of low confidence (Fig. 12). The data and feature values per zone are captured in the database of the Deformation-

based SZM (Table B3). 
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Figure 12: A) Deformation-based seismotectonic zonation model with zone id values and 3 different levels of zone limit 

confidence; B), C) and D) Mean weighted values for F1, F2, and F3 per zone of the deformation-based seismotectonic 370 
zonation model, respectively. 

 

4.4 Unified Seismotectonic Zonation Model 

With the aim of building a single model which integrates all three seismotectonic aspects (crustal structure, 

observed seismicity, geodetic deformation) and thus includes all the features listed in this work, we produce a 375 

model named “Unified Seismotectonic Zonation Model” which integrates the zone limits of the previous three. 

To do this, we superpose the three SZMs (structure, seismicity and deformation-based models) and examine zone 

limits of significant confidence level and limits that appear consistent across multiple models (Fig. 13). We proceed 

by delineating zones for the unified SZM representative of zone limit recurrency and of limits presenting 

intermediate to high confidence levels. This strategy avoids producing one model from the processing of a large 380 

variety of data at once, instead, it relies on spatial limits already determined and on their uncertainty. Figures 13b, 

13c and 13d illustrate the visual choices of zone delineation for the Unified SZM from the former SZM zone limits. 

Following this confidence-based zone limit merge we improve efficiency and ensure the reflection of the strongest 

signals from the 3 seismotectonic feature classes: crustal structure, observed seismicity and surface deformation. 

The unified model is a robust SZM, especially where relevant signals are available. However, where geophysical 385 

data acquisition is sparse and seismicity and deformation rates are low, the zone delineation remains questionable. 

Nevertheless, it is important to note that the procedures applied to derive CLZL differ for each model, making 

their direct horizontal merging debatable. This implies a preferential weight towards models presenting a larger 

amount of intermediate and high CLZL. 
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In order to compute CLZL for the Unified model we assess the difference of the nine features considered in this 390 

study (F1, F2, F3 from the St-SZM, Se-SZM and De-SZM) among zones sharing a boundary. For this purpose, 

we determine the observable values of the Structural-based SZM features – surface geology, basin cover thickness, 

mean fault azimuth, level of fracture, fault seismogenic potential index, presence of a modeled fault as a composite 

seismogenic source, crustal thickness – for each zone by visual expertise (Fig. B1). Subsequently we compute the 

Seismicity-based and Deformation-based features – seismic flux, rupture mechanism, seismogenic depth, 395 

horizontal deformation amplitude, horizontal deformation mode, vertical displacement - per zone (Fig. B1). At 

last, we normalize the summed difference of all nine features (∑∆Fi) and attribute a low confidence level to ∑∆Fi 

< 0.15; intermediate confidence level to 0.15 < ∑∆Fi < 0.3; high confidence level to 0.3 < ∑∆Fi < 1.  

This model presents 42 zones with 37 limits of high confidence, 52 limits of intermediate confidence and 7 limits 

of low confidence (Fig. 13a). 400 

 

Figure 13: A) Unified seismotectonic zonation model with zone id values and 3 different levels of zone limit confidence; 

B), C) and D) Structure, Seismicity and Deformation-based seismotectonic zonation models, respectively showing zone 

limits in green with CLZL hierarchization, all three superposed with the Unified seismotectonic zonation model limits 

in solid black. 405 

 

5 Discussion 

5.1 Coherencies and discrepancies among SZM  
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A comparative analysis reveals significant consistencies among the three independent seismotectonic zonation 

models (SZM, Fig. C1) presented in this work: structural-based, seismicity-based and deformation-based 410 

seismotectonic zonation model (St-SZM, Se-SZM, De-SZM).  

In the northern-east part of the study area, elongated NE-SW oriented zones are consistently identified in both St-

SZM and Se-SZM, capturing the Rhine graben structure, while geodetical constrains illustrate only the eastern 

edge of this structure. The western sector shows moderate size zones across all models, with comparable zone 

boundaries among the St-SZM and De-SZM. Robust feature differences appear along the margin of the Eastern 415 

Pyrenees allowing for a similar and confident zone delineation for the three models.  

For the southern section, the Mediterranean Sea exhibits distinct zone delineation across the three SZM, mostly 

reflecting limited geophysical and geological data coverage. Low-confidence zone limits along the meridian 8º are 

identified in both Se-SZM and St-SZM, representing coherent yet small seismotectonic behavioral change across 

both models. All three SZM consistently identify independent seismotectonic zones for Corsica and the Var region, 420 

although zone geometries differ. The Ligurian fault zone is illustrated by high confidence limits in both St-SZM 

and Se-SZM, however, not reflected by geodetic signals. In contrast, the area between eastern Cevennes and Var 

region displays a clear structural framework dominated by major fault systems (Cevennes, Nimes, Salon-

Cavaillon, Middle Durance), yet not reflected by seismic nor geodetic features. 

In the eastern part of the study area, the Po plain is subdivided into multiple zones and consistently separated from 425 

the Maritime Alps across all SZM, at slightly differing latitudes. An E-W central subdivision of the Po plain, 

occasionally arch-shaped following the Po fault geometry, is common to all models. Zones representative of the 

Ivrea mantle body are consistent across the St-SZM and the De-SZM, while the Briançonnais seismic arc is 

illustrated across all three SZM with varying zone geometries. More broadly, the Alpine arc, Jura Mountain range 

and Swiss Molasse basin, are well captured in all models, with differing levels of internal subdivision.  430 

Larger discrepancies among models occur in the central area of the study zone, where dense and variably oriented 

zone boundaries reflect complex structural patterns and poorly correlated geodetic and seismic signals. We 

conclude that structural, seismic and geodetic signals are most coherent along the Eastern Pyrenees, Var region, 

Corsica, Po plain, Alpine arc, Swiss Molasse basin, Jura Mountain range and the Rhine graben. These 

multifeatured signals may be linked to specific faulting or deformation mechanisms which lie beyond the scope of 435 

this study. 

 

5.2 Comparison with previous zoning schemes for France 

The first seismogenic source model (SSM) published for metropolitan France is a seismotectonic zonation model 

(EPAS model – Autran et al., 1998), presenting already different levels of consolidation for zone limits. This model 440 

has been used in numerous PSHA studies (Martin et al., 2002; Beauval and Scotti, 2004; Clément et al., 2004; 

Beauval et al., 2006; Secanell et al., 2008; Woessner et al., 2015). An important update of this model was published 

in 2013 (Baize et al., 2013), introducing the classification of data into dynamic (seismicity and deformation) and 

static (structural) observations. The Baize et al. (2013) model has been used in many subsequent PSHA studies 

(Chartier et al., 2017; Martin et al., 2018; Drouet et al., 2020; Beauval et al., 2020; Danciu et al., 2024). Since 445 

then, several propositions to update this zoning have been done, especially from the industrial sector (e.g., Martin 

et al., 2018; Le Dortz et al., 2019), each of them acknowledging the need for updating SZMs given the fast increase 

of available seismotectonic and geophysical data.  

In the following we discuss and illustrate the differences among three previously compiled seismotectonic zonation 

models (Autran et al., 1998; Baize et al., 2013; Le Dortz et al., 2019) and the unified SZM proposed in this study 450 

(Fig. 14). The objective is to highlight the new contributions arising from the sequential methodology and the 

updated dataset implemented in the present work. We recognize main structural elements along most of the models 

(e. g. Eastern Cevennes, Rhone valley, Western Alpine front, Rhine graben, Jura Mountain range, Swiss Molasse 

basin, Po plain, Ligurian fault zone, Digne arc, Var region, Gulf of Lyon; Fig. 14), yet many of the boundaries 

differ where the geological structure is less clear and where seismicity and deformation rates are low. 455 

The EPAS model (Autran et al., 1998) incorporates stress, deformation, and seismic distribution, as well as 

structural components. However, this model underlines the influence of tectonic domains, reflecting major faults 

as zone boundaries. It also proceeds by building sequenced SZM which are at last complemented to form one only 
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model, each giving place to a hierarchy of zone boundaries. The 1st model is built on major crust structure and 

geodynamics, the 2nd model is based after deformation data – stress field and neotectonic evidences - and, the 3rd 460 

model follows the seismicity distribution.  

We identify similarities among the ESHM13 model (Woessner et al., 2015, modified from Autran et al., 1998 for 

the French territory; Fig. 14a) and the structural and deformation feature patterns presented in this study. In both 

models the Rhine graben region presents multiple zones oriented SSW – NNE; the Alpine arc presents smaller 

zones that follow the arcuate shape of the chain; the Cevennes region and Rhone valley present comparable zone 465 

delineations. However, the northwestern part of the study area presents larger zones - reflecting the diffuse nature 

of seismicity and deformation and the difficulty to distinguish reliable seismotectonic features here. 

The Baize et al. (2013) model (Fig. 14b) integrates with detail structural and geological surface features, with zone 

boundaries also following major known faults. This study dissociates seismotectonic features into static (geology) 

and dynamic (seismotectonics, neotectonics) data. It integrates the distribution of instrumental and historical 470 

seismic events (Mw > 5.5) from Sisfrance, Rénass and CEA/LDG, a stress regime from focal mechanisms 

(Heidbach et al., 2010), neotectonic evidences (0 – 10 Ma; Baize et al., 2002; Bertrand et al., 2007) and, the 

Miocene – Pliocene deformation pattern and distribution. Yet, we identify the structural geology as the most 

impacting feature for this model and observe major resemblances with the structure-based SZM presented in this 

study, without many similarities with the seismicity or deformation-based SZM. Baize et al. (2013) also developed 475 

a hierarchical classification of zone boundaries in 4 orders: the 1st order reflects zonation based on geodynamic 

history, significant structures and seismic density; the 2nd order builds zones where several dynamic criteria 

converge; the 3rd and the 4th order are based on discrete criteria. 

The third model (Le Dortz et al., 2019; Fig. 14c) is an update of the EPAS model developed during the last two 

decades by GEOTER. It delineates zone boundaries after crustal transition zones from tomographic and 480 

gravimetric data, surface geology, the BDFA fault catalog (Jomard et al., 2017) and, the World Stress map 

(Heidbach et al., 2016). They classify data into static and dynamic parameters as done in Baize et al. (2013). This 

work classifies zone boundaries into three levels, each after specific observations: the major boundaries correspond 

to the Moho discontinuities; the secondary boundaries to secondary crustal transition zones and the limit between 

continental and crustal crust; the third-level boundaries are defined after stress regime and faults. This model 485 

contrastively presents little zone limit resemblance with any of the 4 SZM presented in this study. Yet, major 

tectonic domains can be distinguished. 

The comparison of the Unified SZM with previous seismotectonic zonation models strongly illustrates the impact 

of integrating active deformation and seismic observations from newly available geophysical data. The zoning 

approach presented here indeed integrates structural, seismic and geodetic features, while previous models 490 

primarily capture structural and crustal stress parameters, and are thus less influenced by seismic and deformation 

observations. 
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Figure 14: A), B) and C) Previous seismotectonic zonation models (Autran et al., 1998; Baize et al., 2013; Le Dortz et 

al., 2019, respectively) presenting three to four different levels of zone limits.; D) The Unified seismotectonic zonation 495 
model from this study presenting the 3 levels of zone limit confidence. Geographic regions are labeled for reference: 

RG: Rhine graben, SMB: Swiss Molasse basin, JMR: Jura Mountain range, WAF: Western Alpine front, RV: Rhone 

valley, EC: Eastern Cevennes, GL: Gulf of Lyon, VR: Var region, DA: Digne arc, LFZ: Ligurian fault zone, AA: Alpine 

arc, PP: Po plain. 

 500 

5.3 Handling seismic source characterization uncertainties 

There are inherent uncertainties in the definition of source zone models for seismic hazard assessment. In the case 

of South-East France, our current seismotectonic knowledge is limited due to low-moderate seismicity levels, slow 

deformation rates, limited time periods of geophysical recordings to confidently characterize seismic patterns and 

surface deformation, alongside limited active fault knowledge. Building seismic source models (SSM) using up-505 

to-date geophysical and geological data, along with a deep understanding of the regional seismotectonics and of 

the considered data partly allows to mitigate uncertainties. Furthermore, combining in a logic-tree multiple SSM, 

preferentially developed at regional/local scale, allows to explore and reduce some of the uncertainties (Hashemi 

et al., 2023, 2024). 

In this work we present four sequenced SZM for the region of South-East France which reflect the current state of 510 

knowledge on seismic source characterization. Uncertainties related to zone delineation are reduced by grouping 

seismotectonic parameters into categorical groups, thus diminishing complexity of zone mapping and ensuring 

data signals are adequately expressed in the final model. Zone boundaries are subsequently evaluated by 

quantifying the feature contrasts across each zone limit. Nevertheless, residual expert-opinion related uncertainties 
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arise from methodological choices, such as the selection of datasets for feature characterization, weighting schemes 515 

used to derive feature averages, the sequencing of feature and dataset analysis during zone delineation, and the 

definition of cumulative feature-difference (∑∆Fi) levels used to attribute CLZL.  

Moreover, underlaying data-intrinsic uncertainties, such as heterogeneous data density, uncertainties linked to data 

acquisition or linked to physical assumptions, influence the resulting zone mapping, the CLZL values and, 

consequently the contribution of each SZM to the final unified model. More explicitly, data-related uncertainties 520 

affect several key datasets. Structural data are subject to uncertainties regarding the current state of knowledge on 

faults and their potential seismic activity. Seismic records are affected by uncertainties in macroseismic magnitude 

and location estimates, limited periods of catalog completeness, inconsistencies of magnitude estimate among 

different seismic catalogs, uncertainties in hypocentral depth and, biases introduced by event density which 

influence the estimation of seismogenic depth and rupture mechanism – related to the time and space heterogeneity 525 

of instrumental coverage. Geodetic solutions are also impacted by uncertainties arising from methodological 

assumptions in velocity and strain estimation, as well as from the relatively short duration of available 

observational time series, while they may also capture aseismic deformation.  

The impact of the features and datasets used to develop a SZM is dependent on the availability, reliability, density 

and continuity of the data. Therefore, where one dataset presents little representation, the remaining datasets will 530 

take on a higher role for zone delineation. On the contrary, where observations are redundant, SZM models appear 

more robust. 

Including the three independent SZM as alternative models populating a logic tree in a seismic hazard study allows 

for a more comprehensive evaluation of epistemic uncertainties. In previous SHA studies the integration of 

alternative models produced by different authors compensates the diverse uncertainties linked to expert opinion 535 

choices; here, we suggest to examine uncertainties by quantitatively evaluating zone delineation choices. This 

approach explicitly acknowledges that no single model can reliably forecast future earthquakes on its own.  

Moreover, we aim for the reproducibility of the sequenced seismotectonic zonation method presented in this work 

by evoking transparently the methodology and making accessible the code and data used to obtain the four SZM 

(10.5281/zenodo.18391170, Mowbray et al., 2026, see Code and data availability). In this line, future updates can 540 

easily be applied in the case of new geophysical acquisitions or reconsideration of ponderation weights or feature 

prioritization. A long-term objective is to integrate the depth component of the considered data (e.g. focal 

mechanisms, geology, seismogenic depth) in order to build a 3D seismotectonic zonation model which considers 

in depth seismotectonic variations. 

With the objective of building seismogenic source models for PSHA from the SZM, magnitude-frequency 545 

distributions will need to be derived for the zones of each model. Depending on the catalog used, some of the 

zones may comprise too few events to reliably establish this distribution. In this case, the confidence levels 

associated to the zone limits may be used to take decisions on the merging of zones and the creation of larger 

source zones. Large zones may compensate the short observation windows of seismic records, assigning plausible 

recurrence rates to zones for which no events have been observed in the past. 550 

 

6 Conclusions 

Characterizing seismic sources in low to moderate seismic regions, such as South-East France, is a scientific 

challenge which demands a multidisciplinary analysis of local seismotectonics. We develop three alternative and 

independent seismotectonic zone models (SZM) which robustly rely on distinct seismotectonic features, grouped 555 

into three themes, each offering a different insight to seismic hazard; geology and crustal structure, observed 

seismicity and geodetically observed surface deformation. Additionally, we introduce a fourth model, the unified 

seismotectonic zonation model, which encompasses all the observations considered within the three thematic 

models.  

 560 

The seismotectonic zonation models presented here differ from previous zonation efforts for the region through 

multiple aspects: the disaggregation of seismotectonic features into thematic groups, the expanded spatial and 

temporal coverage of geophysical records, the integration of seismic data from cross-border countries, the 

increased consideration of geodetically constrained surface deformation and, the quantitative evaluation of zone 

delineation based on feature heterogeneity. The limitations of this work are principally linked to data-related 565 
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uncertainties, the temporal and methodological heterogeneity of datasets to characterize one same feature (e.g. 

different seismic catalogs, different geodetic solutions), the limited temporal observation windows of geophysical 

data and, expert-opinion methodological choices (e.g. ponderation weights for datasets). 

Moreover, we introduce a novel methodology for zone boundary hierarchization, which assesses quantitatively the 

variability of each feature within a model and avoids boundary level attribution to one specific observation. Our 570 

strategy apports objectivity and allows for a maximum use of seismotectonic data. The resulting models can be 

used in a source model logic tree, thus, the uncertainty on which model is most accurate for forecasting future 

earthquakes is propagated up to hazard estimates. Our approach is reproducible and enables the updating of 

seismotectonic zonation models as new geophysical data become available. However, variability related to the 

author’s expert choices will inevitably persist.  575 

Advances in the geophysical framework alongside the temporal extension of geophysical records, allow for a more 

comprehensive description of the current crustal deformation and its incorporation into seismic source models for 

SHA. Nevertheless, seismic source characterization remains limited in regions with sparse geophysical 

instrumentation and weak seismic or geodetic signals. Therefore, seismic source characterization will continue to 

improve with geophysical instrumentation deployments and the accumulation of long-term measurements. 580 
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Appendices 

Appendix A: Seismic catalog completeness period estimations 

 585 

 
Figure A1: Assessment of completeness periods for magnitude bins of Mw 0.5 for the FCAT (463 – 1961; Manchuel et 

al., 2018) + BCSF Rénass (1962 – 2021; BCSF Rénass, 2022) catalogs, by finding the inflection point of constant 

cumulative number of events (N) in time. Considering events falling within the area of interest (solid red rectangle in 

Figure 1). 590 
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Figure A2: Assessment of completeness periods for magnitude bins of Mw 0.5 for the ESHM20 Unified Earthquake 

catalog (1000 – 2014, Danciu et al., 2024), by finding the inflection point of constant cumulative number of events (N) 595 
in time. Considering events falling within the area of interest (solid red rectangle in Figure 1). 

 

Appendix B: Seismotectonic features for zones of each SMZ 

id 
F1: Geology F2: Faults F3: Crustal Thickness 

Surface 
Cover thickness 

(km) 
Mean 

azimuth (ºN) 
Level of 
fracture 

SP 
index 

Model fault 
Crustal thickness 

(km) 

1 Meso  45 Mean < 20  20 – 30 

2 Meso  60 High < 40  20 – 30 

3 Paleo 0 45 Mean < 40  20 – 30 

4 Paleo 0 150 Mean < 20  20 – 30 

5 Paleo 0 45 Mean < 60  30 – 40 

6 Meso  30 High < 40  20 – 30 

7   100 Low < 20  20 – 30 

8 Ceno  20 Mean > 60 Jura Front 20 – 30 

9 Meso  60 High < 40 Jura Front 20 – 30 

10 Meso-Ceno 
7 

60 Mean 
< 60 Alpine 

Front N 
30 – 40 

11 Meso-Ceno 6 140 High < 60 Vuache 30 – 40 

12 Meso 
10 

30 High 
< 60 Alpine 

Front S 
30 – 40 

13 Paleo 0 30 High < 60 Belledonne 30 – 40 

14 Paleo 
0 

60 High 
< 60 Rhone + 

Aosta 
40 – 50 

15 Paleo 0 45 Mean < 60 Valloire 40 – 50 

16 Paleo-Ceno  60 Mean < 20  50 – 60 

17 Ceno  100 Mean < 60 Po Thrust 30 – 40 

18 Paleo 0 90 High < 20  30 – 40 

19 Meso 
0 

145 High 
< 60 High 

Durance 
40 – 50 

20 Paleo-Meso  120 High < 60  30 – 40 

21 Ceno  65 High > 60 Ligure 10 – 20 

22 Paleo 0 120 Mean > 60 Taggia 30 – 40 

23 Paleo 0 50 Low < 40  30 – 40 
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 610 

 

Table B1: Data and feature values for the structural seismotectonic zonation model within each zone: Surface geology 

(Chantraine et al., 2003), basin cover thickness (GeoMol Project Team, 2019; Bienveignant et al., 2024), mean fault 

azimuth, level of fracture, seismogenic potential (SP) index, presence of a modeled fault for SHA (Mowbray et al., 2025) 

and, crustal thickness (Nouibat, 2024, Hengl et al., 2022). 615 

24 Meso 
4 

120 Mean 
< 60 Digne Arc + 

Parpaillon 
30 – 40 

25 Meso 8 145 Mean < 60 Veynes 30 – 40 

26 Ceno 2 60 Low < 40  20 – 30 

27 Paleo 0 60 Mean < 40  20 – 30 

28 Meso 10 90 High < 40 Ventoux 20 – 30 

29 Ceno 
 

55 Mean 
< 60 Middle 

Durance 
30 – 40 

30 Ceno 10 60 Mean < 40 Nimes 20 – 30 

31 Meso-Ceno 8 45 High < 20 Cevennes 20 – 30 

32 Ceno 
12 

80 Mean 
< 40 Salon-

Cavaillon 
30 – 40 

33 Paleo-Meso  90 High < 40  30 – 40 

34 Paleo  70 Low   30 – 40 

35 Ceno  90 Low < 20  10 – 40 

36 Paleo-Prote  50 High < 20  30 – 40 

37 Meso-Ceno  100 Mean < 20  30 – 40 

38 Paleo-Prote  50 High < 20  20 – 30 

39 Paleo-Meso  180 Low < 60 Po Thrust 50 – 60 

40 Ceno  50 Low < 60  20 – 30 

41 Ceno  60 Low < 20  30 – 40 

42 Ceno 5 160 Low < 60  30 – 40 

43 Paleo-Prote  145 Mean < 40  20 – 30 

44 Ceno   Low < 20  10 – 20 

id 

F1: Seismic Flux 
(N·m  yr-1 km-2) 

F2: Rupture mode 
F3: Seismogenic Depth 

(km) 

FCAT + BCSF ESHM20 F1 
Focal mechanisms  

F2 
SISMALP BCSF ISIDe F3 

1 7.77e+08 4.47e+08 7.11e+08 Strike-slip 24.8 20.0  24.0 

2 1.16e+10 7.04e+09 1.07e+10 Normal-Oblique 18.3 20.0  18.5 

3 2.31e+09 5.59e+08 1.96e+09 Strike-slip 21.4 20.1  21.2 

4 2.65e+12 2.09e+10 2.13e+12 Strike-slip  20.0  20.0 

5 4.22e+10 9.41e+09 3.57e+10 Strike-slip 17.0 20.1  17.6 

6 8.41e+09 3.47e+09 7.42e+09 Reverse-Oblique  20.0  20.0 

7 1.61e+12 2.11e+12 1.71e+12 Odd  20.0  20.0 

8  2.14e+10 2.14e+10 Strike-slip     

9  2.43e+09 2.43e+09 Strike-slip     

10 9.26e+10 1.53e+11 1.05e+11 Strike-slip 13.9 20.1  14.9 

11 1.15e+12 4.44e+10 9.32e+11 Reverse-Oblique 19.5 20.1  19.6 

12 1.91e+11 7.30e+10 1.68e+11 Normal 16.4 20.0  17.0 

13 8.37e+10 1.14e+11 8.98e+10 Reverse 17.0 19.9  17.5 

14 8.18e+11 3.75e+11 7.29e+11 Strike-slip 11.9 13.0  12.1 

15 5.55e+11 4.39e+11 5.32e+11 Strike-slip 7.6 11.0  8.2 

16 1.16e+11 2.34e+12 5.60e+11 Normal-Oblique 10.7 20.0 11.1 11.8 

17  5.77e+11 5.77e+11 Strike-slip     

18  4.24e+10 4.24e+10 Strike-slip   35.9 35.9 

19 5.86e+08 2.44e+09 9.57e+08 Strike-slip 14.2 17.7 11.1 13.3 

20 8.68e+09 3.37e+09 7.62e+09 Normal-Oblique 11.4 12.0  11.5 

21 6.68e+10 4.25e+09 5.43e+10 Normal 11.8 24.5  13.9 

22 3.73e+10 1.03e+11 5.04e+10 Reverse 13.7 18.0  14.4 

23 8.56e+11 3.56e+11 7.56e+11 Normal-Oblique 10.8 12.0  11.0 

24 1.03e+12 1.09e+12 1.04e+12 Normal 15.8 17.0 16.1 16.0 

25 1.38e+11 5.96e+10 1.22e+11 Strike-slip 11.1 13.0 12.4 11.8 

26 1.20e+11 4.43e+11 1.85e+11 Normal 15.5 17.0 15.0 15.5 
27 6.65e+09 1.37e+11 3.26e+10 Normal-Oblique   40.8 40.8 

28 2.15e+08 8.04e+10 1.63e+10 Normal-Oblique   11.0 11.0 

29 1.02e+09 2.91e+08 8.72e+08 Normal-Oblique  20.1  20.1 
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 620 

Table B2: Data and feature values for the seismicity-based seismogenic zonation model within each zone. FCAT + 

BCSF: seismic flux obtained per zone from FCAT (1356 – 1961, Manchuel et al., 2018) and BCSF Rénass (1962 – 2021, 

BCSF-Rénass, 2022); ESHM20: seismic flux obtained per zone from the ESHM20 unified catalogue (1356 – 2014, 

Danciu et al., 2024); F1: weighted mean seismic flux; Focal mechanisms, F2: rupture mode obtained per zone from the 

moment tensor of the focal mechanisms (Mathey et al., 2021; Mazzotti et al., 2021); SISMALP, BCSF, ISIDe: D90 625 
quantile obtained per zone using SISMALP (1987 – 2024, Langlais et al., 2024), BCSF-Rénass (1962 – 2021, BCSF-

Rénass, 2022), ISIDe (1985 – 2023, ISIDe Working Group, 2007), respectively; F3: weighted mean seismogenic depth. 

 

 

Table B3: Data and feature values for the deformation seismotectonic zonation model within each zone. GNSS s1, v1: 630 
GNSS strain and velocity solution (Piña-Valdès et al., 2022) used to obtain F1, F2 and F3; GNSS s2: GNSS strain 

solution (Lantmäteriet, 2023) used to obtain F1 and F2; GNSS v2: GNSS velocity solution (Sternai et al., 2019) used to 

obtain F3; F1: weighted average horizontal deformation amplitude per zone, in nanostrain yr-1; F2: weighted average 

30 2.75e+11 2.86e+11 2.77e+11 Normal 16.5 20.1  17.1 

31 9.85e+09 1.13e+10 1.01e+10 Normal-Oblique  20.1  20.1 

32 1.57e+09 2.37e+09 1.73e+09 Normal-Oblique 12.1 17.8  13.0 

33 4.19e+12 1.40e+12 3.63e+12 Reverse 9.8 17.5 15.7 12.9 

34 1.08e+08 6.36e+09 1.36e+09 Strike-slip  20.0 15.8 16.6 

35 1.51e+10 1.14e+10 1.44e+10 Strike-slip  14.2  14.2 

36 5.23e+08 7.76e+07 4.34e+08 Strike-slip  22.0  22.0 

37 4.64e+10 2.96e+10 4.30e+10 Odd  19.3  19.3 

id 

F1:  Horizontal Deformation Amplitude 
(nanostrains yr-1) 

F2: Horizontal Deformation 
Mode 

F3: Vertical displacement 
(mm  yr-1) 

GNSS s1 GNSS s2 F1 GNSS s1 GNSS s2 F2 GNSS v1 GNSS v2 F3 

1 1.61 1.26 1.54 0.32 -0.77 0.1 -0.4 -0.6 -0.5 

2 2.02 1.76 1.97 -0.85 -0.91 -0.86 -0.3 -0.6 -0.45 

3 3.25 2.85 3.17 -0.88 -0.99 -0.9 -0.5 -0.8 -0.65 

4 1.47 2.53 1.68 0.73 -0.87 0.41 0.0 0.1 0.05 

5 1.87 1.38 1.77 -0.06 -0.77 -0.2 0.5 0.3 0.4 

6 2.07 1.0 1.86 -0.47 0.16 -0.34 1.1 1.5 1.3 

7 1.96 1.0 1.77 0.03 -0.64 -0.1 -0.5 -0.9 -0.7 

8 1.94 1.64 1.88 -0.46 -0.81 -0.53 -0.6 -0.6 -0.6 

9 3.17 1.22 2.78 -0.57 -0.69 -0.59 -0.2 -0.3 -0.25 

10 1.78 1.3 1.68 0.02 -0.77 -0.14 -0.2 -0.3 -0.25 

11 4.73 1.0 3.98 -0.67 -0.37 -0.61 0.5 0.4 0.45 

12 3.98 0.8 3.34 -0.26 -0.62 -0.33 1.8 0.9 1.35 

13 5.45 0.9 4.54 0.88 -0.28 0.65 2.1 1.8 1.95 

14 2.69 2.75 2.7 -0.43 -0.54 -0.45 1.2 0.4 0.8 

15 1.88 1.6 1.82 0.05 -0.5 -0.06 0.9 0.6 0.75 

16 3.14 1.4 2.79 0.8 1.0 0.84 0.1 1.6 0.85 

17 5.59 3.1 5.09 0.91 1.0 0.93 1.3 1.0 1.15 

18 4.03 3.5 3.92 0.37 0.81 0.46 1.2 1.2 1.2 

19 2.25 3.5 2.5 0.4 1.0 0.52 -0.3 -0.4 -0.35 

20 2.9 2.4 2.8 0.62 0.44 0.58 -0.3 0.2 -0.05 

21 3.85 2.65 3.61 -0.86 0.04 -0.68 0.3 -0.4 -0.05 

22 2.23 1.5 2.08 -0.67 -0.33 -0.6 -0.3 -0.2 -0.25 

23 2.27 1.28 2.07 0.84 0.86 0.84 -0.3 -0.3 -0.3 

24 1.24 0.8 1.15 -0.49 -0.13 -0.42 -0.1 -0.1 -0.1 

25 2.64 1.34 2.38 -0.7 -0.79 -0.72 -0.7 -0.8 -0.75 

26 1.72 2.3 1.84 -0.43 -0.52 -0.45 -0.3 -0.1 -0.2 

27 3.45 1.45 3.05 0.63 -0.69 0.37 0.3 0.3 0.3 

28 3.57 1.9 3.24 -0.47 -0.71 -0.52 -0.3 -0.3 -0.3 

29 6.39 3.17 5.75 -0.63 -0.76 -0.66 -0.7 -0.5 -0.6 

30 2.68 2.97 2.74 -0.73 0.23 -0.54 -0.1 -0.8 -0.45 

31 2.72 2.7 2.72 0.22 0.37 0.25 0.3 -0.2 0.05 

32 2.45 1.97 2.35 0.77 0.91 0.8 -0.1  -0.1 

33 1.26 1.32 1.27 -0.02 -0.46 -0.11    

34 4.0 1.5 3.5 0.8 0.07 0.65 -1.9 -1.6 -1.75 

35 2.34 3.3 2.53 0.64 0.92 0.7 -0.9  -0.9 
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horizontal deformation mode per zone, dimensionless values corresponding to M from equation 2; F3: weighted average 

vertical displacement rate per zone, in mm yr-1. 635 

 

 

Figure B1: Unified Seismotectonic Zonation Model with CLZL per zone boundary and the characterization per zone 

of the 9 seismotectonic features included in this study. A) Structural feature 1 (geology) and zone id values; B) Structural 

feature 2 (faults); C) Structural feature 3 (crustal thickness); D) Seismicity feature 1 (seismic flux); E) Seismicity feature 640 
2 (rupture mechanism); F) Seismicity feature 3 (seismogenic depth); G) Deformation feature 1 (horizontal deformation 

amplitude); H) Deformation feature 2 (horizontal deformation mode); I) Deformation feature 3 (vertical displacement). 
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Appendix C: Coherencies and discrepancies among SZM 

 645 

Figure C1: Spatial comparison of the three individual seismotectonic models from this study. A) B), and C) Structure, 

Seismicity and Deformation-based seismotectonic zonation models, respectively, showing zone limits with CLZL 

hierarchization. Geographic regions are labeled for reference: RG: Rhine graben, SMB: Swiss Molasse basin, JMR: 

Jura Mountain range, RV: Rhone valley, EC: Eastern Cevennes, EP: Eastern Pyrenees, VR: Var region, MS: 

Mediterranean Sea, C: Corsica, MA: Maritime Alps, LFZ: Ligurian fault zone, BSA: Briançonnais seismic arc, AA: 650 
Alpine arc, IMB: Ivrea mantle body, PP: Po plain. 
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Code and data availability  

The code and data used to produce the Sequenced Seismotectonic Zonation Models are available for download on 655 

the Zenodo website: https://zenodo.org/records/18391170 with the following DOI: 10.5281/zenodo.18391170 

(Mowbray et al., 2026). In the repository the following files are collected:  

• Sequenced_SZM_SE_France.ipynb is the code compiled for data analysis, zone feature characterization 

and CLZL characterization. 

• SZM_virtual_map.html shows the four SZM developed in this study in a user-friendly interactive map. 660 

• SZM.zip contains a folder for each SZM which presents the datasets used to constrain each feature, grids, 

zone limits, zone feature values and CLZL values. 

• README.txt describes the files comprised in SZM.zip, Sequenced_SZM_SE_France.ipynb and 

SZM_virtual_map.html 
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