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The region between the inner zones of the Alps and Corsica juxtaposes an overthickened crust to an oceanic
domain, which makes difficult to ascertain the focal depth of seismic events using routine location codes and
average 1D velocity models. The aim of this article is to show that, even with a rather lose monitoring network,
accurate routine locations can be achieved by using realistic 3D modelling and advanced location techniques.
Previous earthquake tomography studies cover the whole region with spatial resolutions of several tens of
kilometres on land, but they fail to resolve the marine domain due to the absence of station coverage and sparse
seismicity. To overcome these limitations, we first construct a 3D a-priori P and S velocity model integrating
known geophysical and geological information. Significant progress has been achieved in the 3D numerical
modelling of complex geological structures by the development of dedicated softwares (e.g. 3D GeoModeller),
capable at once of elaborating a 3D structural model from geological and geophysical constraints and, possibly,
of refining it by inversion processes (Calcagno et al., 2008). Then, we build an arrival-time catalogue of 1500
events recorded from 2000 to 2011. Hypocentres are then located in this model using a numerical code based
on themaximum intersectionmethod (Font et al., 2004), updated by Theunissen et al. (2012), as well as another
3D location technique, the NonLinLoc software (Lomax and Curtis, 2001). The reduction of arrival-time residuals
and uncertainties (dh, dz) with respect to classical 1D locations demonstrates the improved accuracy allowed by
our approach and confirms the coherence of the 3D geological model built and used in this study. Our results
are also compared with previous works that benefitted from the installation of dense temporary networks
surrounding the studied epicentre area.
The resulting 3D location catalogue allows us to improve the regional seismic hazard assessment, more particu-
larly in the south of the Argentera massif and in the Ligurian basin.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The south-western Alps and the northern part of the Ligurian basin
(western Mediterranean Sea) and the very populated littoral French
and Italian Rivieras inbetween, are prone to frequent earthquakes of
low to moderate magnitudes. The strong structural heterogeneity of
the region—from the core of the Alps to Corsica through an oceanic
domain (Figs. 1 and 2)—complicates the determination of earthquake
focal depths using routine location codes and average 1D velocity
models. The aim of this study is to improve earthquake locations in
the area by computing more precisely the geometry of seismic rays
(and therefore the corresponding travel times) between earthquakes
and seismic stations.
).
Several recent tomographic studies helpfully refined our knowledge
of lithospheric 3D P-wave velocity structures in the Alps and the
neighbouring Italian peninsula (Diehl et al., 2009; Scafidi et al., 2009;
Di Stefano et al., 2009). However, because these tomographic models
cover large regions, their spatial resolutions are generally limited to
several tens of kilometres; they are neither well resolved in the marine
domain, due to poor or even absent coverage of these seismogenic
areas. Conversely, the Ligurian basin and the northern Tyrrhenian Sea
have been investigated through several seismic cruises which provided
some insight into crustal structures and velocity distributions.

To address these issues, our strategy is to build an a-priori 3D struc-
tural model integrating known geophysical and geological information.
We used a geological modelling tool (‘3D Geomodeller’) developed by
the ‘Bureau de Recherches Géologiques et Minières’ (BRGM) and
licenced by ‘Intrepid Geophysics’ to define the 3D geometry of the
main interfaces defining the large-scale structure in the study area,
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Fig. 1. a. Location of the study. Sets of dots represent the tomographygrids (Paul et al., 2001; Eva et al., 2001;Diehl et al., 2009;Di Stefano et al., 2009; Scafidi et al., 2009) that are introduced
in the 3Dmodel. The limits of themodel are framed by a rectangle. b. Location of themain seismic lines or active tomography grids used for the geologicalmodel (LISA campaign: Contrucci
et al., 2001; Contrucci et al., 2005; MALIS campaign: Rollet et al., 2002; ESP: Le Douaran et al., 1984;WRRP:Wide Aperture reflection and refraction Profile, Makris et al., 1999; EGT: Egger
et al., 1988; N Corse: Béthoux et al., 1999; Geolig: Operto (pers comm); Sage et al., 2011; Dessa et al., 2011).
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which includes sedimentary and crustal layers (both continental and
oceanic) together with a Moho geometry of this complex zone. We
then introduced in this structural model P and S velocities borrowed
from a synthesis of both active source and passive tomographic
inversions. The adequacy of this model is tested a posteriori from its
ability to provide improved event locations which agree with the posi-
tion of active known or suspected faults. The results allow to discuss
the relevance of such a method in the area, and more generally in com-
plex geodynamical regions, and geodynamic and seismic hazards
implications.

Since the beginning of instrumental seismology, earthquakes have
been regularly recorded along the Ligurian coast some of them widely
felt by the population. Major destructive historical ruptures are also
known in the same region (Larroque et al., 2001). The 1887 Ligurian
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event produced more than 600 fatalities, numerous injuries and a lot of
damage. This event was recently revised (Larroque et al., 2012), and the
modelling of tsunami waves induced by this offshore earthquake sug-
gests an Mwmagnitude reaching 6.8. Historical catalogues also list sev-
eral destructive earthquakes in the south of the Argentera massif, an
area where instrumental catalogues only provide microseismicity
data, with diffuse epicentres (Bauve et al., 2014). More particularly,
the location of the 1564 Nissart earthquake (Lambert and Levret,
1996; Scotti et al., 2007) remains very enigmatic.

Instrumental seismicity is generally characterized by diffuse micro-
seismicity as in the southernmost part of the western Alps. However,
some events of magnitude N 4 used to occur, widely felt by the popula-
tion and even provoking fewdamages, as in the Ubaye area, north of our
studied region and along the northern Ligurian coast, east off Nice, up to
the centre of the basin as the 1963/07/19 event that reached themagni-
tude 6, happily located around 80 km off the coast.

Precise epicentre location is therefore a key element to improve our
knowledge of historical and strong instrumental earthquakes allowing
us to image the geometry of active faults and to precise the seismogenic
depth. Taking into account the occurrence of such events, it is important
to define a methodology to reach a good precision of seismic location.
Previous works benefited from the installation of dense temporary net-
works covering limited areas (Eva et al., 2001; Paul et al., 2001;
Courboulex et al., 2007; Turino et al., 2009; Dessa et al., 2011). We
show here that, instead of installing dense networks for a short period
of time, we can provide routine accurate locations if we use a realistic
3D medium and if we improve the location technique.

2. Geodynamical and geological settings

Our study area covers, from south to north, Corsica, the Ligurian
basin, the north-western part of the Tyrrhenian Sea, the Ligurian
coast, the coast along the northern Apennines, and the south-western
Alps, including the Argentera massif (Fig. 1). The region is therefore
characterized by a complex geological setting.

The evolution of the southern part of the western Alpine arc is char-
acterized by several deformation phases since the Oligocene (Tricart
et al., 2006). From the Neogene onwards, the tectonic evolution of the
western Alps was driven by large dextral strike-slip fault systems in
the inner Alps, which accommodated the oblique indentation of the
Adria microplate (i.e. ‘Insubric Line’, Vialon et al., 1989), combined to
thrust motions in the external part. A transition from transpressional
to transtensional regimes was dated at 8–5 Ma in the Ubaye zone
(Sanchez et al., 2010). A transpressional regime is also recognized in
the Ligurian Alps to the east (Bauve et al., 2014). In the meantime, the
Mesozoic to Cenozoic sedimentary cover previously deformed during
the E–W compression phase was subjected to a N–S shortening during
the Miocene. This style of deformation was still active during the Plio-
cene as suggested by dextral strike-slip reactivation of thrust faults in
the foreland sedimentary cover (Courboulex et al., 2007) and by the up-
lift of the northern Ligurianmargin Bigot- et al., 2004; Sage et al., 2011).
This rifted margin is singular in that it lies immediately next to the Al-
pine orogenic arc. It was formed in the general context of convergence
between theAfrican and Eurasian plates that underwent the subduction
of the Tethys Ocean, the collision and accretion of continental blocks of
the Tethyan plate—locally responsible for the Alpine and Apennine
orogenies—some back-arc rifting and oceanic spreading. The Ligurian
basin opened in response to the anticlockwise rotation of the
Corsican–Sardinian block during the Lower Miocene; it was preceded
by an Oligocene rifting phase (Réhault et al., 1984; Speranza and
Chiappini, 2002) that occurred within the Alpine-Northern Apennine
collision belt and therefore presumably affected an initially thick crustal
continental domain in the Ligurian region. The major known structures
of the basin and its margins are inherited from the rifting phase and
spreading. However the basin is reactivated in compression, as attested
by the instrumental seismicity (Béthoux et al., 2008), the geometry of
the active faults remaining not well defined. Nowadays GPS measure-
ments attest to very low strain rate in the south-western Alps–
Ligurian basin area (Nocquet and Calais, 2003; Larroque et al., 2009).

3. Building the 3D a priori model

3.1. Constructing the structural model

The structural model is constructed in a volume delimited between
latitudes 41.3°N and 44.7°N, longitudes 6°E and 10.2°E (Fig. 1b) and
from the surface topography to 80 km depth, that is to say a volume
of 300 km × 200 km × 83 km. In this region, the Moho depth varies
from 12 km under the Ligurian basin up to 55 km under the north of
the Argentera massif. The thickness of the sedimentary covers also
widely varies from one area to another reaching 8 km in the Ligurian
basin. Three types of crust nature and/or rheology are evidenced in
the region (oceanic, transitional and continental, Fig. 2).

The model is based on a bibliographic review of all structural and
velocity information available in the region resulting from partial
explorations by different scientific teams and with different techniques
since the 70s. A main difficulty of this work consisted in ensuring the
coherency between those multiple datasets. Several tomographic stud-
ies are available for thewestern Alps (Fig. 1a), while, for Corsica and the
Ligurian basin, the data mainly consists in a series of 2D seismic profiles
(Fig. 1b). In the western Alps, we carefully checked the compatibility
between the solutions from different tomographic models in the same
geographic area. In the south, we have to weight and interpolate data
of different quality and of heterogeneous spatial repartition.

In the following, we present the available data and explain how we
built the model and which interpolation techniques were used. The ob-
jective is to get the best compromise between data accuracy, pertinent
simplification and interpolation, and model size. We consider 5 main
geological interfaces at crustal scale, which is obviously a simplification
of the geological structures. Those interfaces are: (1) the topography/
bathymetry surface, (2) the sedimentary/basement interface, (3) the
Moho, (4) the boundary of the Ivrea body under the internal part of
the Alps, and (5) an intermediate crustal layer existing under the deep
continental margins in the northeastern end of the Ligurian basin and
characterized by an average velocity Vp = ±7.2–7.3 km/s (Makris
et al., 1999; Contrucci et al., 2001). Two of these interfaces, the oceanic
intermediate crust and the Ivrea body, are locally limited whereas the
three others are continuous within the whole model.

These interfaces mainly result from indirect geophysical data and
might not have a strict geological meaning. They are in most cases
defined by seismic velocity transitions evidenced by earthquake
tomography, or by strong reflectors in seismic profiles.

1) The topography/bathymetry interface
This is the upper boundary of the model, overlaid with air or water.
The DEM is based on a compilation of marine data and of French and
Italian satellite data. The inland French data are definedwith a resolution
of 50 m and the Italian ones of 90 m. These data have been decimated/
interpolated at a step of 500 m and introduced in ‘3D Geomodeller’.
2) The top of the crust

This interface defines the base of the sedimentary layer. It was

constructed differently inland and offshore.

Inland, the interface geometry was first borrowed from geological
data. The boundaries of the crystalline massifs in the mainland
(Argentera and Maures-Esterel) and in Corsica were derived from
geological maps at a 1/250,000 scale. Elsewhere, the thickness of the
sedimentary thickness was estimated from balanced geological cross-
sections as in the Nice Arc (Schreiber et al., 2010) or the Castellane
Arc (Laurent et al., 2000). The thickness of the sedimentary layer was
also derived from local earthquake tomography studies (Paul et al.,
2001; Eva et al., 2001; Diehl et al., 2009; Scafidi et al., 2009; Turino
et al., 2009; Di Stefano et al., 2009).



Fig. 2.Geological framework of the region, modified from Bauve et al. (2014) for the northern part and fromRollet et al. (2002) for the southern part. The seismicity (obtainedwith the 3D
model) is superimposed, as well as the limits of the 3D velocity model.
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For the marine domain, numerous vertical seismic profiles are
available, mainly for the northern continental margin of the Ligurian
Sea (Réhault et al., 1984; Contrucci et al., 2001; Rollet, 1999; Rollet
et al., 2002; Sage et al., 2011). In each profile, we digitized the reflector
interpreted as the top of the crust and converted the two-way travel-
time to depth by using a Vp law inferred from wide-angle seismic
data analysis (Contrucci et al., 2001; Rollet, 1999; Rollet et al., 2002;
Dessa et al., 2011).
3) The marine crustal intermediate layer
This layer is evidenced inmost of the 2Dwide-angle seismic profiles
acquired in the Liguro-Provençal Basin (Ansorge et al., 1992; Pascal
et al., 1993; Makris et al., 1999; Rollet, 1999; Rollet et al., 2002;
Contrucci et al., 2001; Gailler et al., 2009; Dessa et al., 2011). It is 1 to
3 km thick and characterized by P-wave velocities ranging from 7.2 to
7.8 km/s. It overlay the Moho at the foot of the two conjugate margins
and in the northeastern end of the basin. Its geometry is not well
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resolved but it disappears in the central part of the basin and seems to
be tapered under its margins. We extended the geometry of this layer,
seemingly present in all the Ligurian Sea and beyond, from the sparse
available data. This layer is about 2-km thick at the foot of the northern
margin and in the gulf of Genoa, under the thin continental crust of the
North Tyrrhenian Sea, and about 3-km thick at the foot of the Corsican
margin.
4) The boundaries of the Ivrea body

The Ivrea body, responsible to a very strong Bouguer anomaly in the

western Alps, is formed of a slice of high-density and high-seismic-
velocity material interpreted as a wedge of anomalous upper mantle
in the European crust. The lateral geometry of the Ivrea body was
determined by a gravimetric inversion carried out by Schreiber et al.
(2010) using ‘3D Geomodeller’.
5) The Mohorovicic interface

Three types of data are available to constrain the Moho interface:
Fig. 3. Representation of the 3D block obtained with the Geomodeller code (see Schreiber
et al., 2010 for details). The mesh is represented in yellow at the surface of the block
(2 km ∗ 2 km ∗ 1 km). The crust is in red and the mantle in blue. The pink volume is the
Ivrea body. The dimensions of the block are 300 km*200 m*83 km.
- The Moho deduced from gravimetric anomaly inversion at the scale
of the whole region (Chamot-Rooke et al., 1999) or, more locally, in
the southern Alps around the Ivrea Body (Schreiber et al., 2010).

- The Moho depth obtained by 3D tomographic studies (Paul et al.,
2001; Eva et al., 2001; Diehl et al., 2009; Scafidi et al., 2009; Dessa
et al., 2011). These tomographic results have very different grid res-
olution, from 350 m up to 50 km. Where models overlap (Fig. 1a),
we select the higher-resolution model.

- The Moho resulting from wide-angle seismic campaigns or seismo-
logical studies (Hirn and Sapin, 1976; Le Douaran et al., 1984;
Ansorge et al., 1992; Waldhauser et al., 1998; Béthoux et al., 1999;
Rollet, 1999; Contrucci et al., 2001; Makris et al., 1999; Bertrand
and Deschamps, 2000; Thouvenot et al., 2007). However these
data are very heterogeneous in acquisition techniques and set ups.
Their uneven geographic distributions leave important gaps in the
southern border of the Alpine massif and in the southern part of
our model (Fig. 1b).

Concerning the continental area (northern part of our model), the
comparison of these different kinds of results shows that the gravimet-
ric Moho is generally in good agreement with the Vp = 7.25 km/s
isovalue of the tomography model from Diehl et al. (2009). Southward,
for the tomography models of the northern Ligurian margin, the gravi-
metric Moho corresponds to the Vp= 7.70 km/s isovalue of the tomog-
raphy model from Di Stefano et al. (2009) and to the Vp = 7.5 km/s
isovalue from Dessa et al. (2011). Such discrepancies are a direct conse-
quence of variable resolutions of tomographic studies. The gravimetric
Moho correctly fits with the Moho depths determined by Béthoux
et al. (1999) under Corsica and with those of Ansorge et al. (1992) in
the Gulf of Genoa.

By contrast, the depth difference can reach 5 km between this gravi-
metric Moho and the seismic Moho determined by wide-angle seismic
profiles (Le Douaran et al., 1984; Contrucci et al., 2001; Contrucci
et al., 2005; Makris et al., 1999), particularly under the margins. Albeit
arguably more precisely constrained, we did not take these local values
into account and chose to keep the gravimetric Moho in our model be-
cause it is homogeneously determined in the whole study area; taking
into account isolated local values would have introduced singularities.

The Moho interface is thus defined over a grid with a 2-km step
borrowed from the gravity anomaly inversion of Chamot-Rooke et al.
(1999). Nevertheless, we modified this interface in two regions: in the
complex region of the Ivrea body which benefits from a specific gravi-
metric inversion (Schreiber et al., 2010), and in the north-eastern part
of themodel, under the Apennines, where the Vp= 7.25 km/s isovalue
corresponding to the tomography performed by Diehl et al. (2009) is 4
to 13 km deeper than the gravimetric Moho: the latter suffers from
boundary effects, whereas the tomography is well resolved.

The selected structural interfaces were then digitized into a 3D
matrix of voxels in ‘3D Geomodeller’, with blocks of horizontal and
vertical dimensions 2 km × 2 km × 0.5 km (see Calcagno et al., 2008
for a thorough description of the procedure). Fig. 3 depicts the 3D
model eventually obtained.

3.2. Implementing the P and S velocity model

The geometry and depth of the interfaces built in the model define
the top and the base of the main structural layers in which P- and S-
wave seismic velocities need to be defined at each node.

Due to geological heterogeneities, the observed P-wave velocities
(Vp) deduced from the bibliographic studies that we used to define
the interfaces are not constant along these interfaces. We interpolated
Vp along one given interface using a «near-neighbour» technique.

The various tomographic gridswere kindly providedby their respec-
tive authors, as well as the corresponding resolution matrices when
available, or resolution tests, in order to proceed only with well-
resolved data. However, velocities differ from one model to another,
mainly due to variations in the initial 1D reference models used in
each inversion (Kissling, 1988) or to different grid steps (velocity values
are not homogeneously averaged in pixels of different volumes). In this
work, we favour dense grids when available. In addition, the compila-
tion of all tomographic velocities allowedus to construct a vertical linear
Vp gradient in each layer, which we could apply in the model as a best
guess where no constraining data existed.

Beneath theMoho interface, in the upper mantle, Vp increases to an
imposed value of 8.4 km/s at the bottom of the model (80 km), accord-
ing to the reference iasp91 velocity model.

For S-wave velocities (Vs), we used all the results from the local
earthquake tomography studies that provided either Vs grids or Vp/Vs
ratios. In the areaswhere Vp but no Vs values are available, we imposed
a Vp/Vs ratio from the rheological characteristics of the medium as
described in the literature.

We will discuss in Section 5 how locations are modified when S
arrival times are taken into account or not.

Fig. 4 provides examples of cross-sections in the P-velocity model.
The N–S first one shows the marked deepening of the Moho from the
northern Ligurian margin to the Alps. This interface is globally flat in
the oceanic domain with an average depth of 15 km and deepens to
60 km beneath the Alps. The second E–W cross-section, at a latitude of
43.7°N, shows the variation of the crustal thickness from the Maures
massif to theGulf of Genoa. It also shows the thick sedimentary layer be-
neath the Ligurian basin, amaximum thickness of 5 kmbeing reached at
the foot of the north margin. The third E–W cross-section located north



Fig. 4. Sections across the 3DP-velocitymodel, showing earthquakes locatedwith 1D (white dots) and 3D (black dots)methods. Yellowdots: quarry shots. Earthquakes are projected onto
the section if their distance from the section is smaller than 10 km. Location of cross-section shown on themap: a. Cross-section along the 7.2° E longitude. The star in themap shows the
location of the 2011 seismic crisis near Corsica. b. Cross-section along the 43.7° N latitude. c. Cross-section along the 44.4°N latitude and zoom of the cross-section corresponding to that
described in Paul et al. (2001).
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of the Argentera Massif exhibits the crustal root beneath the core of
the Alps and also shows the Ivrea body, as a high-velocity anomaly
embedded into the crust.

3.3. Wrapping up the model

Finally, to build the velocity grid, we resampled our model using
5 km × 5 km × 2 km cells (horizontal and vertical dimensions
respectively), which amounts to a total of 201 000 cells. This model is
referenced in UTM coordinates.

Because our study area is large, the flat-Earth approximation
yields errors. Therefore, we projected the study volume onto an
ellipsoidal Earth. We transformed UTM coordinates into the
ellipsoidal WGS84 referential to obtain a new grid in latitudes and
longitudes, which provides more accurate geographic coordinates
in the region.
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4. Seismological data and earthquake location processing

4.1. Catalogue of arrival times

56 regional stations are located in the study area. These stations
belong to several French networks, such as RéNaSS (Réseau National
de Surveillance Sismique), LDG/CEA (Laboratoire de Détection et de
Géophysique du CEA), SISMALP network (Grenoble Observatory), RAP
Fig. 5. a. Histograms of travel-time residual rms anduncertainties (dx, dy, dz) for the two location
3Dmodel code. b. Histograms of travel-time residual rms for earthquakes located in the Ligurian
generated from the 1D model, for the second one the events are located with the 3D model. c. H
earthquakes locations. Misfit of coordinates for earthquakes of the Southwestern Alps and of the
(Réseau Accélérometrique Portable), TRGRS (Nice Observatory) and to
RSNI (Regional Seismic Network of North-Western Italy). Fig. 5 shows
the seismic station distribution.

We benefited from existing catalogues of arrival times, published
by several networks. Because we had to merge these catalogues and
read arrival times for several additional stations which had not been
previously processed, we restricted the catalogue used in the present
study.
catalogues presented in Fig. 4: thefirst one froma1Dmodel code and the secondone froma
sea, using NonLinLoc code. For the first one, the events are locatedwith a “pseudo-code 3D”
istograms showing the location results of 3D synthetic P and S arrival-times simulated for
Ligurian sea. For each histogram, themean value and the standard deviation are indicated.
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We first selected the period from January 2005 to December 2009.
Then, we added the data from October 2000 to December 2001 corre-
sponding to an earthquake swarm which occurred near Nice. We also
added to the catalogue some events of magnitude larger than 3 which
occurred in 2002, 2003 and 2004 and the 2011 seismic activity that oc-
curred offshore Corsica, with a main shock of magnitude Mw= 4.9, in
order to test the ability of our model to locate correctly events in the
southernmost part of the study area, far outside of the seismic network.

4.2. Pre-location of events

In the frame of the SI-Hex project (Cara et al., 2015), we first carried
out a 1D location for the 1500 events of our catalogue. We used the
Hypocenter code (Lienert and Havskov, 1995), based on a linearized lo-
cation method, and the 1D regional velocity model of Eva et al., 2001
(Table 1). By applyingWadati's methodology, we computed an average
Vp/Vs ratio of 1.74, and checked that this model is consistent with our
data set.

4.3. 3D earthquake location

Compared to 1D linearized methods, a direct search of earthquake
locations has two main advantages: (i) it operates within realistic
earth models which may have complicated 3D velocity variations; and
(ii) it avoids problems of numerical convergence and of trade-offs be-
tween the determination of origin time and the inferred hypocentral
depth. In order to test the stability of our results, we used two different
approaches: the Maximum of Intersections method (Maxi) developed
by Font et al. (2004), and improved by Theunissen et al. (2012), and
the Non Linear Location method (NonLinLoc, Lomax and Curtis, 2001;
Lomax et al., 2009).

Direct search location techniques pre-compute travel times from
each seismic station to all nodes in the model and store them. In both
these location techniques, the concept of equal differential time surfaces
(EDT) is used (Zhou, 1994). A hyperbolic EDT surface includes all the
velocity nodes of the model that satisfy the arrival time differences
observed at two stations for a given earthquake. Theoretically, the
hypocentre is located at the intersection of all available hyperbolic
EDT surfaces resulting from the combination of all station pairs. Howev-
er EDT volumes are to be defined corresponding to these EDT surfaces
thickened by uncertainties parameters linked to the discretization of
the velocity model as well as errors in velocity values and arrival times.

4.3.1. Maxi method
A table of propagation times for P and S waves was computed from

each of the 180,000 nodes of the grid to the 56 stations available in
our study area by using the shortest-path method (Moser, 1991).

To take into account uncertainties brought by errors defined above, a
tolerance parameter TERR (in seconds) is chosen. The hypocentral
solution corresponds to the intersection of EDT surface thickened by
+/− the TERR value. Therefore, the hypocentre determination strongly
depends on this value. The procedure to iterate this parameter inMaxi is
detailed in Theunissen et al. (2012). In the present study, we made
several runs with TERR varying between 0.4 s and 0.8 s with a 0.1-s
Table 1
1D model used for the preliminary locations.

Depth of the layer (km) P wave velocity (km/s)

0 4.99
1 5.71
3 5.77
5 6.04
10 6.10
25 7.50
32 7.79
40 8.11
step. In a first step, preliminary determination nodes (PRED), defined
as nodes included in the maximum number of EDT volumes, were se-
lected to target the volume in which the hypocentre will be searched.
Starting from the PRED positions, travel time residuals are computed
and inconsistent arrival times are removed. Then new PRED positions
are computed corresponding to each TERR value. The procedure to ob-
tain the final volume defining the hypocentre location is explained in
Font et al. (2004) and Theunissen et al. (2012).

The confidence level of the solution is provided by theQEDT andD13
output parameters. The QEDT parameter is the ratio between the num-
ber of EDT volumes actually intersecting the solution and the number of
EDT volumes initially constructed from the set of arrival times. The D13
parameter is the distance between two solution volumes defined before
and after cleaning up for the outliers. Both parameters are indicative of
the coherency between arrival times, the velocity model and the
solution. The a-posteriori RMS and confidence axis are also computed
(Font et al., 2004; Theunissen et al., 2012).

4.3.2. NonLinloc method
As in Maxi, a table of propagation times for P and S waves was

computed from each of the 180 000 grid nodes to the 56 stations.
Those travel times are computed with the eikonal finite difference
scheme of Podvin and Leconte (1991).

NonLinloc uses efficient global sampling algorithms to obtain the
a-posteriori probability density functions (PDF) over possible solu-
tions. This location PDF quantifies the agreement between predicted
and observed arrival times in relation to all uncertainties and forms a
complete probabilistic solution. The NonLinloc software makes avail-
able two different likelihood functions to build the PDF. The first func-
tion incorporates the least square L2 norm, the second function, used
in this study is based in the EDT formulation. The hypocentral solution
including location uncertainties shown by density scatter plots is then
computed by applying an Oct-Tree importance sampling (see Lomax
and Curtis, 2001, for details).

NonLinLoc also provides the 68% confidence ellipsoid (Lomax et al.,
2009), as well as the RMS value.

5. Results

5.1. General pattern

The distribution of epicentres (Fig. 2) corresponds, in broad approx-
imation, to bibliographic results summarized below. The Mw magni-
tudeswere computed using the approach followed by Cara et al. (2015).

In the north of the study area, numerous seismic events have been
reported in the Ubaye region along the N140°E faults (Jenatton et al.,
2007). Between the Argentera massif and the coast, the microseismic
activity is documented on both N20°E and N140°E faults:

(1) the N140°E segments show right-lateral strike-slip fault activity
(Madeddu and Béthoux, 1996; Eva et al., 1997; Sue et al., 1999;
Turino et al., 2009);

(2) the N20°E direction corresponds to left-lateral faults, located just
northeast of Nice (Courboulex et al., 2003).

Offshore, instrumental seismicity is characterized by low to moder-
ate magnitude values, concerning mainly events located at the foot of
the northern continental margin (Béthoux et al., 2008; Courboulex
et al., 2003, 2007). Note that an Mw = 4.9 event surprisingly occurred
in 2011 west of the Corsican margin where seismicity is usually very
scarce. Focal mechanisms computed in the offshore domain indicate in-
verse faulting (Béthoux et al., 1992, 2008; Baroux et al., 2001). The same
kind of mechanism is computed for the 2011 Corsican event (Larroque
et al., submitted for publication).

Fig. 4 presents the distribution of seismicity at depth along three
cross-sections. At the scale used here, earthquake positions resulting
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from both 3D codes cannot be distinguished, and we present here the
Maxi results. These 3D locations (black circles) can be compared to
the 1D locations (white circles).Whatever the region considered, 3D lo-
cations are more clustered than 1D locations and the events located
with the 1D model seem often deeper than the events located with
the 3D model. In order to test the reliability of the depths obtained
from the 3 locations, we added to our data set the arrival times of ma-
rine shots and quarry blasts. Their locations provide depths between
−1 and 5 km, according to the quality of the data and available azi-
muthal coverage, whereas the corresponding 1D locations are some-
times more diffuse. In the next section results of synthetic process are
shown in order to test the robustness of our 3D location methodology
according to station distribution (and hence studied sub regions).
Analyses on travel-time residual (rms) and uncertainties (dx, dy, dz)
are also presented. Section 6 will focus on several sub-regions and
discuss more quantitatively the shift between the different locations.

Profile (a) is a N–S cross-section along longitude 7.3° across the Ligu-
rian Basin and the Argentera massif. There is almost no seismicity over
the southern part of the Ligurian Basin, whereas we observe a few events
in the western margin of Corsica, including the 2011 sequence, denoted
in the map by a star. Some seismicity concentrates at the foot of the
northern continental margin. In the first 15 km of the crust, we observe
two almost vertical seismic clusters beneath the Argentera massif.

The E–Wprofile (b), along latitude 43.7° N, also shows how seismic-
ity clusters under the continental margin and on land.

The E–W profile (c) corresponds to the northern limit of our model
at 44.4°N. It crosscuts the edge of the external alpine zones, the Frontal
Briançonnais Thrust (FBT) and the Penninic zone (P zone). The Ivrea
body is shown as a green indentation in the crust. Several clusters can
be observed. The westernmost ones are linked to the FBT. Towards the
east, the Peninnic zone is also active. A dense cluster follows the bound-
aries of the Ivrea body,whereas a fewdeep foci are found along the edge
of the Po plain. This distribution globally corresponds to that recorded
during the GeoFrance 3D experiment (Paul et al., 2001).
5.2. Location uncertainties and accuracy

First, results of the whole catalogue have been compared in terms of
associated errors (rms, dh, dz).
Table 2
Comparison of locations obtained with different location codes.

1 D MAXI N

Date Hour Mw Lon °E Lat °N Depth Lon °E Lat °N Depth Lon °E L

2000-11-26 04:41 3.0 7.60 44.016 2.4 7.621 4
2000-12-19 00:52 2.9 7.350 43.787 0.5 7.354 4
2000-12-19 14:20 3.2 7.365 43.782 1.5 7.361 4
2000-12-20 05:45 3.0 7.356 43.783 4.6 7.365 4
2000-12-21 06:35 2.4 7.361 43.781 1.1 7.363 4
2001-02-06 22:28 4.1 8.609 44.128 5.0 8.650 4
2001-02-25 18:34 4.6 7.516 43.494 15.1 7.457 43.526 12.8 7.452 4
2001-02-25 18:53 2.1 7.526 43.502 19.8 7.465 43.512 14.1 7.459 4
2001-02-25 20:33 3.5 7.476 43.52 16.7 7.450 43.555 18.0 7.447 4
2001-05-30 17:37 2.5 7.132 44.147 7.2 7.111 44.128 9.0 7.118 4
2005-03-25 23:19 3.6 7.244 44.312 29.6 7.265 4
2005-12-20 23:57 3.3 6.944 44.104 3.5 6.944 4
2006-09-02 01:21 4.1 7.646 43.922 7.0 7.654 4
2006-08-01 00:05 1.7 7.764 43.717 14.2 7.775 4
2006-10-24 17:31 3.5 7.648 43.924 9.2 7.647 4
2008-06-11 15:17 3.5 8.222 43.833 2.1 8.180 43.870 9.1 8.191 4
2008-10-24 03:06 4.1 7.320 44.369 11.3 7.306 4
2008-10-24 03:12 2.0 7.314 44.358 13.1 7.288 4
2011-07-02 14:43 4.0 7.603 41.932 10.1 7.673 4
2011-07-07 19:21 4.9 7.600 41.935 13.8 7.658 4

In bold: reference to bibliographic results for some events (Courboulex et al., 2003; Larroque et
The depths obtained by waveform inversion are denoted by a star.
For events occurring in the Ubaye region, the location available in Sismalp catalogue are chose
Fig. 5a shows the improvement in accuracy, when a 3D model is
used with respect to the locations obtained with 1Dmodel and the Hy-
pocenter code. The average rms obtained is reduced from0.67 s to 0.36 s
and location uncertainties decrease also using 3D methodology with a
greater dispersion of values for the 1D location results than using the
3D code. Note that a few location uncertainties are greater than
20 km. These results correspond to events associatedwith an important
azimuthal gap and located far from the network.

The second test aims to evaluate the results obtained with the
NonLinLoc code and a simple velocitymodel as the 1Dmodel presented
above. New travel timeswere processed from each seismic station to all
nodes in this “pseudo 3D model”where the velocities are only function
of the depth and the ratio Vp/Vs = 1.74, corresponding to our prelimi-
nary locations is used. The travel time residues are generally greater
using this model than using themore realistic 3-Dmodel. This is partic-
ularly true for the events occurring in the Ligurian Sea. In this case the
ray path between the station and the oceanic crust is complicated and
the resulting travel times are more realistic in the 3D model as shown
in Fig. 5b.

We performed synthetic testswith the two targets. The first one is to
show the robustness of locationwhen the 3Dmodel is usedwith respect
to the 1Dmodel described above. The second target is to evaluate the lo-
cation uncertainties.We processed synthetic arrival times computed for
two sets of initial events. The first one corresponding to favourable azi-
muthal coverage and the second one corresponding to events located
far from the seismological events. We present in Fig. 5c the misfit be-
tween the true and relocated locations in the 3D model. For the events
located around theArgenteramassif themisfit of horizontal coordinates
is limited to 100m and the depthmisfit mainly less than 500m. For the
events of the Ligurian Sea the results are more heterogeneous. The mis-
fit of the horizontal coordinates is mainly less than 1.5 km. The misfit of
longitudes is larger than the one of latitude. The depth misfit is more
heterogeneous, generally less than 2 km but can reach 3 km. Note that
this misfit is mainly positive, corresponding to retrieved hypocentres
deeper than the initial ones. In the following we have to select the
most constrained locations to avoid this trend.

At a larger scale than presented in Fig. 4, differences between Maxi
and NonLinLoc results can be noted. In order to quantify and illustrate
these discrepancies, we present in Table 2 the different locations
obtained for some events, while Fig. 6 shows the corresponding error
onLinLloc REF

at °N Depth Lon °E Lat °N Depth Ref

4.020 2.5 7.61 44.02 4.0 Turino et al. (2009)
3.786 3.2 7.36 43.78 2.8 Courboulex et al. (2003)
3.786 3.2 7.37 43.79 2.6 Courboulex et al. (2003)
3.795 0.4 7.36 43.79 2.6 Courboulex et al. (2003)
3.790 1.7 7.36 43.79 2.7 Courboulex et al. (2003)
4.092 3.2
3.542 13.7 7.48 43.53 11.0* Courboulex et al. (2003)
3.515 13.7
3.539 18.1
4.136 7.9 7.12 44.14 11.0* Larroque et al. (2009)
4.496 11.5 7.296 44.490 10.9 Sismalp
4.105 0.6 6.98 44.1 1.0* Larroque et al. (2009)
3.917 6.4 7.64 43.91 7.1 Turino et al. (2009)
3.730 15.0
3.925 8.4 7.62 43.91 9.0 Turino et al. (2009)
3.883 11.0 8.156 43.869 14.2 Dessa et al. (2011)
4.382 10.1 7.328 44.369 14.8 Sismalp
4.356 11.8 7.282 44.361 10.4 Sismalp
1.984 9.6
1.977 13.3 7.613 42.046 10.7* Larroque et al. (submitted for publication)

al., 2009; Turino et al., 2009; Dessa et al., 2011; Larroque et al., submitted for publication).

n as reference due to the density of the Sismalp seismic network in the epicentral area.



Fig. 6. For each histogram, the mean value and the standard deviation are indicated. Seismological stations within the model. Examples of locations obtained for the main events of the
catalogue (largest magnitude) and some events already located in previous studies. Locations obtained with Maxi are denoted by red crosses. Expected locations obtained with
NonLinLoc are dark dots and maximum likelihood locations are represented by stars. Error ellipsoids (68% level of confidence) as computed by the NonLinLoc code are superimposed.
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ellipsoids computed by NonLinLoc. It is satisfying to observe that, for
each earthquake, the error ellipsoid includes both locations (Maxi and
NonLinLoc). Whereas these ellipsoids are very small within the seismic
network, offshore, in the middle of the Ligurian Basin where seismicity
is poorly monitored, their semi-major axes can reach 20 km. In the fol-
lowing, we mainly present NonLinLoc results because this code allows
us to select easily the best constrained events: for geodynamical impli-
cations, we select only events where error ellipsoids have vertical axes
shorter than 5 km for the inland part of the study area, and shorter
than 10 km offshore.

In order to test the location stabilitywhen S arrivals are used,we also
computed locations using only P arrivals. We observe, as already noted
by Lomax et al. (2009), that one or more good-quality S readings better
constrain the depth parameter. The efficiency of S arrival times is clearly
demonstrated in the case of the seismic sequence of 25 February 2001,
off Nice. In 2001 most stations were not yet equipped with broad-
band seismometers. Most signals were therefore saturated for the
Mw = 4.6 mainshock, whereas S arrival times could be read for the
Mw = 3.8 aftershock. Using the same stations but a reduced set of S
arrival times, the error ellipsoid of the main shock happens—as could
be anticipated—to be larger than that of the aftershock.

6. Comparison with published results

6.1. The Nice arc region

A dense seismological network has been installed over 6 months
(from October 2000 up to April 2001) in the frontal part of the Nice
arc (Courboulex et al., 2007). 348 micro-events, with magnitudes rang-
ing from 0.1 to 3.4, were located in the centre of the network. The use of
a multiplet technique revealed a very clear alignment of events in the
N20 direction. The location of events and focal mechanisms show that
two oblique segments of the so-called active Blausasc Fault (BF) were
reactivated during this swarm-like activity (Fig. 7a and b). Fig. 7b
shows a selection of these events as located by the permanent seismo-
logical network (at least 4 permanent stations), aswell as by the tempo-
rary network. Events with magnitude larger than 2 are represented by
larger circles. This limited activity contrasts with the quiescence of the



Fig. 7. Study of the 2000–2001 seismic activity near Nice. a. Local temporary network used and results obtained by Courboulex et al. (2007). b. Selection of events recorded by the
permanent network as well as the local temporary network from Courboulex et al. (2007). BF: Blausac fault. c. 1D preliminary locations of these events using the permanent network
only (see Fig. 5). d. 3D locations obtained with the NonLinLoc code. e. 3D locations obtained with the Maxi code.
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fault observed in the time period 2005–2009, when only four small
events of magnitude smaller than 2 were recorded by the permanent
network. Fig. 7c to e compare locations obtained for the selected events
of the 2000 sequence, using only a few permanent stations, farther from
the epicentral area. Fig. 7c shows the 1D preliminary locations, Fig. 7d
shows 3D locations obtained with the NonLinLoc code and Fig. 6e
shows the locations obtained with MAXI code. Obviously, 3D locations
do not cluster as tightly as multiplet locations of Fig. 7b. Table 2,
which lists the different hypocentre positions for the main events,
shows that the horizontal shift is about 1 km and the vertical shift
about 2 km. For the smallest events, located with only 4 stations, errors
are larger but compatible with the error ellipsoids computed by
NonLinLoc (Fig. 6).

When we finally compare NonLinLoc locations to those obtained
with the Maxi code (Fig. 7e), we observe that latter are also included
in the NonLinLoc error ellipsoids (Fig. 6).
In this particular case the improvement brought by 3D location with
respect to 1D location (obtained with the same network) is not notable,
in contrast with other areas (Fig. 4).

6.2. The coast and North Ligurian margin

Assuming that some weak seismicity exists along faults which re-
main undetected by inland networks, some marine stations are neces-
sary to address instrumental remoteness, to record and locate marine
microseismicity, and to delineate active structures. This prompted the
GROSMarin (“Grand Réseau d'Observation Sous-Marin”) project,
which consisted in a ~6-month deployment of an OBS array above the
North Ligurian margin and the contiguous basin. The recording array
was complemented by the installation of land mobile stations in order
to densify the permanent network and to have homogeneous recording
conditions over the whole instrumented area.
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The seismicity detected during the recording period (April to
October 2008) was rather low, constituting a set of 218 events. More-
over the strongest activity occurred in the northern part of the
Argenteramassif; hence, it was already detected by the permanent net-
work. A few events were identified near the coast and at sea, mainly be-
neath the continental slope. The small events detected at sea by the
GROSmarin network were not recorded by the permanent network.
Fig. 8 shows the 1D locations for some events which occurred within
the dense temporary land stations and OBS (Dessa et al., 2011), that
can be compared with the 3D locations using only the permanent net-
work. Here the discrepancy between Maxi and NonLinLoc code is very
few and we choose to show only MAXI results. The horizontal shift is
generally very small, whereas focal depths vary more significantly.
Note that some events are of very small magnitude and are recorded
by very few permanent stations only. The earthquake swarm located in-
land in Liguria occurred in July 2008; it included a shock of magnitude
Fig. 8. GROSMarin experiment. Black dots: 1D locations obtained with the local temporary ne
network. Dash line shows vertical cross-section along the axis.
2.8, and Scafidi et al. (2015) recognize this area as a zone of recurrent
seismic activity. We conclude that in this case that location with a per-
manent network and a 3Dmodel gives results as satisfying as locations
with a dense temporary network and a 1D velocity model.

6.3. Saorge-Taggia Fault

Turino et al. (2009) computed precise locations for earthquakes that
occurred in the vicinity of the Saorge Taggia fault (STF). The regional
permanent networks were complemented by three temporary seismic
stations to densify the network near the STF. The authors used the
NonLinLoc code in a 3D model deduced from a regional tomography
study. The 451 relocated events occurred in the 1986–2006 period.
Only some events feature both in our catalogue and in theirs. The loca-
tions of some of them are listed in Table 2. Fig. 9a shows the 1D locations
corresponding to our catalogue. Fig. 9b shows the 3D locations we
twork (denoted by grey triangles); stars: 3D location obtained with the sole permanent



Fig. 9. Saorge-Taggia case study. a. 1D preliminary locations for events in our catalogue (2001 and 2005–2009). The Saorge-Taggia fault (STF) and the Saorge-Breil-Monaco fault (SBMF) are indicated. Cross-section along the AB axis is 5-kmwide and
parallel to the STF. b. 3D NonLinLoc locations and corresponding projections at depth. Events of largest magnitudes are denoted by white circles (see Table 2). c. Results from Turino et al. (2009) for the same area, but a different time period
(1986–2006).
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obtained with the NonLinloc code. These locations are clearly less
scattered than those obtained in 1D, and they show some similarity
with those of Turino et al. (2009) (Fig. 9c). Hypocentres are also
drawn onto a cross-section along the STF. Turino et al. (2009) described
the seismicity recorded near the STF and demonstrated that it is orga-
nized in small clusters, each cluster being active during a limited time
period. More specifically, the 2006 seismic sequence is common to
both catalogues (cluster 3 of Turino et al., 2009 in Fig. 9c). The seismicity
from 2005 up to 2009 is also organized in clusters. Some of them differ
from those of the previous time period (1996–2006) studied by Turino
et al. (2009). In particular, we observed an earthquake swarm located at
the connection between two faults: the Saorge-Breil-Monaco fault
(SBMF) and the STF (Fig. 9). This area was already reactivated in 1983,
with an Ml = 3.3 event, followed by numerous micro-earthquakes
(Hoang Trong et al., 1987). Comparing our locations with those of
Turino et al. (2009), we find the same kind of distribution at depth, as
shown in the 10-km-wide cross-section along the STF: foci are located
between 5 and 10 km at depth mainly along vertical alignments. It
is worth noting the constant activity in time of the NE–SW align-
ment, that prolongates SMBF northeastward of the STF, which we in-
terpret as the hidden prolongation of SBMF, already evidenced by
Nicolas et al. (1998) and Turino et al. (2009). We discuss it in the
next section.

7. The seismicity of the Argentera massif revisited

In Fig. 10 we observe that this microseismicity clusters along the
N140° right-lateral system that runs along the south-western flank of
the Argentera massif. This seismicity is located in the first 10 km of
the crust). This seismicity is rather scarce and characterized by low-
magnitude events. The recent SI-Hex catalogue (Cara et al., 2015),
available for thewhole instrumental period (1962–2009) and providing
revisedmagnitudes Mw, shows that very low energy has been dissipat-
ed in the area during this time frame (Fig. 10). Only a few events have
magnitudes larger than 3. We also included the 2 September 1982
event, studied by Bertil et al. (1989) and located near the village of
Roquebillière, with a focal depth of 3.5 km, a normal faulting mecha-
nism and a magnitude Ml = 3.2 revised as Mw = 2.9.

On the other hand, Sanchez et al. (2010) demonstrated that the area
has been subject to deformation since at least the Holocene, as evi-
denced by offsets in glacial geomorphological surfaces. Using several
pieces of evidence, they claim that this deformation ismainly accommo-
dated by the N100-km-long dextral segmented “en échelon” system of
the Jausiers–Tinée (JTF) and Sérennes–Bersezio (SBF) faults and conju-
gate minor N20 sinistral faults. In historical times, several earthquakes
caused severe damage in an area ranging from villages located south
of the Argentera massif (from Roquebillière to Saint-Martin-Vésubie)
and as far as the coastal zone. Events in 1348, 1494, 1618, 1644, and
chiefly the so-called Roquebillière event in 1564 are attested in histori-
cal archives (Lambert and Levret, 1996; Scotti et al., 2007) and tenta-
tively located near Roquebillière in historical catalogues due to heavy
damage reported in this village. Analyses of sediments in the lake of
Vens and dating of homogeneous interbedded deposits (Petersen
et al., 2014) confirm the occurrence of these historical earthquakes,
with an approximate recurrence period of 600 years. Important site ef-
fects can partly explain the destructions described in historical archives.
Nevertheless, the occurrence of major events to the south-west of the
Argentera massif is attested even if the identification of rupture areas
remains very speculative.

Our results allow to obtain less diffuse the repartition of the
hypocentres in the area studied respect to the usual images amicroseis-
micity in the region (see for instance, Larroque et al., 2009). The
present-day microseismic activity relocated in this study confirms the
segmentation of the major NW-SE faults (JTF and SBF), as already
shown by tectonic field works (Sanchez et al., 2010). For these authors,
the SBF and the JTF represent an active fault system which localizes
most of the deformation in the area. The low deformation rate recog-
nized in the South Alpine region is accommodated by numerous events
of moderate magnitude in the Ubaye earthquake swarm, to the north-
west of the Argentera massif (Jenatton et al., 2007; Daniel et al., 2011;
Leclère et al., 2012), or in the Sampeyre earthquake swarm, to the
north-east of our study area (Godano et al., 2013; Barani et al., 2014).
This seismic activity would be favoured by a highly-fractured medium
where fluids can progress and cause high pore pressure down to the
seismogenic zone, at a depth of 5 to 10 km. Towards the south, this de-
formation is partially accommodated by creeping along the SBF and the
JTF faults. The segmentation and rheological contrasts along inherited
faults can favour slow stress and strain accumulation during long pe-
riods of time and occurrence of seismic ruptures at historical scale.
The focal mechanism computed by Turino et al. (2009) along the ‘hid-
den’ NE–SW fault, close to STF, previously described and other mecha-
nisms (Bauve et al., 2014) reveal thrust faulting south-east of the
Argentera massif, whereas the JTF and SBF are transtensional faults.
This change in tectonic regime exhibits a zone of shortening context
where stress can concentrate (Manighetti et al., 2005; Mazabraud
et al., 2013). Because an earthquake would more likely initiate at
some high-stress spot, commonly an intersection zone between two
oblique faults, we suggest that historical seismic events in the Vésubie
valley occurred along a shallow rupture area situated just south of the
Argentera massif. This rupture could connect there with the zone of
N140–N20-striking faulting that continues east of the STF along the hid-
den fault discussed above. This location would better explain damage
reported near the coast and site effects documented in the Argentera
valley; it would also be consistent with the shallow instrumental
seismicity (less than 10 km as computed in this study) observed at the
south-eastern end of the cross-section AB (Fig. 10).

8. The seismicity of the Ligurian Sea revisited

Fig. 11a shows the seismicity pattern along the coastline, the conti-
nental margin and the northern part of the Ligurian basin. Cross-
section AB (Fig. 11b) shows that foci follow a regular trend at depth,
from the basin up to the coast. A new result of this study is the presence
of rather deep hypocentres in the central part of the basin, at a 20-km
depth. Taking into account for the vertical errors computed for these
events by NonLinLoc, and the trend evidenced by the synthetic tests,
these events are likely located between 17 and 20 km depth. Some
events would therefore be located under the Moho. The basin,
formed during Oligocene (Réhault et al., 1984), has not yet reached
its post-rift thermal equilibrium. Béthoux et al. (2008) computed
the temperature pattern inside the basin, using the thermo-
mechanical modelling of Chéry et al. (2001) and taking into account
the geometry of the basin, the rheology of the 3 crustal types (conti-
nental, transitional and oceanic) evidenced by seismic experiments,
as well as heat flow data. The computed isotherm 350 °C, corre-
sponding to the limit of the brittle domain, is located beneath the
Moho (as determined by seismic and gravimetric studies) at the cen-
tre of the basin (Fig. 12a). Seismic ruptures could therefore occur
there, in the uppermost mantle, down to a ~17–20 km depth. They
can be linked to the normal faults issued from the rifting phase and
reactivated as reverse faults.

Epicentres mainly gather beneath the continental margin
(Fig. 11a). Some events such as the Mw = 4.5 2001 event (Table 2
and Fig. 11c) are located along the foot of the margin, from Nice to
the gulf of Genoa. The largest-magnitude event in our catalogue is
the Corsican event of 2011-07-07. With a focal depth of 9 to 13 km,
a depth range corresponding to the oceanic crust domain (see
Table 2), it occurred off the western Corsican margin, where the seis-
mic activity, very atypical as shown by Larroque et al. (submitted for
publication), is also very low.

Fig. 12b displays results obtained by Larroque et al. (2012) for the
1887 Imperia earthquake: these authors locate its epicentre at the foot



Fig. 10. Seismicity of the Argentera massif and surrounding regions. Contour of the massif is in red. Main faults, as indicated on tectonic maps (Bauve et al., 2014), identified by labels
(SBF: Sérennes-Bersezio fault, JTF: Jausiers-Tinée fault, STF: Saorge-Taggia fault, SBMF: Saprge-Breil-Monaco fault, VF: Vésubie fault), as well as the Ubaye region. Two villages of the
Vésubie valley (StMa = St Martin-Vésubie and Roq = Roquebillère) and Saorge village are located on the map. Seismic stations are also shown. The seismicity located in this study
area is denoted by black dots whose size is proportional to the magnitude. Events of magnitude larger than 3 which occurred between 1962 and 2000 are superimposed (yellow dots).
The 1982 event is denoted by a green dot. The dashed line A–B represents the location of the vertical, 20-km-wide cross-section shown under the map.
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of the continental slope, off San Remo, at about 43.7°N and 7.8°E. It
would have occurred along an inverse fault striking N55° and dipping
at ~70° towards the south or, alternatively, at ~16° towards the north.
We superimposed in Fig. 12b the 3D-located instrumental seismicity
of the present study (colour dots). The location of these events is consis-
tent with the extent of the Ligurian fault, as recognized at the foot of the
margin by the recent MALISAR geophysical surveys (Larroque et al.,
2012). Some events are located near the 1887 epicentre proposed by
Larroque et al. (2012); others are closer to the coastline, regularly
distributed, and parallel to the fault trace. For these events, focal depths
are in good agreement with that inferred for the 1887 event (Larroque
et al., 2012).

According to the tsunami modelling carried out by these authors,
both reverse-faulting kinematics along north-dipping or south-dipping
fault planes yield the same result for water movement. For the authors,
the north dipping plane appears to bemore likely geodynamically speak-
ing. We have here too few well-constrained hypocentres to either con-
firm or contradict this view, let alone to provide independent estimate



Fig. 11. a. Seismicity of the Ligurian Sea, superimposed on the topography-bathymetry map. Location of the 10-km-wide cross-sections through the seismicity located in the 3D model.
b. Cross-section AB in the velocity model. c. Cross-section CD in the velocity model. The white star corresponds to the Mw = 4.5 2001 event.
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of the fault's dip. Focal mechanisms computed for the larger events
(Fig. 12b) confirm inverse faulting, but do not provide clear evidence
about the dip of the nodal plane that would unambiguously correspond
to the fault plane (Béthoux et al., 2008). Neither does the focal solution
proposed by Courboulex et al. (2007) for the 2001 event, at the western
end of the Ligurian fault system.



Fig. 12. a. Modelled temperature pattern in the Ligurian Sea, modified from Béthoux et al. (2008). Cross-section (a) is roughly located near cross-section CD of Fig. 10. Cross-section (b) is
roughly locatednear cross-section ABof Fig. 10. b.Modified fromLarroque et al. (2012), showing the location of the 1887 Imperia event.We superimposed the 3D-located seismicity of this
study (colour dots). Empty circles are events with magnitude exceeding 4, recorded during the instrumental period (since 1962). Three bibliographic focal mechanisms are shown, taken
from Béthoux et al. (1992) and Courboulex et al. (2007).
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9. Conclusion

The first target of the paper was to describe the 3D structural model
at the regional scale built from the Geomodeller process originally
produced for geological and tectonic studies similar to those produced
at smaller scale. We show that this model is also useful to constrain
seismic event location.

In this study, we compared 1D locations with 3D locations for events
distributed on a rather large region, from the Southwestern Alpine mas-
sifs up to southern Corsica through the Liguro-provençal oceanic domain.
In this paper we focus on the methodology and on the different tests for
determining the robustness andprecision of our results. For epicentres in-
side the seismic network and close to the stations, results using 1D veloc-
itymodel are very similar to 3D results. When events are located far from
the stations and associated with an important azimuthal gap, the use of a
3D velocity model provides better results than 1Dmodel locations. These
3D locations are particularlywell adapted in the studied region character-
ized by verymarked onshore/offshore transitions corresponding in depth
to strong heterogeneities at the crustal and lithospheric scale. We recall
that the Moho deepens to 50 km under the core of the southwestern
Alps and is uplifted at the depth of 12.5 km at some parts of the basin.

In order to test the accuracy of our results we relocated quarry blasts
and marine shots.

For the strongest events (Table 2) fine determinations of depth by
waveform modelling are available (Courboulex et al., 2007; Larroque
et al., 2009; Larroque et al., submitted for publication). The location in
depth resulting from the 3D methodology is similar to these results.

If 1D locations are constrained for most of the strongest events, we
show that the microseismicity distribution is more clustered using 3D
model than using 1D model. Consequently, the 3D locations provide
us a more accurate image of the global seismicity distribution in the
South-Western Alps–Liguria region.

We showed, through a few examples dealing with small epicentral
areas, that 3D locations using the permanent regional network are com-
parable to 1D locations using a dense temporary network surrounding
the epicentre area. However the station coverage remains the key to
well-constrained solutions whatever the model and the location code
used.

We also confirmed that additional S arrivals improve the location
and drastically reduces the location PDF, as already demonstrated by
Lomax et al. (2009).

Both techniques used for location,Maxi andNonLinLoc, provide sim-
ilar resultswhen numerous data and/or good azimuthal coverage of sta-
tions are available. Where poor station distribution and large recording
distances are met, as in the case of Corsica, hypocentres inferred from
Maxi still fit within the ellipsoid volumes computed by NonLinLoc.
The discrepancy between the two methods is in good agreement with
uncertainties deduced from synthetic travel-time tests.

From a tectonic point of view, different seismic behaviours are
evidenced in the Southwestern Alps. Some small faults—such as the
Blausasc fault or the Peille-Laghet fault—are seldom (re)activated.
Others—such as the Saorge-Taggia, the Tinée-Berzezio, the Jausiers-
Tinée fault systems, or the fault in western Liguria responsible for the
2008 swarm (Scafidi et al., 2015)—are frequently visited by seismic
clusters. It is worth noting that most of these clusters are characterized
by low-magnitude events, which could be an evidence for weak cou-
pling. Our 3D locations confirm that the seismogenic layer is shallow,
generally in the 5–10-km depth range. The continuity of microseismic
activity from the south of the Argentera massif towards a hidden fault
located to the north-east of the Taggia fault leads us to hypothesize an
epicentral zone for the 1564 earthquake, which remains the main seis-
mic event in the region: it could have occurred between the small
Vésubie fault and the area where two conjugate faults connect—namely
the Saorge-Taggia and the Saorge-Breil-Monaco faults.

Compared to the south-western Alps, the Ligurian Sea presents a dif-
ferent behaviour. The instrumental seismicity recorded by the regional
network seems rather scarce whereas we observed a few M N 4 events
(two of them were relocated in this study). It is worth noting that the
largest instrumental event which occurred in 1963 had a much higher
magnitude (Mw= 6). The causes of stress amplification in this marginal
basin are discussed in Béthoux et al. (2008). 3D-located hypocentres are
clearly less scattered than when 1D location is used. Those revised loca-
tions shows hypocentres progressively deepening towards the centre of
the basin; they also better agree with the geological structures. In partic-
ular, these locations tend to confirm the depth of the 1887 Mw N 6.5
earthquake, as estimated by Larroque et al. (2012). Despite rather large
uncertainties, events located in the centre of the basin appear to have
deeper foci than previously estimated and probably occur under the
Moho.

In conclusion this work allows to present some improvement
concerning the seismogenic depth determination and geometry of a
few active faults respect to the numerous published studies dealing to
the region, these parameters being of main importance in terms of
seismic hazard assessment.

We studied here only a rather short time window of seismicity.
Because locations presented in this study seem reliable, the samemeth-
odology could be applied to a larger seismic data catalogue in order to
confirm these first results. Some improvement is also in progress to
define a more accurate 3D velocity model.
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