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Abstract

An earthquake with local magnitude (My) 5.2 occurred 18 February 1996 in the eastern Pyrenees (France) near
the town of Saint-Paul de Fenouillet. This event is the first of this magnitude in France to be well recorded
instrumentally. Less than 24 hours after the main shock, we installed a temporary network of 30 seismological
stations in the epicentral area to record the aftershock sequence. In this paper, we analyse the main shock and
present the 37 largest aftershocks (1.8 < M, < 3.4) in the two months following the main shock. These events are
located using data from the permanent Pyrenean seismological network and the temporary network when available.
We also determined eight fault plane solutions using the P-wave first motions. The main shock and the aftershocks
are located inside the small Agly massif. This Hercynian structure is located some 8 km north of the North Pyrenean
Fault, which is usually considered to be the suture between the Iberian and Eurasian plates. The mechanism of
the main shock is a left-lateral strike-slip on an E-W trending fault. The fault plane solutions of the aftershocks
are mostly E-W striking reverse faults, in agreement with the general north-south shortening of the Pyrenees.
The aftershocks located down to 11 km depth, indicating that the Agly massif is deeply fractured. The main
interpretations of these results are: (i) the main shock involved an E-W trending fault inside the highly fractured
Agly massif, relaying the North Pyrenean Fault which had, at least in the last 35 years, a poor seismic activity
along this segment; (ii) the Saint-Paul de Fenouillet syncline to the north and the North Pyrenean Fault to the south
delimit a ~ 15 km wide senestral shear zone. Such a structure is also suggested by the highly fractured pattern
of the Agly massif and by small en echelon fauits and secondary folds in the Saint-Paul de Fenouiliet syncline;
(iii) we suggest that the North Pyrenean Frontal Thrust, located less than 10 km north of the Agly massif, has a
ramp geometry at depth below the Agly massif.

Introduction

On February 18, 1996, a local magnitude M| =5.2
earthquake occurred in the eastern Pyrenees near the
town of Saint-Paul de Fenouillet (Figure 1). This event,
the strongest in the Pyrenees range since the Arette
earthquake (M =5.7) in 1967 and the Arudy earthquake
(my=5.1) in 1980 in the western Pyrenees (Gagnepain-
Beyneix et al., 1982), is the first of its size in France
to be recorded by a large number of permanent instru-
ments. It was followed by hundreds of aftershocks,
twelve of which had duration magnitude M; above 3.0.
Shortly after the main shock, French and Spanish insti-
tutions deployed temporary seismological networks.
These instruments furnished a large number of data,

which we analyse in the context of the Pyrenean tec-
tonics.

The Pyrenean range is the result of the continen-
tal collision between the Iberian and Eurasian plates.
This collision took place after an extensive episode
related to the opening of the Bay of Biscay during the
lower Cretaceous (80—-120 Ma). Several scenarios have
been proposed for this opening, involving either a large
anticlockwise rotation (35 °) of Iberia with respect to
Eurasia, or a scissors-opening of the Bay of Biscay (see
Choukroune, 1992, for a review). The different models
all involve more extension in the western part of the
Pyrenees than in the eastern part. The extensive episode
was followed by the north-south convergence of the
Iberian and Eurasian plates beginning in the upper Cre-
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taceous (65 Ma), with more or less senestral motion in
the axial zone of the range according to the different
models (Choukroune, 1992). The resulting north-south
shortening continues to the present day and amounts
to about 50-150 km in the central and eastern Pyre-
nees (Roure et al., 1989). It has been accommodated
by a subduction of the Iberian lower crustal material
beneath the Eurasian crust (Engeser and Schwentke,
1986; ECORS Pyrenees Team, 1988; Choukroune and
ECORS Team, 1989; Daigniéres et al., 1989; Torné
et al., 1989; Mattauer, 1990), which is well observed
from tomographic models in the central and eastern
parts of the range (Souriau and Granet, 1995).

The overall east-west structure of the Pyrenean
range (Figure 1) can be described, from north to south,
as follows:

(i) the North-Pyrenean Zone (NPZ): it is main-
ly composed of highly deformed Mesozoic flysch
deposits (Puigdefabregas and Souquet, 1986). It rides
northward over the Aquitaine molasse basin along the
North Pyrenean Frontal Thrust (N.P.FT. in Figure 1).
The North Pyrenean Zone includes a few Palaeo-
zoic outcrops, including the North Pyrenean Massifs
(N.P.M. in Figure 1) in the central part of the range,
and the small Agly massif to the east. The North Pyre-
nean Massifs originated as an allochton unit, from the
Palacozoic Axial Zone (Goldberg et al., 1986; Souquet
and Peybernes, 1987).

(i) The Palaeozoic Axial Zone: it is the central
unit, and includes the highest summits of the range. It
is composed of Hercynian structures reactivated durin g
the Alpine orogeny.

(i11) The South Pyrenean Zone: it is composed of
Mesozoic and Cenozoic sediments, which slid south-
ward down from the Axial Massifs when they rose.

The limit between the North Pyrenean Zone and
the Palaeozoic Axial Zone is a major tectonic suture
called the North Pyrenean Fault (Figure 1), which is
usually considered to be the boundary between the
Eurasian and Iberian plates. This fault, which runs
east-west all along the mountain belt, coincides with
an important vertical offset of the Moho, with a thick-
er crust beneath the Iberian side. The Moho offset
reaches 15 km in the central part of the range (Hirn
et al., 1980; Gallart et al., 1981; Daigniéres et al.,
1982; Choukroune and ECORS Team, 1989), but it
does not exceed 5 km in the eastern part (Gallart et
al., 1980, 1982). The North Pyrenean Fault is charac-
terised by highly strained metamorphic rocks formed
at high temperature and low pressure during the exten-
sive episode. This episode emplaced lherzolite massifs
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all along the North Pyrenean Fault in the sediments
of the North Pyrenean Zone (Vielzeuf and Kornprob-
st, 1984; Bouhallier et al., 1991; Paquet and Mansy,
1991). The Arette and Arudy earthquakes took place
on the North Pyrenean Fault in the western Pyrenees
(Gagnepain-Beyneix et al., 1982; Gagnepain-Beyneix,
1987) (Figure 1).

This overall structure is complicated in the east-
ern part of the range by structures resulting from a
phase of extension which began in the late Eocene
time. This last phase corresponds to the opening of
the Gulf of Lion and the eastward migration of the
Corso-Sardinian block (Rehaut et al., 1984). Conse-
quently, several major normal faults with roughly NE-
SW orientation are present at the eastern end of the
Pyrenean range, in the Gulf of Lion and along the
Iberian Mediterranean margin. These major normal
faults appear to be active through the present day from
morphological criteria (Briais et al., 1990), although
small reverse quaternary faults have been observed in
the same area (Philip et al., 1992).

The 1996 earthquake occurred near the town of
Saint-Paul de Fenouillet, in the North Pyrenean Zone,
8 km north of the North Pyrenean Fault (Figures 1 and
2). The geologic location is the Hercynian Agly mas-
sif between two Mesozoic synclines: the Saint-Paul de
Fenouillet syncline to the north and the Boucheville
syncline to the south. The Agly massif is delimited
on the south by the Trilla-Belesta fault considered
as a ramification of the North Pyrenean Fault, and
on the north by the Clue-de-la-Fou fault (Figure 2).
This massif is constituted by granitic and metamorphic
materials of Hercynian age. The last phase of uplift
occurred during the upper Cretaceous (Delay, 1989).
During the Alpine phase of the Pyrenean orogeny, the
Agly massif fractured, developing strike-slip faults ori-
ented N110 °, which were then distorted during the
Oligocene (Figure 2) (Fonteilles, 1970:; Delay, 1989).

Both historical and instrumental seismicity reveal
that the Agly massif area is still seismically active. In
particular, three earthquakes occurred in the Saint-Paul
de Fenouillet area in 1920 and 1922 (Figure 1), with
MSK intensities about V-VI, VI-VII, and VI respec-
tively (Cadiotetal., 1979; Lambert and Levret-Albaret,
1996). A regional network, with a mesh of about 50 km,
was established at the end of 1988 by the Observatoire
Midi-Pyrénées in Toulouse and the Servei Geologic de
Catalunya in Barcelona (SGC/OMP (1989-1995)). In
the intervening 6 years, it has recorded several earth-
quakes in the Saint-Paul de Fenouillet region with a
duration magnitude M between 1.0and 3.4 (Figure 2).
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Figure 2. Tectonic map of the Agly massif redrawn from Delay (1989) and instrumental seismicity recorded by the regional seismic network
installed at the end of 1988 by the Observatoire Midi-Pyrénées (Toulouse, France) and the Servei Geologic de Catalunya (Barcelona, Spain)
(SGC/OMP, (1989-1995)). This seismicity covers the period from 1 January, 1989 to the 18 February, 1996 main shock (star). The symbol size
is proportional to the magnitude M, (from 1.0 to 3.4). The grey areas correspond to the Palaeozoic Massifs and the white areas to the Mesozoic

basins. NPF: North Pyrenean Fault.

The nearest station of the permanent Pyrenean network
(station MTHEF in Figure 3) is 15 km north of St-Paul
de Fenouillet, in the Mouthoumet massif (Figure 1).

In this paper, we analyse the main shock of 18 Feb-
ruary, 1996 and the most important aftershocks in the
following two months, using the data from the per-
manent Pyrenean seismological network, and, for the
events occurring during the following two weeks, those
of the temporary stations. Both hypocentre locations
and focal mechanisms will bring important elements
for a better understanding of the present-day tectonics
of this region, a subject which was heretofore largely
unknown.

The main shock (18 February, 1996)

It occurred at 1 h 45 min 45 s UT, and was felt through-
out all south-western France and northern Spain, in a
region of 150 km around the epicentre, including Per-
pignan, Carcassone, Toulouse (France) and Barcelona
(Spain). Nobody was injured, but numerous masonry
houses cracked. The local magnitude (M) was esti-
mated at 5.6 by the LDG (Laboratoire de Détection
et de Géophysique, Commissariat a I’Energie Atom-
ique in Paris) and by the RENASS (REseau NAtion-
al de Surveillance Sismique in Strasbourg), at 5.2 by
the SGC-ICC (Servei Geologic de Catalunya — Insti-
tut Cartografic de Catalunya in Barcelona), and at 5.0
by the IGN (Instituto Geografico Nacional in Madrid).
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Figure 3. Temporary seismological stations installed in the Saint-Paul
to the 18 February, 1996 main shock. The two permanent stations, MTHF an

The US Geological Survey gave a body-wave magni-
tude my, of 4.8. Nevertheless, no surface breaks were
observed and no houses collapsed.

Some interesting hydrological phenomena were
observed before and after the ’quake. In Saint-Paul de
Fenouillet area there are about a dozen hot springs. The
largest one, located 1.5 km south of town (the so-called
Clue-de-la-Fou source, Teissier, 1994), experienced a
temperature increase of several degrees after the earth-
quake. Several local observers claim that gas emanated
from the ground as bubbles in the Agly river, beginning
15 days before the main shock. This emanation was
located exactly on the Clue-de-la-Fou contact, close to
the previously mentioned spring. We observed it until
it stopped 5 days after the ’quake. Such hydrological
phenomena have been previously observed to precede
or follow other earthquakes, and are usually ascribed
to a change in the local stress field (Dobrovolsky et al.,
1979).

de Fenouillet area between 18 and 23 February, 1996. The star corresponds

d VDCEF, are the nearest stations of the permanent Pyrenean network.

Table 1. P velocity model used for
the locations of the main shock and
its aftershocks, the Vp/Vs ratio used
is 1.75 [after Njike Kassala et al.,

1992].
P Velocity (km/s)  Depth (km)
5.5 0.0-1.0
5.6 1.04.0
6.1 4.0-11.0
6.4 11.0-34.0
8.0 >34.0

This event is the strongest one in France to be well
recorded instrumentally. In addition to the Pyrenean
stations (see Souriau and Granet, 1995, for description
of the permanent Pyrenean seismological network), the
earthquake was also recorded by regional networks
in the Rhine Graben, the Alps, the Massif Central,
Spain and Italy, by a total of 114 recording sites. The
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Table 2. Locations of the St-Paul de Fenouillet earthquake
obtained in this study and by various institutions: the RENASS
(REseau NAtional de Surveillance Sismique, Institut de Physique
du Globe de Strasbourg, France), the OMP (Observatoire Midi-
Pyrénées, Toulouse, France) and the SGC (Servei Geologic
de Catalunya, Barcelona, Spain), the LDG (Laboratoire de
Détection et de Géophysique, Bruyeres-le-Chatel, France) and
the IGN (Instituto Geografico Nacional, Madrid, Spain).

Latitude (N)  Longitude (E)  Depth (km)
This study ~ 42° 47.81' 2° 32.30 7.70
RENASS 42° 48.00 2° 33.00/ 6.00
OMP-SGC  42° 48.00 2° 31.80 8.00
LDG 42° 48.00' 2° 30.00' 11.00
IGN 42° 48.70 2° 33,90 11.00

hypocentral location was computed with the Hypo71
code (Lee and Lahr, 1975) using the P- and S-wave
arrival times. The P velocity model used is a multi-
layer model (Table 1) determined from seismic pro-
files (Gallart et al., 1981; Daigniéres et al., 1982).
The V,/V; ratio of 1.75 has been determined using the
Wadati method, from 15 years of regional seismici-
ty (Njike Kassala et al., 1992). For the determination
of the hypocentre, we excluded stations at distances
greater than 120 km for two reasons. First is the het-
erogeneity of the crust in France and Northern Spain.
The Pyrenean velocity model is not valid for paths to
the Alps, the Massif Central and the Rhine Graben.
Moreover, the Moho jump across the North Pyrenean
Fault would be difficult to handle in a location compu-
tation including the refracted arrivals. Another reason
is that the Pn phase (the P-wave refracted on the Moho
discontinuity) becomes the first arrival at this distance
of 120 km. Because the Hypo71 code does not distin-
guish between direct and refracted arrivals, we restrict
our data set to the direct P-wave arrivals. This restric-
tion improves the confidence of the estimated parame-
ters, particularly the focal depth. Consequently, only
20 stations were retained among 114. This is sufficient
for computing an accurate location because the main
shock is near the permanent Pyrenean stations.

The location obtained for the main shock is latitude
N 42° 47.81' and longitude E 2° 32.30' with a depth
of about 7.7 km (Figure 2). The uncertainties are about
% 1.5 km for the epicentral position and = 2.5 km for
the focal depth. Table 2 compares our determination to
the different locations estimated by other institutions
immediately after the quake. Except for the location
given by IGN, which had direct access only to a small-
er number of records, the various determinations are
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consistent. The most poorly determined parameter is
the focal depth. This is a typical problem when no
records are available close to the epicentre. Our deter-
mination of the focal depth should be the best, because
the nearest station to the hypocenter (MTHF at 17 km,
Figure 3) is part of the permanent Pyrenean seismo-
logical network.

The focal mechanism was determined using the
P-wave first motions at 82 stations having clear P
polarities. The focal sphere obtained is shown in Fig-
ures 4 and 5 and the fault plane parameters are given
in Table 4. This mechanism is very well constrained:
the uncertainties on the strike and dip for both nodal
planes are about & 5 °. The fault plane solution shows
an E-W striking subvertical nodal plane and a N-S
striking nodal plane dipping west at 58 °. We chose the
E-W striking nodal plane as the fault plane because of
the east-west trends in the local geologic structures: the
Saint-Paul de Fenouillet syncline, the Clue-de-la-Fou
fault and the major faults in the Agly massif (Fig-
ure 2). Moreover, the instrumental seismicity recorded
for the period 1963-87 by the LDG/CEA, although
fairly inaccurate in this region, reveals an E-W trend
of the epicentre distribution in this area, about 10—
15 km north of the North Pyrenean Fault. In addition,
there is no geologic evidence for N--S striking tectonic
structures in the Agly massif corresponding to the oth-
er nodal plane. Thus, the mechanism of the rupture is
almost unambiguously an E-W, left-lateral strike-slip
fault inside the Agly massif.

The aftershocks

Within 24 hours of the main shock, we installed a tem-
porary network in the area around the epicentre (Fig-
ure 3). The network included 9 one-component stations
and 16 three-component stations for the French team,
and 5 three-component stations for the Spanish team.
The French stations remained in the field until 23 Feb-
ruary, 1996 and the Spanish stations until March 1,
1996. Approximately 500 events were recorded. We
present here only the 37 events with magnitude M,
greater than 1.8, occurring during the two months after
the main shock. This data set comprises the complete
earthquake sequence recorded by the permanent net-
work. We used the data of the temporary network,
when available, to estimate the locations and the focal
mechanisms.

The locations were computed with the same method
and the same velocity model as the main shock. The



Table 3. Aftershock locations. M : Duration magnitude determined on the Pyrenean station
MLSF (Moulis); My : local magnitude determined by RENASS in Strasbourg that is always
overestimated. (a): events located from the permanent Pyrenean seismological network only;
(b): events located from the permanent Pyrenean seismological network and the temporary

network. See text for discussion.

Date Origin Time

yymmdd  hh:mm:ss Lat. (N) Long. (E) Depth(km) M, M,
960218 01:54:34.1 42°44.47"  2°31.82' 42 23 (a)
960218 02:02:32.5 42°47.17"  2°32.19 10.6 32 37 (a)
960218 02:27:02.4 42°46.28'  2°31.19’ 9.7 34 40 (a)
960218 02:38:40.0 42°47.18'  2°32.54' 43 23 27 (a)
960218 04:28:56.5 42°46.68'  2°32.50' 1.9 30 32 (a)
960218 04:37:19.1 42°46.66'  2°32.10 42 1.8 (a)
960218 09:17:08.4 42°46.99" 2°31.77 39 27 30 (a)
960218 15:57:55.9 42°46.89'  2°31.60' 3.8 31 33 (a)
960219 01:38:56.3 42°46.19  2°31.57 6.2 29 30 (b
960219 03:13:08.7 42°44.13'  2°31.73' 34 20 26 (b)
960219 03:40:52.2 42°4557"  2°31.64' 7.9 31 29 (b
960219 04:25:01.1 42°46.18'  2°31.74' 7.0 33 38 (b)
960219 13:10:51.9 42°47.14'  2°35.72' 53 1.9 (b)
960219 16:04:23.1 42°4728'  2°33.45 8.8 1.9 (b)
960219 20:25:18.0 42°48.78'  2°35.11 10.6 1.8 (b)
960219 22:14:32.3 42°47.74'"  2°35.12 83 1.8 (b)
960220 09:22:23.2 42°46.69'  2°31.90 11.0 20 (b)
960220 12:58:30.3 42°46.70'  2°31.84’ 7.2 32 36 (b
960222 07:07:32.1 42°46.94' 2°32.1%' 6.7 1.9 24 (b)
960223 00:06:33.0 42°47.14'  2°31.12 8.6 1.8 23 (b)
960225 07:23:49.3 42°46.14'  2°32.51 5.9 23 28 (b)
960226 18:01:18.7 42°46.67  2°31.53 6.2 20 24 (b
960227 02:18:12.8 42°47.09° 2°31.62 43 1.8 23 (b
960227 21:31:21.2 42°45.54' 2°32.79' 3.6 21 25 (b
960227 23:08:55.3 42°46.49'  2°33.53 47 1.8 23 (b)
960228 00:41:21.8 42°46.52' 2°32.28' 6.0 1.8 23 (b)
960228 04:31:30.8 42°46.87'  2°33.54' 4.6 23 26 (b)
960229 02:28:12.8 42°46.73'  2°31.72 6.5 20 25 (b)
960301 07:32:38.4 42°47.16'  2°31.27 7.0 20 25 (b
960304 13:19:31.2 42°46.62'  2°32.20' 1.8 30 33 (a)
960313 04:39:57.1 42°4701"  2°32.1% 28 30 32 (a)
960315 21:39:10.8 42°45.14'  2°31.44/ 6.5 22 29 (a)
960328 08:04:30.5 42°46.56'  2°32.31 4.0 31 34  (a)
960330 18:37:30.6 42°46.81'  2°33.08’ 1.0 33 32 (3
960404 05:57:48.0 42°47.28'  2°33.09' 3.7 31 33 (a)
960416 15:54:49.0 42°47.31"  2°33.29 5.0 26 (a)
960420 03:54:55.9 42°47.01'  2°31.30 0.4 23 28 (a)

results of the locations are given in Table 3 and in
Figure 4. In this data set, there are two subsets of
events: those recorded by only the permanent network
because the temporary network was not yet installed

or was dismantled (events labelled (a) in Table 3), and -

those recorded by both networks (events labelled (b)

in Table 3). Consequently, the uncertainties in location
are not the same for the two sets of events. To deter-
mine these uncertainties, we computed the location of
all events without the temporary stations, and thus esti-
mate any biases inherent to the use of the large-scale
permanent network. From this test, we estimated that
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Table 4. Fault plane solution parameters of the main shock (bold) and of the 8 aftershocks
shown in Figure 4.

Date Time Strike 1 Dip 1 Rake 1 Strike 2 Dip2 Rake 2
yymmdd hh:mm degrees degrees degrees degrees  degrees degrees
960218 01:45 96 84 -43 192 47 -171
960218 02:02 53 43 24 305 74 130
960218 02:27 116 69 102 266 24 62
960219 01:38 350 10 120 140 81 85
960219 04:25 287 80 174 18 84 10
960220 09:22 286 55 87 111 35 94
960220 12:58 345 44 —47 113 59 -123
960223 00:06 270 40 105 71 52 78
960225 07:23 74 32 102 240 59 83
| | |
—  42.8°
Sournia
— 42.7°
Millas Mass,:f /A
10
J
42.6°

2.4°

Figure 4. Epicentral locations and fault plane soluti

2.5°

2.6°

2.7°

ons (lower hemisphere) of the 18 February, 1996 main shock and of the aftershocks. The

locations are given for the 37 aftershocks of magnitude of duration M, above 1.8. The shaded fault plane solutions are determined with at least
one P polarity of the temporary stations and the black fault plane solutions are determined without data from the temporary network, not yet
installed. (a) Trace of the cross-section shown on Figure 6. Compressional (P-) and extensional (T-) axes for the main shock are shown as black

and white arrows respectively.
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960218/01:45

960218/02:02

960218/02:27

960219/04:25 960220/09:22

960223/00:06

960225/07:23

Figure 5. Fault plane solutions of the 18 February 1996 earthquake
in Saint-Paul de Fenouillet, obtained with 82 P first motions from
various regional networks in Europe and of the 8 main aftershocks.
Polarities of P-waves are plotted on the lower equal-area hemisphere
of the focal sphere, with black circles for compressive arrivals and
open circles for dilatational arrivals.

the mean uncertainties for the locations with data from
the permanent network are (events (a) in Table 3) only
+ 2.8 km and = 3.5 km for the epicentral position and
the depth respectively; whereas the uncertainties for
the events located with both networks are + 1.1 km
and = 1.5 km for the epicentral position and the depth
respectively. Finally, the mean travel time residual for
the location with both networks and for the all events is
0.31£0.06 s. We note that most of the aftershocks are
located immediately south of the main shock, defining
aclusterin the centre of the Agly massif (a8 km x 8 km
area, Figure 4). Moreover, some aftershocks located
with only the permanent network reach the southern
limit of the Agly massif on the Trilla-Belesta Fault.
These events occurred within the first day after the
main shock and then eliminate a north-south propaga-
tion of the deformation in the Agly massif.

We determined 8 focal mechanisms using the P first
motions for the events with sufficient magnitude (Fig-
ures 4 and 5, Table 4). The uncertainties of the nodal
planes in strike and dip are typically % 15 ° except for
the mechanism of the 960219/01:38 event, for which

11

the uncertainties for the strikes of the nodal planes is
+ 25 °. We distinguished in Figure 4 the mechanisms
determined with at least one P polarity of the tempo-
rary stations (shaded fault plane solutions) from those
(black fault solutions) determined without data from
the temporary network not yet installed. Mechanisms
are reverse faults striking approximately N110° (six
of eight). The other two events include one strike-slip
mechanism and one normal faulting mechanism. Nev-
ertheless, the E-W striking nodal planes align with the
major faults observed in the Agly massif.

Figure 6 projects all aftershock locations and fault
plane solutions on a vertical N-S cross-section (plotted
(a) in Figure 4) superimposed on a simplified geologic
cross-section. The depths of the aftershocks range fair-
ly uniformly between 0 and 11 km (see also Table 3).
The aftershocks are spatially distributed inside the
Agly massif. For this reason, and considering the
interpretations from the ECORS profile (Gallart et al.,
1981; Daignieres et al., 1982; Choukroune and ECORS
Team, 1989; Choukroune, 1992), the deepest events
can be interpreted as the lower limit of the Agly massif
and, in any case, as the lower limit of the brittle upper
crust.

Discussion and conclusion

The magnitude M =5.2 Saint-Paul de Fenouillet
earthquake is the first important earthquake to be well
recorded instrumentally in the Pyrenees. Using all
the records of permanent networks, we have deter-
mined accurately the earthquake location and its fault
plane solution. With the additional data from a tempo-
rary network of 30 portable seismological stations, we
located the 37 main aftershocks (M,>1.8) occurring
during the two-month crisis following the main event,
and determined focal mechanisms for 8 of them (Fig-
ures 4 and 6). The analysis reveals that the main shock
is not located on the senestral North Pyrenean Fault,
which corresponds to the east-west suture between the
Iberian and Eurasian plates, but 8 km northward, inside
the highly fractured Agly massif. The fault plane solu-
tion is an E-W left-lateral strike-slip fault with a small,
normal faulting component.

Aftershocks of significant magnitudes M, (1.8 to
3.4) occurred during a period of two months following
the main shock. Most of them are in a cluster immedi-
ately south of the main shock (Figure 4), with depths
varying from O to 11 km. The location of these after-
shocks may indicate that the fault activated by the main
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Figure 6. North-South cross-section with no vertical exaggeration across the Agly massif (profile (a) in Figure 4). All hypocentres and fault
plane solutions are projected on to the vertical plane. Symbol with the location error bars is the main shock. NPF: North Pyrenean Fault; TBF:
Trilla-Belesta Fault; CFF: Clue-de-la-Fou Fault; NPFT: North Pyrenean Frontal Thrust.

shock is inside the Agly massif. According to the scal-
ing laws (Kanamori and Anderson, 1975), a magnitude
M, =5.2 earthquake needs a rupture plane of approx-
imately 25 km? (5 km x 5 km). Such a vertical fault
plane with an E-W orientation, crossing the aftershock
cluster and within the uncertainties of the main shock
location, exists in the Agly massif (Figure 4).

The fault plane solutions determined for eight after-
shocks indicate a predominant reverse faulting mech-
anism with a WNW-ESE orientation, which is con-
sistent with the orientations of the faults observed in
the Agly massif (Delay, 1989; Philip et al., 1992).
Some neotectonic observations (Philip et al., 1992)
have shown reverse faults with a left-lateral component
in the Agly massif. The mechanism of the main shock is
consistent with this left-lateral component but not with
the reverse component. In contrast, however, the fault

plane solutions of the aftershocks are reverse faulting
with mostly right-lateral component (Figure 4). We
infer that the faulting in the Agly massif must be com-
plex, and that the main shock reactivated or triggered
several small faults or fractures. Nevertheless, the N-
S trend of the averaged aftershocks P-axes denotes
northward overthrusting inside the Agly massif, con-
sistent with the general north-south shortening of the
Pyrenees, well observed in the North Pyrenean Zone
(Choukroune and Mattauer, 1978; Légier et al., 1987,
Delay, 1989; Choukroune, 1992).

The Agly area has been recognised as an active area
from both historical and instrumental seismicity. The
instrumental seismicity of the last 35 years does not
indicate any activity along the North Pyrenean Fault in
this area, but a 1981 earthquake, located 50 km west of
Saint-Paul de Fenouillet on the North Pyrenean Fault,



exhibits the same focal mechanism and the same P
and T axes as the 1996 event (Olivera et al., 1996).
Although it is premature to draw a conclusion from a
single event, the present result would suggest that the
North Pyrenean Fault seems to be relayed northward
by a complex fault system.

Another possibility is to consider that the defor-
mation occurs inside a ~ 15 km wide, E-W, senes-
tral shear zone, bounded to the north by the Saint-
Paul de Fenouillet basin or by the North Pyrenean
Frontal Thrust, and to the south by the North Pyre-
nean Fault. A senestral shear deformation in the Saint-
Paul de Fenouillet syncline is indeed revealed by the
presence of a few small faults en echelon west of Saint-
Paul de Fenouillet town, and by a few secondary folds
with vertical axial planes consistent with an E-W shear
(D. Leblanc, personal communication).

In both cases, the main tectonic signature is present-
day senestral motion in the eastern part of the Pyrenees.
This left-lateral movement is more or less accepted
in the different geodynamic models for the Pyrenean
range. Moreover, the Catalan earthquakes (Olivera
et al., 1996), the Arette microseismicity (Gagnepain-
Beyneix, 1987) and the Arudy earthquake with some of
its aftershocks (Gagnepain-Beyneix et al., 1982) exhib-
it right-lateral strike-slip on E-W striking faults and P
axes at N160-170° on average. Consequently, the east-
ern part of the French Pyrenees clearly has a different
tectonic regime than the rest of the range. Such a sep-
arate regime seems more related to the regional stress
field in the Alps than the Pyrenean range. Indeed, the P
axes in the Languedoc and Provence regions have the
same orientation as the Saint-Paul de Fenouillet event
(Wehile et al., 1997).

Another point which calls for comment is the depth
of the foci. The main shock depth (~ 8 km) indicates
that the Agly massif is deeply rooted in the north Pyre-
nean sediments. This could indicate that the Agly mas-
sif does not have an allochton origin, as proposed for
the North Pyrenean Massifs (Goldberg et al., 1986;
Souquet and Peybernés, 1987). On the other hand,
aftershocks are observed down to 11 km, indicating
that the fractures which affect the Agly massif extend
at least down to this depth which also corresponds to
a significant change of the P velocities (Gallart et al.,
1980). Crustal events at greater depth are in any case
uncommon, as this depth corresponds to the overall
limit between the brittle upper crust and the ductile
lower crust. This hypothesis has a direct consequence
for the geometry of the faults at depth, as shown in
Figure 6: The North Pyrenean Frontal Thrust (N.PET,
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Figure 6) dipping to the south, connects at depth to the
North Pyrenean Fault, forming a ramp at 10-12 km
depth beneath the Agly massif and the Clue-de-la-Fou
Fault (CFF, Figure 6), connecting at 4-5 km depth
to this ramp. This deep feature is consistent with the
crustal scale cross-sections inferred from the interpre-
tations of the Pyrenean ECORS seismic profile (Daig-
niéres et al., 1982; Roure et al., 1989; Choukroune,
1992).

The 1996 Saint-Paul de Fenouillet earthquake
sequence occurred in a rather well known geological
context. Our analysis has shown that the active fault is
not the suture of two plates as might be expected, but
a more northern fault inside the Agly massif. Impor-
tant new elements concern the width of the deformed
zone, the geometry of the faults and the depth of the
structure involved. A careful analysis of the hundreds
of small events recorded during the first week after the
main shock will probably reveal a refined image of the
faulted structures and of the stress release pattern in
the Agly region.
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