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ABSTRACT
The undergoing study aims at the elaboration of a probabilistic seismic hazard maps for metropolitan France
taking into account the outcomes of recent research projects such as SIGMA (Research on SeIsmic Ground
Motion Assessment, 2011 – 2016), which was devoted to improve knowledge on data, methods and tools to
better quantify uncertainties in seismic hazard estimates. A new earthquake catalogue for France was developed
including a revision of magnitude and depth for historical events and of location and magnitude for instrumental
events. This catalogue is used as the backbone catalogue for the present study. Three area source models
developed independently by 3 institutions are considered for which seismic activity is characterized using the
Gutenberg-Richter model including an exploration of earthquake location and magnitude uncertainty. In
addition, a zoneless approach is considered using spatially-adaptive kernel functions. The concept of large
seismotectonic domains is introduced in order to constrain the estimation of the Gutenberg-Richter b-value and
to derive maximum magnitude distributions using the Bayesian approach. The ground-motion model includes
two GMPEs developed specifically for France as well as two additional models. Tests were carried on in order to
investigate if the adopted ground-motion characterization logic tree captures epistemic uncertainty. Uncertainties
related to the seismic activity (parameters a and b of the Gutenberg-Richter models), maximum magnitude, and
hypocentral depth is also explored. The objectif of this study is to produce probabilistic hazard maps for a grid
with a spatial sampling of 10 km for two return periods (475 and 2475 years) and three spectral periods (PGA,
0.2 and 1.0 seconds).
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INTRODUCTION

Probabilistic seismic hazard (PSH) assessment is used for quantifying the seismic hazard on a site or
on a grid of sites. For regions of low to moderate seismicity such as metropolitan France PSH
assessment is a significant challenge requiring accurate evaluation and appropriate treatment of
uncertainties.
The last seismic hazard maps produced for France were published about 15 years ago and significant
improvements in seismic hazard assessment have been made since then. In particular, the SIGMA
project aimed at a better understanding and characterization of all uncertainties (Pecker et al 2017).
During this project (2011 – 2016) several results with operational applications have been obtained
(Martin et al., 2017): homogenous seismic catalogue in Mw for France, seismic ground-motion
database (RESORCE) to develop Ground Motion Prediction Equations for Europe and specific models
for France, best practices guideline for site characterization and operational guide to account for site
effects.
The present study, which is the first step of a long term project, makes use of these SIGMA outcomes
to elaborate a probabilistic seismic hazard maps for the French metropolitan territory. The objective is
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to produce seismic hazard maps for 475 and 2475 years return period at 3 spectral periods (100 Hz
~PGA, 5 Hz and 1 Hz).
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EARTHQUAKE CATALOGUE

2.1 Catalogue compilation
The earthquake catalogue is primarily based on the published catalogue FCAT-17 (Manchuel et al.,
2017). This catalogue includes historical events from France with location based on SISFRANCE
(http://www.sisfrance.net) with re-evaluated moment magnitudes and hypocentral depths (see
Manchuel et al. 2017). The instrumental period is equivalent to the SiHex catalogue (Cara et al.,
2015). The geographical extension of FCAT-17 is limited to a 20 km buffer around the French borders
and coastlines and we extended it by including the SiHex events located outside the buffer (original
SiHex catalogue and extension provided by the authors upon request) as well as the SHEEC catalogue
(developed within the SHARE project,Woessner et al., 2015), in order to cover a 200 km buffer
around the French borders and coastlines. Both SiHex and SHEEC catalogue provide moment
magnitude. We also included a temporal extension for the years 2010-2016 using the LDG bulletins
(http://www-dase.cea.fr). The characteristics of the source catalogues are given in Table 1.
Table 1. Captions of tables; first letter capitalized, period at end, and centrally aligned.

Catalogue
FCAT-17
SHEEC
SiHex
SiHex extension
LDG bulletins

Number of
events
41658
3003
38027
12581
27038

Time period
463-2009
1000-2006
1962-2009
1962-2009
2010-2016

Magnitude range
(Mw)
0.4-6.7 (Mw)
1.7-6.6 (Mw)
0.6-6.0 (Mw)
0.9-5.6 (Mw)
0.2-5.4 (ML[LDG])

Hypocentral
depth range (km)
0-126
1-35
0-126
0-63
0-77

2.2 Catalogue processing
We first identified duplicate events searching for events located less than 10 km away from each other
and with an origin time difference less than 60 s. In a second step a manual review of these events
allowed us to identify multiple entries in the catalogue.

Figure 1. Time dependence of location uncertainty (left) (Blue dots: observed data from FACT-17; Red dots
observed data from SHEEC; Black line: model derived from those data. Magnitude dependence of magnitude
uncertainty (right). (Blue dots: observed data from SiHex; red line: model).

Location and magnitude uncertainty are not given for all the events of the catalogue. Since this
information is used to compute Gutenberg-Richter models, we analyzed the reported location and
magnitude uncertainties. In order to build simple models we analyzed variations with time and
magnitude of the location and magnitude uncertainties. The analysis reveals that location uncertainty
is primarily dependent on time while magnitude uncertainty is primarily dependent on magnitude.
Figure 1 shows these dependencies and the models used in order to assign location and magnitude
uncertainty to events for which those parameters are not reported.
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For the period 2010-2016, the reported magnitude for the events is the local magnitude from the LDG.
We first searched the moment tensor inversion databases of Betrand Delouis
(https://geoazur.oca.eu/spip.php?rubrique59) and of the Swiss Seismological Service. We identified
about 50 events with a direct Mw estimation. For the other events we used the conversion scheme
proposed by Cara et al. (2015) for the SiHex catalogue:
0.45

3.1

0.664
0.6

3.1

(1)

The final catalogue for the PSHA calculations includes finally 82778 events, covering the period 4632016 with moment magnitudes between 0.5 and 6.7. It covers the region with latitudes between 39°N
and 53.5°N and longitudes between 7°W and 11°E.
2.3 Completeness analysis
We performed a regional completeness analysis separating the offshore regions (Atlantic and
Mediterranean), continental France, and mountainous regions. Intuitively, the potential to detect
events in those regions is different. We also included a separate domain for the continental Europe
outside France since the final catalogue for these areas is less robust than for continental France. Both
the SHEEC and the SiHex catalogues which dominate these regions include less small events than the
other catalogues.

Figure 3. Examples of completeness analysis for the mountainous domain for the 2.5-3.0 (left) and the 3.0-3.5
(right) magnitude bins. The cumulative number of earthquakes is shown (red dots), as well as the standard
deviation of the inter-event time (dashed black lines), and the completeness best estimate and upper and lower
limits (dashed green lines).

To de determine the periods of completeness we used the “slope method” based on the cumulative
number of events along time, and the Hakimhashemi & Grünthal (2012) method based on the standard
deviation of the inter-event time. The analysis is done for each domain and magnitude bins of 0.5
magnitude unit width (Figure 3). We looked for a break of slope in the cumulative number of events,
together with a stable standard deviation of the inter-event time. We also imposed an increasing
completeness with time. For each magnitude bin we determined a completeness best estimate as well
as lower and upper bounds.
2.4 Declustering
We used the Gardner & Knopoff (1974) algorithm together with the space and time windows of
Burkhard & Grünthal (2009). Note that the time windows are different for foreshocks and aftershocks.
About half of the entries in the catalogue are identified as either aftershocks or foreshocks.
3

SSC MODEL

3.1 Area source models
3

Within regions of moderate seismic activity such as France, seismicity is usually diffuse and it is
difficult to establish a relationship between epicenters and faults. Definition of seismic sources is
based on regional subdivisions, covering areas of greater or lesser extent. The objective is to
individualize crustal units of homogeneous seismogenic characteristics, following criteria related to
static and dynamic state of the seismogenic crust (geometry and kinematic of tectonic structures,
distribution of seismic activity, stress field...).
A seismotectonic analysis is conducted based on of geological, structural, geophysical, neotectonic
and seismological data. This analysis allows the identification of the recent and existing deformation
zones related to the current stress field, and to apprehend the deformation mechanisms associated with
deep structures.

Figure 4. Area source model GTR 2017 and large activity domains.

The considered static and structural parameters are: (1) Moho isobaths, (2) gravimetric and magnetic
data, (3) mapping of inherited structures (especially Variscan structures), (4) isopachs maps and
Mesozoic sedimentary cover structuration within sedimentary basins, including the location of Triassic
salt deposits, and (5) tertiary orogeny tectonic including Pyrenees, Alps and their surroundings.
The identification of seismotectonic units and definition of their boundary generally results from long
discussions between specialists and draws from different disciplines to interpret the geological,
seismological, geophysical and geodesic measurements and observations. This is why opinions may
diverge on the definition of zones or the adoption of one or another model. In order to consider
epistemic uncertainties related to the source zones delineation, it is common practice to consider
several seismotectonic models in the logic tree. The epistemic uncertainty (i.e. the uncertainty
associated with the modelling process) should be adequately assessed, to capture the full range of
hypotheses regarding the characterization of the seismic sources and the frequencies of the
earthquakes. For the present study, three area source models are considered:
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IRSN seismotectonic model published by Baize et al. (2013). Derived from the deterministic
zonation published by Berge-Thierry et al. (2004), this model takes into account the most
recent data regarding deep and shallow geology, as well as those related to tectonic and
seismotectonic activity;
GEOTER seismotectonic model which is regularly improved for PSHA studies in France by
integration of the results of most recent research (Figure 4);
EDF seismotectonic model (2017). This model corresponds to an update of the previous
model developed as part of past seismic hazard assessments studies conducted for nuclear
power plants by the EDF engineering centers.

3.2 Characterization of seismic activity
3.2.1

Gutenberg-Richter models

The computation of seismic activity rates is based on the Gutenberg-Richter model which can be
written as:
N 10
(2)
where N is the number of events with magnitude larger than or equal to M. Or in its truncated form:
N

10

(3)

The method to determine the coefficients a and b of the model is based on the EPRI (2012) method
which is an updated and improved version of the Weichert (1980) method. In particular, the method
allows:
 The consideration of non-uniform magnitude bins;
 The use of regionally varying completeness periods;
 The introduction of a prior on the slope of the GR model (b-value);
 The propagation of uncertainties on earthquake location, magnitude and completeness periods
through the use of synthetic catalogues.
A uniform distribution is used to propagate the uncertainty on completeness, while Gaussian
distributions are used for location and magnitude uncertainty. The Gaussians are truncated at 3 sigmas
for magnitude and 1 sigma for location uncertainty in order to avoid events occurring hundreds of
kilometers away from their original locations.
Note that magnitude uncertainty can lead to bias in the estimation of the activity rates (Tinti &
Mulargia, 1985; EPRI, 2012). Tinti & Mulargia, (1985) and EPRI (2012) proposed corrections of this
bias based on adjustment of the computed recurrence rate by the exponential of the variance. The Tinti
& Mulargia (1985) approach considers a constant magnitude uncertainty while the EPRI (2012) allows
taking into account the specific uncertainty for each event of the catalog. EPRI (2012) also shows that
this bias may potentially be inverted when the magnitudes included in the catalogue are not direct
measures but converted from intensity or other magnitude scales. To solve this issue properly and
apply a robust correction to the computed activity rates, the original direct measure and the eventual
conversion scheme as well as associated uncertainties for each magnitude entry in the catalogue must
be known. This has not been done in this study but will be considered in future updates.
The GR models are computed in two-steps. First we estimate a model for each of the six large
domains defined at national level (Figure 4), using a prior on the b-value (slope of the GR model)
equal to 1.0. These models are based on large catalogues (i.e. the domains cover wide geographical
areas) and we expect stable estimates of the parameters a and b of the Gutenberg-Richter models.
Then in a second step, GR models are computed for each area source using a prior value on the slope
(b-value) equal to the b-value of the domain to which the zone belongs. Note that the correlation
5

between a and b is also computed. Figure 5 shows an example of GR fit to the domain D1 (high
activity regions in France).

Figure 5. Summary plot of the GR analysis for domain D1. Seismic activity rates data and models are shown in
the left panel (raw data: red squares; synthetic data after Monte Carlo: blue circles; raw GR model: dashed red
line; individual fits and median of the GR using synthetic catalogues: grey and dashed black lines; reference
level for SCR from Johnston et al., 1994: dashed purple line). The geographical extension of the area
investigated and the earthquake catalogue are shown in the middle panel. The left panel shows the correlation
between the a- and b-values (reduced centered variables).

3.2.2

Maximum magnitude

The definition of the maximum magnitude (Mmax) is based on a Bayesian approach (EPRI, 1994)
considering large domain of recent deformation. The essence of the Bayesian approach is the
development of a prior distribution of Mmax based on the statistical analysis of a catalogue of
earthquakes that occurred within tectonically analogous regions. The prior distribution is then updated
using a likelihood function that is based on the number and size of earthquakes that occur within the
seismic zone of interest. Several prior distributions for Mmax are available (EPRI, 2012), including
priors tailored for the application to the French context (Ameri et al., 2015).

Figure 6. Maximum magnitude distributions (blue: prior; black: posterior) for the 6 large domains.

The method is applied to each large domain presented in Figure 4. The priors Mmax distribution are
truncated in the lower and upper tails as follows. The lower bounds of the prior Mmax distributions
are truncated at Mw=5.5 for all domains because we consider that even in stable regions, we do not
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have the appropriate data and geological arguments to exclude the occurrence of magnitude below Mw
5.5. The upper bounds are truncated at Mw=7.5 for the active domain and 7.1 for the others. The prior
and posterior Mmax distributions are shown for each domain in Figure 6.
The choice of a single Mmax model is based on a sensitivity analysis that has been performed and
showed little impact of the Mmax model on the hazard results at the targeted return periods (475 and
2475 years) .
3.3 Zoneless models
As an alternative to the area source models, the zoneless approach can be used to model seismic
activity in the region of interest. The method relies on the seismic catalogue. For each event, a kernel
function is used, which is a kind of spatial probability density function, and the summation of these
kernels allows us to estimate the activity rates for a grid of points.

Figure 7. Map of the a-value per million squared kilometers computed with the zoneless model and a minimum
magnitude of 3.0 (left). Map of the number of events of magnitude ≥ 6.0 per year computed using the zoneless
model and a minimum magnitude of 3.0. The declustered catalogue filtered by completeness is also shown (grey
circles), as well as the contours of the large seismotectonic domains (white lines).

A preliminary sensitivity analysis was carried on in order to test two algorithms to build the kernel
functions, one called “adaptive” which uses the distance to a given number of closest events to define
the kernel (Helmstetter & Werner, 2012), and another called “fixed” which defines a fixed kernel, the
shape of which depends on magnitude only (similar to Woo, 1996 or Frankel, 1996). The sensitivity
analysis showed that the parameterization of the kernels (number of closest events for the adaptive
kernels or width of the kernel for the fixed ones) has little impact on the estimation of the activity
rates. The minimum magnitude used to compute the kernels was also tested and the results also
showed little impact. This led us to use a single smoothed seismicity model in the analysis.
The selected model is the adaptive kernel using the 10 closest events with a minimum magnitude of
3.0. The activity rates are estimated using a penalized maximum likelihood method using a prior bvalue equal to those computed for the large seismotectonic domains. Note that strict boundary
conditions are imposed meaning that the kernels cannot cross the domains boundaries. The regional
completeness periods are also taken into account. Figure 7 shows the computed activity rates (a-values
per million km2) and the map of the expected annual number of events with magnitude ≥ 6.0 predicted
by the smoothed seismicity model. As a result of higher a-values and lower b-values in the most
seismically active regions of France, the expected number of large magnitude events is much larger in
those regions than in the more stable ones, which is clearly apparent in the figure.
We also compared the activity rates computed using the area source models and the zoneless
approach. Figure 8 shows such a comparison for Grenoble.
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Figure 8. Comparison of the computed activity rates using the zoneless approach and the area source models for
Grenoble (squares: observed activity rates using the different area source models; lines: seismic activity models).

4

GMC MODEL

4.1 Selection of GMPEs
The characterization of the ground motion in metropolitan France is clearly a major challenge.
Metropolitan France is characterized by a low-to-moderate seismicity and consequently the available
strong-motion records are very limited in the magnitude/distance range of interest for seismic hazard
assessment. As a result, seismic hazard assessment in France is typically performed using GMPEs
derived from data collected in other regions. A common approach to build a GMC model for PSHA
(see Delavaud et al., 2012) consists in several steps:
 Pre-selection of GMPEs applicable for the target seismotectonic context;
 Critical review of the selected GMPEs through expert judgment (validity range of the
modeling parameters, compatibility with the requirements of the PSHA calculation…);
 Comparison with observed strong-ground motion and ranking based on the results.
In this study, we made the assumption that GMPEs for active regions are the most relevant for the
French context. We note, however, that in the SHARE project a mixture of GMPEs for active and
stable regions have been used for central and western France. This approach would require
adjustments between GMPEs especially in terms of site condition characteristics which would lead to
an increase of the GMPEs standard deviations. Moreover, most of the GMPEs for SCR regions are
developed for Eastern US which region is characterized by peculiar attenuation of ground-motion with
distance (Bakun & McGarr, 2002).
Beauval et al. (2012) tested a number of these GMPEs against French strong-motion records and
found that the best-fitting models over the whole frequency range are the Cauzzi and Faccioli (2008),
Akkar and Bommer (2010), and Abrahamson and Silva (2008) models. However, these models are
now superseded by more recent versions based on updated and augmented databases and functional
forms.
Within the SIGMA project, a major outcome was the release of the RESORCE database
(http://www.resorce-portal.eu/) that contains records for the Pan-European region, aiming at the
testing and development of new GMPEs. Based on RESORCE, several new models have been
produced (see Douglas et al., 2014). However, although being based on European data these GMPEs
do not consider French records in their datasets. For this reason,, two GMPEs have been developed
focusing on the use of French data: the empirical model by Ameri (2014) and the stochastic model by
Drouet and Cotton (2015).
The pre-selected models in the present study include the Pan-European models based on RESORCE,
the NGA-West2 set of GMPEs (Bozorgnia et al., 2014) as well as the Cauzzi et al. (2015) and Drouet
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& Cotton GMPEs. Based on the testing results by Beauval et al. (2012) and on our own critical review
of the GMPEs, the final set of GMPEs is:
 Ameri (2014) (generic/RJB)
 Abrahamson et al., (2014)
 Cauzzi et al. (2015) (variable reference vS30 option)
 Drouet and Cotton (2015) (RRUP)
4.2 Exploring proximity of GMPEs
The goal of the GMC logic tree is to capture the center, body and range of the technically defensible
interpretations of ground motion models, representing the epistemic uncertainties in the GMC for the
target site. Ideally these models would be mutually exclusive and collectively exhaustive (MECE).
The challenge in building such a GMC logic tree is that many GMPEs could be proposed, but we are
not sure that the selected models sample the ground-motion space adequately. For example, there may
be redundant models; i.e. GMPEs that provide similar ground motions because they are based on the
same data and models. These models artificially reduce the epistemic uncertainties. On the other hand,
there may be missing models; i.e. models that are missing simply because we have not yet observed
certain types of ground motions. In this framework, it is important to visualize the ground motions
space that we would like our GMPEs set to cover.
We used several tools in order to explore the proximity of the selected GMPEs with respect to the full
set of pre-selected GMPEs. We draw trellis plots to visualize the differences in distance and
magnitude scaling, in spectral shapes and standard deviations. We also created Sammon’s maps (see
Scherbaum et al., 2010 for application of Sammon’s maps to GMPEs visualization) which allow a
visual comparison of ground-motions from various combinations of predictive parameters (M, R…) in
single plots. Figure 9 presents an example of Sammon’s map for 0.2 s spectral period showing that the
selected GMPEs cover a large portion of the space delimited by the full set of pre-selected GMPEs. In
addition, we also computed the hazard for a single SSC models using the selected GMPEs and the full
set of GMPEs and compared the mean, maximum and minimum uniform hazard spectra (UHS) for
both GMC models. All these tests allowed us to verify that the selected GMC model reasonably covers
the center, body and range of the ground-motion distribution predicted by the full set of pre-selected
GMPEs.

Figure 9. Sammon’s map for 0.2 s spectral periods. Ground-motions predicted by the different GMPEs (grey
triangles: all pre-selected GMPEs; colored circles: GMPEs selected for PSHA) have been computed for
magnitudes between 4.5 and 65. and distances between 1 and 50 km (which are the scenarios that most
contribute to hazard in low-to-moderate seismicity regions) and VS30=800 m/s. The black star represents the
mean of all the GMPEs.
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5

PSHA RESULTS

5.1 Logic-tree and Computation settings
The logic-tree used to compute PSHA includes 2 types of source models: 3 area sources and 1
zoneless model. The zoneless model is assigned a weight equal to 1/3 since at the target low return
periods (475 and 2475 years) it is likely a good representation of future source distributions. The
remaining 2/3 are equally distributed between the 3 area source models. The 4 GMPEs are equally
weighted. We also propagated aleatory uncertainty related to depth distribution and virtual fault
orientation. In addition, epistemic uncertainty on the seismic activity parameters and maximum
magnitude is also propagated using Monte-Carlo sampling (100 samples). Gaussian distributions
truncated at 3 sigmas are used for the seismic activity parameters and the distributions computed with
the Bayesian method are used for Mmax.
The hazard is computed for 3 spectral periods PGA (100 Hz), 5 and 1 Hz. A grid of points with a mesh
of 10 km is used. Standard rock site conditions with VS30=800 m/s are considered. Finally, the
minimum magnitude considered in PSHA calculations is Mw=4.5. In order to run the PSHA
calculations we used the Geoter in-house software SHAToolbox.
5.2 Seismic hazard maps
Figure 10 presents the hazard map computed for the mean PGA at 475 years return period. As
expected the higher hazard is obtained in the Alps and the Pyrenees. The Paris and Aquitan Basins as
well as most of central France present a low hazard level. The Armorican region to the West is
characterized by an intermediate hazard level.

Figure 10. Hazard map for mean PGA at 475 years return period.
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CONCLUSIONS

The probabilistic seismic hazard maps for the French territory presented in the present study aimed at
integrating relevant scientific progress made in the last 15 years and in particular in the SIGMA
project and compile the state of the art of PSHA in Europe and worldwide. The major scientific
progress integrated were: the use of a new homogenous earthquake catalogue in Mw including
instrumental and historical seismicity; the assessment of the maximum earthquake magnitude by
applying a Bayesian approach adapted to the French context; the set of GMPEs used in the GMC logic
tree was selected based on the most recent scientific progress; the SSC logic tree was improved by
10

considering recent progress in the PSHA practice and recent scientific publications.
The logic-tree includes 3 area source models as well as 1 zoneless model for the SSC, and 4 GMPEs
for the GMC. Aleatory uncertainty on hypocentral depth and orientation of virtual faults are
propagated in the hazard integral and epistemic uncertainty on seismic activity parameters and
maximum magnitude is also included in the logic-tree. The seismic hazard maps are computed for the
mean and median values at 3 spectral periods (1, 5 and 100 Hz) and 2 return periods (475 and 2475
years).
The results indicate that the hazard levels are lower than computed with the SHARE PSHA model
(Woessner et al. 2015). The preliminary comparisons with recent PSHA models for Switzerland, Italy
and Spain indicate a good agreement. Quantitative comparisons with these models are in progress.
The present study constitutes a first step of a long term project aiming at a continued improvement of
the hazard model. In particular, sensitivity analysis on the application of the Bayesian updating
methodology of the PSHA model have been performed, with the objective of updating the weights of
the different branches of the logic-tree using a data-driven method. In parallel, the pseudo non-ergodic
approach has been tested in order to assess its impact on hazard assessment at rock sites in France. As
mentioned above, the seismic activity rates will also be reassessed trying to identify and correct any
bias which may be linked with magnitude uncertainty.
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