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SUMMARY

Refinement of the seismicity distribution (4574 events) in western and central France, has been
done by synthesis of seismological bulletins. Earthquakes have then been relocated by joint
hypocentre and velocity structure inversion. The new hypocentre distribution indicates that the
seismicity of those regions is much less diffuse than previously thought, mainly with regard
to the depth distribution. The hypocentre improvement allows us to compute 44 new focal
mechanisms and to revise bibliographic focal mechanism solutions. Then, the regional stress
field was determined from 119 available focal mechanisms. It is characterized by a regionally
significant strike-slip regime with NW-trending o ;. However, the refinement in location and
increasing available focal mechanism solutions allow us to show that this strike-slip regime
is overprinted by local extensional perturbations in three distinct areas. In the Massif Central,
the Sillon Houiller, a ancient vertical shear zone, appears to be acting as a passive boundary
between a western unit and an eastern unit that is uplifted by the ascension of a hot mantle plume
at the base of the lithosphere. Extension is unexpectedly observed in the southern Armorican
Massif (SAM), as well as in northwestern Massif Central. One can observe a good relation
between the observed perturbed zones and lateral variation of Pn anisotropy in the mantle.
This correlation and the scale of these areas are arguments in favour of a lithospheric process
as the origin for the stress characteristics. We believe these extensional perturbations could be
related to the anticlockwise rotation of the Iberian microplate and/or incipient subduction in
the Bay of Biscay.
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to have an accurate image of the regional microseismicity as well as

1 INTRODUCTION constraints on the regional stress regime. The focus of the current

Western Europe is usually recognized as a stable intraplate region
characterized by a low strain rate resulting from far field stress,
originated by Europe—Africa convergence and by ridge push from
the Mid-Atlantic ridge (Griinthal & Stromeyer 1992; Miiller et al.
1992; Golke & Coblentz 1996). However, earthquakes sometimes
occur in this region, outside the recognized seismogenic zones, that
include the European Cenozoic rift system (Rhéne valley, Limagne
graben, Rhine graben. ..) or orogenic regions as the Alps and the
Pyrenees (Fig. 1). Recent intraplate earthquakes include a M| =
5.1 event, which occurred on 1990 April 2, on the English—Welsh
border (Ritchie ef al. 1991), and three events in western France: a
1972 September 7 event in Oleron (magnitude M = 5.2), a 2001
June 8 event in Vendée (magnitude M = 5.1) and finally an event
on 2002 September 30, located in SAM, of magnitude M| = 5.7.
To understand the occurrence of these earthquakes, it is necessary

© 2004 RAS

study is twofold: (i) to improve the resolution and to upgrade the
image of the seismicity in central and western France (Fig. 1); (ii)
to determine the stress field throughout the study area.

Because this part of France is characterized by low and diffuse
seismicity, seismotectonic studies are rather scarce (Nicolas et al.
1990; Delouis et al. 1993; Amorese ef al. 2000). Using a seismicity
catalogue that we built including arrival times from 1962 to 2002,
we refined the location of the events that occurred in the Massif
Central, Charente region and Armorican Massif (Fig. 2). Thanks to
the computation of regional velocity models, we mainly improved
the determination of the focal depths.

It is well known that fault plane solutions of local earthquakes
based on P-wave first motions strongly depend on correct identifi-
cation of wave arrivals in the seismogram and on reliable estimates
of the take-off angle of the rays at the source. Therefore, revised
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Figure 1. Geological setting of the study area (rectangle). Grey shaded areas in the Massif Central correspond to Cenozoic and Quaternary volcanoes. SHF:
Sillon Houiller fault, SASZ: South Armorican shear zone, NASZ: North Armorican shear zone, QFZ: Quessoy fault zone, MFS: Mayenne fault system. AE:
direction of the Africa—Europe convergence, RP: direction of the Mid-Atlantic ridge push, AEPB: Africa—Europe Plate boundary.

locations helped us to constrain better the computation of 44 new
focal mechanisms and to revise some bibliographic focal mechanism
solutions. The synthesis of these solutions and previously published
mechanisms, allowed us to define the stress field, by inversion of fo-
cal mechanism solutions, using the method of Carey-Gailhardis &
Mercier (1987, 1992). We observed a regionally significant strike-
slip regime with a NW-trending o, overprinted by three local ex-
tensional perturbations. In this paper, we do not discuss the detailed
interpretation of the seismological patterns, but we focus our study
on the determination of the regional stress field. A reference map for
the stress determination of western Europe was published by Miiller
et al. in 1992. On the basis of this data set, Miiller ef al. (1997) in-
terpreted the existence of perturbation zones as the coexistence of
different crustal blocks with distinct stress regimes. However, the
region we study was poorly constrained. Consequently, our work
brings new data, allows us to refine the image of the perturbed re-
gions and to discuss the hypothesis of crustal blocks proposed by
Miiller et al..

2 GEOLOGICAL SETTING

West-central France is a slowly deforming intraplate region. It is
composed of two Hercynian massifs, the Massif Central and the

Armorican Massif, separated by two great Mesozoic sedimentary
basins, the Paris basin and the Aquitaine basin (Fig. 1). In the east,
the Alps are separated from the Massif Central by the Rhéne val-
ley, which is part of the European Cenozoic rift system (as well as
the Limagne graben). In the west, are the passive margins of the
Atlantic ocean and the Bay of Biscay. The opening of the Bay of
Biscay, beginning 114 Ma (Montardet e al. 1979; Olivet 1996),
and now its closure by early stage subduction (Ayarza et al. 2004),
together with the Pyrennean range separates the Iberian microplate
from the European Plate. Synchronous to the development of the
Cenozoic Limagne graben, volcanism occurred in the Massif Cen-
tral but no volcanism has occurred west of the Sillon Houiller fault
(SHF). This area is still potentially active as the youngest volca-
noes are 7000 yr old (Nehlig et al. 2001). Several studies show a
hot thermal anomaly beneath the Massif Central (Froidevaux ef al.
1974; Vasseur 1982; Granet et al. 1995a; Sobolev et al. 1996), as-
sociated with a mantle plume, whose origin is still debated (Merle
& Michon 2001). The major faults of the Massif Central and the
Armorican Massif are the SHF and the South Armorican shear zone
(SASZ). The French Hercynian massifs are mainly composed of
granitic and metamorphic rocks. The Paris and Aquitaine basins
are composed of quasi-undeformed, unmetamorphosed sedimen-
tary rocks. They have a maximum thickness of 3000 and 10 000 m
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Figure 2. All epicentres (black dots) of the study area. Rectangles enclose the Massif Central, the Charente region and the Armorican Massif subregions.
Grey stars are the seismic stations of the LDG network and grey triangles are the stations of the ReNaSS network.

respectively and their basement is of the same nature as the sur-
rounding massifs.

3 SEISMICITY DISTRIBUTION
3.1 Location procedure

3.1.1 Building of the catalogue

4574 events have been recorded from 1962 January 1 to 2002
January 1 in the study area, by the Laboratoire de Détection
Géophysique (LDG) network and, since 1980, by the French Na-
tional Seismic Network (Réseau National de Surveillance Sismique,
ReNaSS). The catalogues of these two institutes, along with some
data of the European—Mediterranean Seismological Centre (CSEM)
have been combined month by month, from 1962 January to 2001
December. The data from CSEM include data from the British, Irish,
Spanish, Portuguese, Belgian and Swiss networks.

As a first step, we located all the events using a code written at
LDG (hereafter called FUSION), which considers both Pn and Pg
phases (and corresponding Sn and Sg phases). The LDG was cre-
ated in 1960 and, because at this time there were few seismological
stations available, the seismologists of this institute identified both
Pn and Pg phases (and associated Sr and Sg phases). This procedure
allows the number of arrival times to be doubled and an additional
constraint to be brought to the event depth determination through
the (Pn—Pg) arrival times difference. This picking procedure is still
used by LDG, despite the densification of the network, whereas con-
ventional routines such as HYPO71 (Lee & Lahr 1975) only takes into
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account one P-wave first arrival time and one S-wave arrival time.
The FUSION algorithm is classically based on the Geiger method
(Geiger 1910). Only origin time, epicentral latitude and longitude
are inverted from the matrix of arrival times. The depth is used as
a parameter in the traveltime computation and the final depth value
(tested at a step size of 1 km) is the one that provides the best sta-
tistical results (in term of the rms of arrival times and axes of the
true confidence ellipse). The locations are performed with all the
available stations (Fig. 2) and the LDG 1-D crustal velocity model
(MO in Table 1a), a simple model appropriate for wide areas across
France.

We compared this location procedure with the standard HYPO71
solutions. As microseisms are only detected by the closest stations,
only the direct Pg and Sg are available so the results are identical.
For larger magnitude events, recorded at long-range distance, we
verified that FUSION brings generally more stability than HYPO1D in
the hypocentral determination. This is particularly true for events of
western Britanny, which are located with sparse regional distance
stations. Corresponding seismograms depict energetic Pg and Sg
waves, whereas Pn and Sn are very attenuated along these particular
ray paths. In this case, automated picking, which works well for
the first P arrival, would deal with misidentification and erroneous
locations.

On Fig. 2, the seismicity of the northern Massif Central, the Ar-
morican Massif and the Charente region is displayed. The seismo-
logical stations correspond to triangles (ReNaSS) or stars (LDG),
whereas black dots are the epicentre locations. So, the first step of
the work presented here was the building of a complete and reliable
catalogue of uniformly located hypocentres for the whole studied
region, with local magnitude from 2.0 to 5.7.
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Table 1a. MO model: starting model derived from the very simple model used in FUSION code. WMCO: the a
priori model chosen as a starting model. It is deduced from Zeyen et al. (1997), for crustal velocities and from
Juhenderc & Granet (1999) for the Pn velocity. WMCI: the final model deduced from VELEST, with WMCO
model, as the starting model. WMC2: the final model generated by the convergence of the inversion of 50 random

initial models.

MO WMCO WMCl WMC2
Depth Vp Depth Vp Depth Vp Depth Vp
-2.5 35 -2.5 5.5 —2.5 35 —2.5 35
0 35 0 5.95 0 5.4 0 5.98
1 6.03 1 5.95 1 5.9 1 5.9
4 6.03 4 5.95 4 6.0 4 6.0
8 6.03 8 6.05 8 6.05 8 6.02
12 6.03 12 6.10 12 6.15 12 6.20
15 6.03 15 6.30 15 6.20 15 6.20
20 6.03 20 6.40 20 6.35 20 6.20
26 8.10 25 6.60 25 6.35 25 6.38
30 8.10 30 8.00 30 8.16 30 8.15
Table 1b. The same for CHP and LIM velocity models.

CHPO CHP1 CHP2 LIMO LIM1 LIM2
Depth Vp Depth Vp Depth Vp Depth Vp Depth Vp Depth Vp
-2.5 3.5 -2.5 3.5 -25 3.5 -2.5 35 -2.5 3.08 —2.5 3.62
0 5.0 0 5.07 0 5.45 0 4.06 0 3.92 0 5.14
2 5.5 2 5.72 2 5.80 2 5.57 2 591 2 5.92
4 5.6 4 5.87 4 6.05 4 5.70 4 6.00 4 5.92
8 5.9 8 6.06 8 6.15 8 6.0 8 6.02 8 6.05
12 6.1 12 6.10 12 6.20 12 6.10 12 6.43 10 6.22
15 6.3 15 6.10 15 6.43 15 6.10 15 6.50 15 6.62
20 6.4 20 6.54 20 6.71 20 6.35 20 5.50 20 6.62
25 6.5 25 7.09 25 6.97 25 8.10 25 7.30 27 7.35
30 7.7 30 7.22 30 7.20 30 8.10 30 7.80 30 8.00

Table 1c. The same for CHAR velocity models.

CHARO CHARI CHAR2
Depth Vp Depth Vp Depth Vp
-2.5 3.03 =25 3.04 -2.5 3.03
0 3.50 0 4.04 0 4.70
1 5.50 1 5.83 1 5.88
5 6.03 5 5.83 5 5.97
10 6.03 10 6.11 10 5.97
15 6.03 15 6.11 15 6.20
20 6.03 20 6.66 20 6.50
25 6.03 25 6.90 25 6.50
30 8.10 30 8.00 30 8.00

3.1.2 Relocation of the events

Our second aim was to improve the hypocentral location of the events
using a more realistic velocity model. We did this by dividing the
area into subregions in order to take into account their geological
differences and the geometry of the network.

In some areas, where the number of events and the distribution
of seismological stations allowed, we relocate the seismicity using
a technique of simultaneous determination of the velocity model
and the earthquake hypocentres (Ellsworth 1977). The main task of
this method is to minimize the errors resulting from both the model
parameters and arrival times. We relocated these regional groups of
events through the application of the program VELEST written by
Kissling et al. (1984), which allows us to invert the minimum 1-D
model with station corrections and hypocentre parameters, which
minimizes the rms residual of the full data set.

For each area, we selected the best events, that is to say those with
the highest quality arrivals (axes of the confidence ellipse smaller

than 10 km, as computed by FUSION; with at least seven stations)
and that cover the entire area under consideration.

VELEST uses only one P and one S arrival time and, with the
intention of this being a regional-scale study, we only used stations
at less than 200 km epicentral distance. We used Pn and Sn for the
regional-distance stations and kept Pg and Sg phases for the closest
stations. Therefore, we favoured the use of Pg and Sg phases but
kept enough Pn and Sn to determine Moho depth and velocity.

The determination of this minimum 1-D model is a trial and error
process, which starts with an a priori velocity model. Our initial
models (that we call model 0, in the following discussion) were
based preferably on refraction seismic profiles, as recommended by
Kissling et al. (1994).

We first computed final models (the so-called model 1), by con-
ducting a series of successive 1-D inversions and relocations, in
order to minimize the final global variance of our set of location
data.

In a second step, we conducted a grid search of the a priori 1-
D model, by introducing random changes of layer velocities (< 1
km s7!) in the updated a priori model (model 1). A plot of the
velocity models resulting from the inversions allows us to show
that these models converge towards an average model (model 2)
and provides knowledge of the variations of resolving power with
depth. The aim of this procedure is to verify the stability of the
results considering both the final minimum 1-D model and location
parameters.

3.1.3 The depth of the events

Some general comments about depths can be made. In the Massif
Central and Charente regions, most earthquakes are shallow (depth

© 2004 RAS, GJI, 160, 161-178
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Figure 3. Example of inversions for a 1-D model for the CHP area. (a) The initial model CHPO is deduced from seismic results shown by bold, grey dashed
line, the inverted model CHP1 is the bold black line and the initial random models generated from CHP1 model are thin dashed lines. (b) At the end of the
inversion process, the resulting models are the thin dashed lines. The convergence of the velocities around a single model CHP2 is shown by the bold line and
consequently chosen as the best minimum 1-D model. The grey line corresponds to CHP1 (the resulting model after the first iteration).

< 8 km), nevertheless, they are all located in the basement Hercy-
nian rocks. The seismogenic crust has a thickness of 11 £ 1 km
(Fig. 3). No discrepancy is observed between the shallowest and the
deepest focal mechanisms. Moreover, the small topographic vari-
ations of this area cannot be invoked for any stress variation with
depth. Thus, we consider that these earthquakes testify to the style
of faulting in this area. Indeed, these focal solutions are consistent
with the over-coring data from Cornet & Burlet (1992) that show
a rotation of o ., towards the E-W in the eastern Massif Central
(EMC). Reliability of hypocentral determination in the Armorican
Massif is not good enough to allow detailed interpretation of the
revised depths of the earthquakes. Nevertheless, considering only
the strongest and best located events, the seismogenic crust seems
to be 12 £ 1 km thick.

3.1.4 The Massif Central

In the Quaternary volcanic Massif Central, 2292 events are clus-
tered in tectonically active areas: along the volcanic area, near the
Limagne graben and where the SASZ ends. So, we divided this
area, into three subregions (Fig. 3). They are the so-called western
Massif Central (WMC), the Chain of Puys (CHP) and the Limagne
region (LIM). First, we chose the three models WMCO0, CHPO and
LIMO to be applied in the three studied areas, on the basis of the
seismic refraction results from Zeyen ef al. (1997). These models
are given in Tables 1(a) and (b). Then, we followed the procedure
described above : first, we computed three models WMC1, CHP1
and LIM1 (Tables 1a and b). We conducted a grid search of the a
priori 1-D model, by introducing random changes of layer velocities
(< 1 kms™), inthe WMC1, CHP1 and LIM1 models. Fig. 3(a) dis-

© 2004 RAS, GJI, 160, 161-178

plays an example of random initial models, for the CHP area, around
the inverted model CHP1. Fig. 3(b) shows the convergence of ve-
locities around a single model, CHP2, close to the model CHP1.
Nevertheless, the 1-D model is less resolved at depth >20 km than
for the shallower layers. This model was chosen as a new starting
model in a new inversion sequence to obtain the final locations.
Table 1 presents the starting and final velocity models obtained by
inversion, then the final minimum 1-D model we determined for
each area.

Strictly speaking, the minimum 1-D model deduced from this
study does not represent a true geophysical image of the studied ar-
eas. It consists of an average velocity model in the medium crossed
by the rays from the hypocentral zone to the stations, which is de-
duced from a trial and error approach using an earthquake and station
data set. However, in this study, we selected only stations that are
close to the epicentre area. Consequently, the best minimum 1-D
model obtained can be evaluated in terms of the regional structure.
We can observe that all the inverted CHP and LIM models tend to
have a low-velocity layer at the bottom of the model (Fig. 2), still
lower than the anomalous low velocity obtained by seismic refrac-
tion for the upper mantle (Table 1b). Controversially, models com-
puted for the WMC area are characterized by rather homogeneous
and high crustal velocities. Note that, the final minimum 1-D mod-
els are very close to the results obtained by Juhenderc & Granet
(1999) using anisotropic tomographic modelling beneath France.
Their tomographic image of Pn velocity perturbation clearly shows
high Pn velocities, up to 8.15 km s~! in the west of Massif Central,
whereas, crossing the SHF (Fig. 1), the Pn velocity decreases dra-
matically down to 7.66 km s~!. This low-velocity region coincides
with the main volcanic areas and these low velocities are associated
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Table 2. Dataand model variances for the 1-D models. Initial data variances
were measured after the first relocation by VELEST using the starting model.
The final variance are results from six iterations of the direct inversion with
the final velocity model.

Number of Initial Final

located events variance (s%) variance (s2)
MCO 454 0.59 0.37
CHP 455 1.23 0.43
LIM 304 1.21 0.74
CHAR 541 1.98 0.66

with the high temperature related to the Neogene volcanic activity
(Sobolev et al. 1997). We also find low Pn velocity beneath the
Limagne graben, as already obtained by Perrier & Ruegg (1973)
from refraction results.

Table 2 shows the improvement in the variance obtained during
the procedure. In Fig. 4 we present the comparison between 1242
hypocentre locations performed in the first part by FUSION and in
the second part by VELEST. The epicentral parameters are similar
and preliminary ill-located events are rather scarce. Nevertheless,
the relocated events tend to be more clustered and orientated closer
to the direction of geological structures. However, the projection
of hypocentres along two vertical cross-sections, allows us to show
the main differences between the two series of results. The focal
depths are dramatically shifted. The seismogenic zone is limited to
10 km depth and the hypocentres are more clustered, as shown on
the two vertical cross-sections. Furthermore, we verified that the
change of velocity models (as explained in Section 3.1.2) did not
imply dramatic change of focal depth. From comparison between the
different locations obtained with VELEST, we deduced the maximum
uncertainties in depth are +1 km.
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Figure 4. Comparison of epicentres and hypocentres of the Charente region and Massif Central located with the MO model (Table 1a), shown as circles, and
relocated by the joint velocity—velocity model inversion (black triangles). Hypocentres are displayed on two east—west cross-sections, at 45.1 and 46.0 latitude
north. Hypocentres plotted lie within 15 km of the cross-section lines. SASZ: South Armorican shear zone, SHF: Sillon Houiller fault.
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A detailed interpretation of the seismological patterns is beyond
the scope of this publication and will be the subject of a separate
article (Mazabraud et al. 2005).

Therefore, the VELEST code allows us to find realistic crustal
models that can be now used for the location of the local seismicity.
They allow us to constrain the focal depth better than the 1-D average
velocity model of Table 1(a) (MO).

3.1.5 The Charente region

981 events are recorded in the region. The 1972 Oleron Island
swarm, in the centre of the area, clearly contrasts with the surround-
ing more diffuse seismicity (Figs 2 and 4).

Without available refraction data, we began with a simple veloc-
ity model derived from the one already used in the location process
with FUSION (MO, Table 1a), but with more layers, in order to obtain
a better inverted minimum 1-D model that fits the data set [model
CHARI; then CHAR?2 (Table 1c) obtained with the procedure pre-
viously described]. The azimuthal coverage of the stations is limited
to 180°-200°. So, this velocity model has no geological significance
and the procedure only allows us to compute station corrections and
to obtain joint hypocentre locations. Once again, the variance is
improved (Table 2). The main change in hypocentres (Fig. 4) still
relates to the depth of the events, which consistently deepens from
west to east.

3.1.6 The Armorican Massif

The peninsular shape of the Massif provides poor azimuthal cover-
age by the networks and most of the events were only recorded by
regional-distance stations. Therefore, the relocation methodology
could not be applied for this westernmost region. We only benefit
from the FUSION location catalogue, which provides rather numer-
ous seismic events (1301 events) for this region. The dispersion
of the seismicity (Fig. 2) is partly the result of the poor azimuthal
coverage. Moreover, the focal depths are usually not constrained.
Nevertheless, the largest magnitude events (M, > 4.0) are recorded
by British and Spanish stations and produce more reliable locations.
Since 1996, installation of stations in Brittany (Fig. 1) allows a sig-
nificant improvement in location.

4 FOCAL MECHANISMS

Taking into account the improvement in the epicentral coordinates,
mainly in hypocentral determination and in the velocity model, we
can compute more realistic take-off angles to determine new focal
mechanism solutions.

4.1 New Earthquake fault-plane solutions

Focal mechanisms have been computed by means of the FPFIT code
(Reasenberg & Oppenheimer 1985), which systematically searches
the solution space for the double-couple fault plane solutions that
best fit, in a least-squares sense, a given set of observed first-motion
polarities. This method may determine several solutions with re-
lated uncertainties for both nodal planes. For the best-constrained
mechanisms, only one solution is obtained.

In the current study, we have determined 44 new earthquake focal
mechanisms. The selected solutions are reported in Table 3 and
shown in Fig. 5.

4.2 Previously published focal mechanisms

Focal mechanisms from other events that occurred in the studied
region have already been published (Delhaye 1976; Santoire 1976;
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Veinante-Delhaye & Santoire 1980; Nicolas ez al. 1990). These au-
thors used the LDG velocity model to determine the focal mecha-
nism solutions.

We revised these solutions with the help of the new hypocentral
determinations and velocity model. Some mechanisms have been
computed with a majority of Pn polarities. In this case, the change
of take-off angles is small, even with a shift of focal depth and
a different velocity model. Some others, computed with many Pg
polarities, are more sensitive to the focal depth and velocity model.
All previously published focal mechanism solutions are reported
in Table 4. Only eight events have clearly different solutions after
revision. They are indicated by a star in Table 4 and are displayed
on Fig. 5.

Dorel et al. (1995) and Amorese et al. (2000) computed focal
mechanisms from dense local networks in Normandy and the EMC
(Fig. 1), with realistic take-off angles. We used their solutions with-
out revision.

4.3 Quality of the focal mechanism solutions

To each focal mechanism solution, a quality factor has been as-
signed. We took into account the error limits, as computed by FPFIT
(strike and dip uncertainties: ASTR, ADIP) and solution quality
through a parameter F, which qualifies a data misfit measure) and
the magnitude of the earthquakes.

Then, following Zoback (1992), we classified the available mech-
anisms into four classes (A-D).

A: My > 4 and well-constrained solutions (ASTR, ADIP <20°
and F < 0.025).

B: M > 4 and less constrained or 3 < M < 4 and well con-
strained.

C: 2 < M < 3 and well constrained or 3 < M| < 4 and less
constrained.

D: M < 2 or poorly constrained solutions.

Only one exception was made for the focal mechanism solutions
that we determined with local network data that can lead to reliable
solutions even for magnitudes < 3. These solutions are classified
as C.

4.4 Results

A synthesis of the previously published and newly calculated focal
mechanism solutions for the Armorican Massif'is plotted in Fig. 6(a).
In the south, most mechanisms are characterized by a dominant
normal-slip component and a NNE-trending 7-axis, whereas in the
north, the type of mechanism is less coherent, with E-trending 7-axis
in the northwest of the massif and nearly NE-trending 7-axis north-
east of the massif. In the southeast, only two mechanisms (n°101 and
n°109) do not seem consistent with the other ones. They are more
likely related to the mechanisms of the northeastern Charente re-
gion and northwestern Massif Central that show nearly NW-trending
T axes.

Fig. 6(b) shows the new and the published focal mechanisms for
the Charente region. Most solutions are compressional or strike-slip,
with a NE to E trending 7-axis. The seismic crisis of Oleron Island,
that began in 1972 with a M| = 5.2 event (n°82) and lasted more
than 10 yr, is represented by five focal mechanisms (82, 83, 87, 88
and 91). However, they also have a normal component and n° 88 is
purely extensional. Four of them are strike-slip. The M| = 5.2 event
(n°37),0f2001 June 8, is located at 12 km depth, on the southeastern
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Figure 6. All focal mechanisms for the study area. Black (new focal mechanism) or grey (bibliographic focal mechanism) quadrants are compression, whereas
white are dilatation. Grey stars are the seismic stations from the LDG network and grey triangles are the stations from the ReNaSS network. SASZ: South
Armorican shear zone, NASZ: North Armorican shear zone, QFZ: Quessoy fault zone, MFS: Mayenne fault system, SHF: Sillon Houiller fault. (a) Armorican

Massif, (b) Charente region, (c) Massif Central.

termination of the SASZ, a dextral strike-slip Hercynian ductile
shear zone. In terms of the orientation of the 7-axis, only a few
focal mechanisms (N°: 28, 36, 89, 93) seem inconsistent with the
other ones. Almost all are located in the northeast of Charente region
and have a NW-trending 7-axis, consistent with some mechanisms
of the northwestern Massif Central. These mechanisms probably
reflect a change in the stress field.

Fig. 6(c) shows the Massif Central, Charente and Armorican Mas-
sif focal mechanisms. We can observe that many focal mechanisms
are concentrated in the northwestern Massif Central. This area is
seismically more active than the southwestern Massif Central and
EMC (Figs 2 and 4), with strong enough earthquakes (M > 3.0)
to compute reliable focal mechanism solutions. The type of mech-
anism is variable; most mechanisms have an important strike-slip
component and a NE-trending 7-axis. In the southeastern Massif
Central, 11 new focal mechanisms are presented. This area is charac-
terized by a topographically high, north—south trending Quaternary
volcanic range at 2.9 longitude east and the north—south Limagne
graben from 3.0 to 3.7 longitude east.

5 INVERSION OF SEISMIC
SLIP-VECTOR DATA SET TO
DETERMINE THE STRESS STATE

5.1 Methodology

To compute the stress states responsible for present-day activity
(i.e. for earthquakes) in the studied area, we perform quantitative
inversions of the earthquake focal mechanisms, using the method
proposed by Carey-Gailhardis & Mercier (1987, 1992), which is one
of several existing algorithms (e.g. Vasseur ef al. 1983; Gephart &
Forsyth 1984). For a robust data set these different algorithms yield
similar results (Mercier et al. 1991). Both the detailed methodology
and the stress axis uncertainties are extensively presented in Baroux
et al. (2001). The confidence of focal mechanism solutions is taken
into account by the help of a weight given to the data, according to
its quality, in the inversion procedure.

Taking into account the fact that very small magnitude events can
only represent localmation, we have introduced a weight with regard
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to the magnitude of events with focal mechanisms in our inversion.
Our catalogue contains a significant number of events of magnitude
higher than 4. We have verified that their focal mechanism solu-
tions are in good agreement with the local stress tensor, inverted
with the help of smaller magnitude events. Moreover, many other
studies already point out that small magnitude events are generally
responding to the same regional stress field as the largest events,
thus we can statistically infer a good image of the regional stress
field from them (Amelung & King 1997; Angelier et al. 2004).

5.2 Results

In the current study, we analyse 119 events including bibliographic
(75, see references in Table 4) and new (44, Table 3) focal mech-
anisms. Delouis ef al. (1993) directly inverted the polarities of 24
available earthquake focal solutions, from Nicolas et al. (1990) with
the Rivera & Cisternas (1990) method. These authors determined
the stress tensor of a wide area composed of the northern Massif
Central, the Charente region and Armorican Massif. Nowadays, the
densification of the seismic networks, together with the increased
time of observation, allows us to compute reliable enough focal
mechanism solutions, even for small-magnitude earthquakes (M
> 3), and consequently permits us to examine smaller scale varia-
tions of the stress field. On the basis of the consistency of the focal
mechanism 7-axis orientations, we subdivide our focal mechanisms
into five regionally significant data sets. These groups represent tec-
tonic domains in which the stress field is expected to be rather ho-
mogeneous at the resolution allowed by our data. As all the events
have been relocated, we have good confidence in the localization and
correlation between the focal mechanism groups and the tectonic
domains. Each focal mechanism located close to the boundary be-
tween two domains, and potentially compatible with both data sets,
has been tested in each domain. It was then incorporated to the
group with which it was the most compatible. During the inversion,
a weight was given to each focal mechanism, according to its quality
(Tables 3 and 4). The stress tensors computed by inversion of the
focal mechanisms for the five areas are presented in Figs 7 and 8.

5.2.1 Western Massif Central (WMC) and the Charente region
(CHAR)

For this zone, 46 mechanisms are available, including 18 new ones.
Some bibliographic focal mechanism solutions are not well con-
strained because they occurred between 1976 and 1981, when the
seismic networks were sparse. Thus, they were not used in the inver-
sion. The inversion provides a well-constrained result, taking into
account 38 out of 46 mechanisms, with more than 80 per cent of
the (7, s) angular deviation below 20° and 100 per cent below 30°.
It gives a strike-slip regime (vertical o ;) with a horizontal 152°NE-
trending o, (Fig. 7).

5.2.2 Eastern Massif Central (EMC)

In southeastern Massif Central, we compute 12 new focal mecha-
nisms. New focal mechanisms, together with the revised published
solutions, furnish a set of 29 data points. Previously calculated
events, from 1991, are recorded by dense and homogeneously dis-
tributed networks. Consequently, most mechanisms are well con-
strained, even if some small-magnitude events do not provide reli-
able focal mechanism solutions. Our focal mechanisms have been
inverted together with 12 mechanisms published by Dorel et al.

© 2004 RAS, GJI, 160, 161-178

Intraplate short-scale stress field variations 171

(1995). Dorel et al.’s focal mechanisms correspond to small earth-
quakes, with magnitudes ranging from 1.8 to 3.0, but have been
computed using data from a temporary local network. The resultant
stress regime is extensional and characterized by a 236°NE-trending
0 ;3. Inasecond stage, we combined this data set with the available fo-
cal mechanisms from the western Provence area, provided in Baroux
et al. (2001) mainly around the Rhéne valley domain, at the south-
east of the Massif Central. This combined data set of 34 mechanisms
appears homogeneous (data being clearly compatible) and has been
inverted. Some focal mechanism solutions are compressive and in-
consistent with an extensional stress regime. Those solutions (e.g.
n° 16) appear to be the less well constrained (see Tables 3 and 4) and
are removed during the inversion process. This inversion leads to a
reliable result, 21 focal planes out of 34 mechanisms were selected
and more than 85 per cent of (z, s) angular deviations lower than 20°
(Fig. 7). These selected planes are consistent with a WSW-trending
extension (69°NE-o3). In the following, we will refer to this last
result (Fig. 7).

5.2.3 Northwestern Massif Central and northeastern
Charente region (CHMC)

Northwest of the Massif Central and southeast of the Armorican
Massif, the focal mechanisms are characterized by SE-striking T
axes, clearly inconsistent with the neighboring general NE-striking
T-axis orientation. Eleven focal mechanisms are available in this
area, seven of which are new and relatively well constrained. The
poorly constrained events were removed from the inversion. The
final inversion takes into account seven focal mechanisms and
yields a good quality result with all (, s) angular deviation below
10°. The stress tensor is extensional with a 130°NE-trending o 3

(Fig. 7).

5.2.4 Southern Armorican Massif (SAM)

The Southern Armorican Massif (SAM) is characterized by the
E-striking SASZ. Ten mechanisms, of which six are new, including
the well-constrained 2001 September 30, M = 5.7 Lorient event
(Perrot et al. 2005), have been inverted. The inversion result is of
good quality and 7 of 10 mechanisms are well explained by the re-
sulting stress field [all (z, s) angular deviation below 5°]. The stress
tensor corresponds to an extensional stress regime and suggests a
dominant normal-faulting regime with a non-trivial strike-slip com-
ponent (Fig. 7). Some focal mechanism solutions are incompatible
with extension (ex: n° 40). As in the other extensional zones, they
are the less well constrained solutions (see Tables 3 and 4).

5.2.5 Northern Armorican Massif (NAM)

In Normandy (northeastern Armorican Massif), a regional network
allowed Amorese ef al. (2000) to publish reliable focal mecha-
nism solutions for small-magnitude earthquakes. These focal mech-
anisms have been inverted together with newly computed solutions
and revised older mechanisms (Nicolas et al. 1990).

Throughout the northern Armorican Massif (NAM), 13 of 19
focal mechanisms provide a reliable inversion with all (, s) angular
deviation below 20° (Fig. 7). The resultant stress regime appears to
be complex, as the principal stress axes are not horizontal or vertical.
We interpret this result as a stress field arising from the interaction of
a dominant strike-slip regime and the attenuation of the extensional
perturbation of the SAM.
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Figure 8. Stress tensors of the different areas. Black arrows indicate the direction of the maximum horizontal compression (¢ Hmax ), White arrows indicate the
direction of the minimum horizontal compression (o hmin). Dotted areas circled in grey represent the regional extent of a particular stress field. NAM: North
Armorican Massif, SAM: South Armorican Massif, CHMC: northeastern Charente and northwestern Massif Central, CHAR: western Massif Central and the
Charente region, EMC: eastern Massif Central. SASZ: South Armorican shear zone, NASZ: North Armorican shear zone, QFZ: Quessoy fault zone, MFS:

Mayenne fault system, SHF: Sillon Houiller fault.

6 INTERPRETATION OF THE RESULTS

6.1 Effect of the mantle plume

The EMC zone, is characterized by an extensional stress state, con-
firming the results of hydraulic tests in boreholes from Cornet &
Burlet (1992), and the conclusions of Delouis et al. (1993) and
Dorel et al. (1995), based on focal mechanisms analysis. Our study
shows that the extension in the Massif Central is limited by the SHF
in the west. Extension is probably related to the ascent of the hot
mantle plume located beneath this area, that is inferred from tele-
seismic tomography (Granet et al. 1995a,b). The plume is believed
to be the origin of an anomalous thermal regime of the crust re-
lated to volcanism (Vasseur 1982; Lucazeau et al. 1984; Lucazeau
& Vasseur 1989). We propose that the extensional deviatoric stress
is the result of bulging of the crust at the apex of the hot mantle
plume. This implies that the SHF is acting as a passive boundary
between the EMC and WMC. Thus, we infer a lithospherical scale
to this fault. Inspection of digital elevation models (DEM) provides
evidence that the eastern, volcanic, part of the Massif'is uplifted with
respect to the western part. On the basis of high-resolution DEM
analysis, rivers and lava flows across faults, and the distribution and
timing of sedimentation, Michon & Merle (2001) deduce a normal
displacement along the SHF and associated faults that accommodate
Quaternary uplift of the EMC.

© 2004 RAS, GJI, 160, 161-178

Southeast of the Massif Central, Baroux ez a/. (2001) have shown
that the Rhéne valley is actively in extension. These authors suggest
that this extension is probably the result of the influence of the
extensional stress regime of the Massif Central that they relate to
the mantle plume. Focal mechanism inversions, in the present study,
also show that the stress regime of the EMC and the Rhéne valley
are consistent, confirming that extension in these two regions might
have the same origin, namely the effect of the mantle plume.

6.2 Effect of plate and microplate tectonics

Alternatively, the observed stress perturbation could be related to
intraplate forces. For instance, the anticlockwise rotation of Iberian
microplate with regard to Eurasia and/or incipient subduction in the
Bay of Biscay generates intraplate forces from which the deforma-
tion of the Pyrenees chain and the Bay of Biscay are the most clear
expressions. In the west of our study area, the opening of the Bay of
Biscay has accommodated the rotation of Iberia from its beginning
at Aptian time, 114 Ma (Montardet e al. 1979; Olivet 1996). Nowa-
days, no large earthquakes are recorded offshore in the Bay of Bis-
cay. Small earthquakes might occur but are not detected by French,
Spanish and Portuguese networks. Accumulation of extensional
stress on the SASZ or subparallel structures could be responsible
for the M > 5.0 earthquakes that appear to be distributed all along
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the Atlantic coast, following the fault zones (Fig. 6). NE-SW ex-
tensional stress in the SAM zone generates extension with a small
dextral component on the northern part of the SASZ. As the south-
ern branch of the SASZ is striking more N-S in the CHAR, the
strike-slip component becomes more important. Forces associated
with the rotation of Iberia generate, towards the North, compres-
sional stress in the east and extensional stress in the west. In the
east, the compressional stresses are accommodated by deformation
of the Pyrenees. Thus, at the longitude of the northwestern Mas-
sif Central, the stress induced by the rotation of Iberia is null, be-
cause it is released in the eastern Pyrenees. Extension in CHMC
(0 hmin striking 132°NE) is parallel to the strike of the fan-shaped
eastern termination of the SASZ, which strikes from ~120°NE to
~130°NE.

The coeval influence of Europe—Africa convergence and rotation
of Iberia on pre-existing zones of weakness (mainly the SASZ), and
the effect of the mantle plume beneath the Central Massif should
partly explain the regional NW—SE compression and the short scale
variations of the stress field computed by the inversion of focal
mechanisms.

7 DISCUSSION

(i) Refinement of the image of the seismicity of western and
central France, a slowly deforming intraplate region, has been ac-
complished by synthesis of seismological bulletins from different
networks and the location of 4574 events. Earthquakes have then
been relocated by joint hypocentres and velocity structure inver-
sion. The new epicentre distribution points out that the seismicity
of those regions is much less diffuse than it was previously thought.
For instance, in the Massif Central, most events are aggregated in
clusters. These clusters are concentrated in the most tectonically ac-
tive parts of the Massif: along the north—south volcanic area, south
of the Limagne graben and in the northwesternmost part of the Mas-
sif, where the SASZ is merging with the SHF. In western France,
the epicentre distribution has been improved but it is still diffuse.

(ii)) The computation of 44 new focal mechanisms and revision
of some bibliographic solutions allow a better comprehension of
the strain and stress distribution. The inversion of 119 focal mecha-
nisms in central and western France illustrates the dependence of the
resolution of the stress field on the amount and spatial distribution
of the data. In 1993, over the same area, Delouis ef al. only had 16
mechanisms available for analysis. Their result corresponds to an
average stress field of the area (0| close to the vertical, o, horizon-
tal and striking 125°NE, and o5 close to the horizontal and striking
35°NE), as the extensional focal mechanisms were not inverted sep-
arately. The local to regional size extensional zones defined by our
study require a sufficient amount of data to be sampled. In theory,
four mechanisms are enough to be inverted as we determine four
parameters (o 1, 02, 0 3 and R) during the inversion, but a minimum
of six mechanisms is desirable. As opposed to hydraulic tests, the
focal mechanisms do not provide direct measurements of the stress
field. Several mechanisms must be inverted together, thus a com-
puted stress field does not correspond to a single point but to data
that encompass a larger region. The presence of local perturbations
of the stress field can then introduce a bias in the inversion if all
mechanisms are inverted together. Therefore, when direct measure-
ments of the stress field are available in slowly deforming regions,
a mismatch between the measured and computed stress field can
indicate the presence of local perturbations of the stress field. In-
deed, this study allows us to characterize two kinds of stress regimes,
regional strike-slip versus local extensional.

(i) The regional stress field in the study domain approximately
agrees with the model configurations of Golke & Coblentz (1996),
relating it to the joint effect of the convergence of Africa and
Europe and of the Mid-Atlantic ridge push. The extensional stress
field corresponds to three perturbations of the regional stress field.
We propose that they are the result of inherited lithospherical faults
undergoing plate boundary and intraplate forces. Those plate bound-
ary and intraplate forces originate from the convergence of Africa
and Europe and the Mid-Atlantic ridge push, and by the rotation
of the Iberian microplate, respectively. In the Massif Central, the
SHF plays the role of a lithospheric scale barrier (i.e. passive
boundary) between a western domain and an eastern domain up-
lifted by the thermal effect of a mantle plume at the base of the
lithosphere

(iv) For the Provence area, Baroux et al. (2001) suggest that
‘abrupt spatial stress changes in a narrow zone could reflect a tec-
tonic model with upper crustal fragments (blocks) decoupled from
the lithospheric mantle by the ductile lower crust as suggested by
Miiller et al. (1997) for short-scale variation of the tectonic regimes
acting in western Europe’. In Provence, these authors observed stress
field variations over a distance range of tens of kilometres. In our
study area, the stress field variations have a minimum wavelength
of more than 100 km, three times the crustal thickness. These vari-
ations are related to lithospheric rather than crustal scale processes,
as proposed by Bonnet ez al. (2000) for the development of relief
in the Armorican Massif. Furthermore, the major structures influ-
encing the stress field are of lithospheric scale (the SASZ and the
SHF). Another argument to link these perturbations to lithospheric
processes is the correlation between the geographic areas of stress
perturbation and lateral variation of Pn anisotropy beneath France, as
computed by Juhenderc & Granet (1999). The upper-mantle seismic
anisotropy is believed to arise from preferred orientation of olivine
grains, which are responding to the stress field during mantle de-
formation. Correlation between the true direction of anisotropy and
crustal stress does not make it necessary to invoke decoupling of
the crust in our study area. Nevertheless, east of the SHF, the exten-
sional regime associated with high heat flow values (>100 mW m~2)
could favour crustal decoupling. If crustal decoupling does occur,
we believe that it is restricted in area to the extension of the thermal
influence of the mantle plume: that is to say, the Massif Central east
of the SHE, the Rhéne valley and the Provence region.

8 CONCLUSION

(i) Synthesis of seismological bulletins from different networks
and the location of 4574 events, and precise relocation by joint
hypocentres and velocity structure inversion allows improvement
of the image of the seismicity of western and central France.

(i1) Taking into account the improvement in the hypocentral lo-
cation of the events and in the velocity model, we computed realistic
take-off angles. Then, we determined 44 new focal mechanism so-
lutions and we revised the previously published focal mechanisms
in order to construct a set of 119 homogeneously computed focal
mechanisms.

(iii) The inversion of these focal mechanisms allows us to recog-
nize a regional NW-SE compression. The regional strike-slip stress
field appears to be overprinted by three local extensional perturba-
tions. These are located in the EMC, in the SAM and at the southern
termination of the SASZ, between the two massifs.

(iv) The stress field perturbations are of lithospherical scale and
correlate with the lateral variation of Pn anisotropy, which is an
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indirect consequence of stress orientation in the mantle. Thus, it is
not necessary to invoke decoupling of the crust in our study area,
as previous authors have suggested (Miiller et al. 1997). If crustal
decoupling does occur, we believe that it is restricted in area to the
extension of the thermal influence of the mantle plume: that is to
say, the Massif Central east of the SHFE, the Rhéne Valley and the
Provence region.

(v) Following Golke & Coblentz (1996), we relate the regional
strike-slip stress field to the joint effect of Europe—Africa conver-
gence and Mid-Atlantic ridge push. We propose that the extensional
deviatoric stress in the EMC is the result of the bulging of the crust
at the apex of the hot mantle plume. The two other extensional areas
approximately follow the SASZ. We argue in favour of intraplate
extensional stress acting on pre-existing weak zones, and we relate
those forces to the anticlockwise rotation of the Iberian microplate
and/or incipient subduction in the Bay of Biscay.
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