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S U M M A R Y
The western Provence in southern France is an intraplate low deforming region, cut by large
sinistral strike-slip faults as the Nı̂mes Fault. The deformation rate of this fault was estimated at
0.1 mm yr−1 from geological and morphological observations. Nevertheless, some large earth-
quakes occurred in this area in historical times inducing well-documented partial destructions
on the roman monument ‘Pont-du-Gard’. In order to investigate if this area is seismically ac-
tive, we installed a temporary seismological network of 14 stations between the cities of Nı̂mes
and Avignon for a 1-yr period (2002 July–2003 June). We recorded and located a total amount
of 80 earthquakes of magnitude Ml smaller than 2.8, and of 153 quarry blasts. The seismic
event locations are interpreted in terms of regional tectonics as well as of geometry at depth of
the Nı̂mes Fault and of possible seismic activity of the Roquemaure Fault. At the beginning of
2002 September, a catastrophic storm occurred in the same area with cumulated precipitations
at 600 mm in 28 hr, causing casualties and major inundations and damages. We identified
a clear and sudden increase of the seismic activity as an immediate consequence of this ex-
ceptional meteorological phenomenon. We interpret this rainfall triggering of earthquakes as
the response of the crust to an abrupt vertical loading. The geological context of this zone
is characterized by the presence of sedimentary basins and of an important karstic network
in a calcareous environment allowing the retention of a third of the total rainwater volume
during few weeks after the catastrophic storm. Month by month inversion of the seismic wave
velocities for only the first 1-km thick layer of the crust allows investigating the influence of
the stored water. A clear decrease of both P- and S-velocities, and an increase of the Vp/Vs
ratio are evidenced. The variations obtained are at 2, 6 and 4.5 per cent for P-, S-velocities and
Vp/Vs ratio, respectively. These variations are discussed in confront of previous studies and
can be directly related to the known water volume.

Key words: Time series analysis; Transient deformation; Seismicity and tectonics; Wave
propagation.

1 I N T RO D U C T I O N

South of France is an intraplate slow deforming region submitted

to the far field effect of African–Eurasian collision converging at a

rate of around 0.8 cm yr−1 (De Mets et al. 1990). The deformation

is principally located in the Pyrenees and in the Alps mountain

ranges where several historical earthquakes of intensities greater

than VIII occurred in the last 1000 yr (Lambert & Levret-Albaret

1996). Between these two active mountain belts characterized by

thicken crust, sets the Provence region limited to the north by the

Massif Central range with a thinned crust and to the south by the

Mediterranean Sea with oceanic crust.

Faults and folds affect the Provence region with E–W trending

structures corresponding to folds and thrusts, and NE–SW to NNE–

SSW trending structures corresponding to active sinistral strike-slip

faults. The overall pattern shows a N–S regional compression, which

would absorb approximately 1.5 per cent of the African–Eurasian

convergence (Schlupp et al. 2001). Because of this low deformation

rate, the morphology and the activity of these crustal structures are

difficult to characterize unambiguously and are still debated (e.g.

Sébrier et al. 1998; Mattauer 2005).

In the summer 2002, we installed for a 1-yr period a temporary

seismological network. Our objective was to observe if seismic ac-

tivity exists around the Nı̂mes Fault, and, if it is the case, what is
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Figure 1. Historical (1397–1980) and instrumental (1980–2000) seismicity

map on a Digital Elevation Model from SRTM shuttle mission. Black di-

amonds: seismological stations of the temporary network (2002 July–2003

June). NF: Nı̂mes Fault; PF: Pujaut Fault; RF: Roquemaure Fault. Inset:

localization of the studied area in France.

its relationship with the faults and the regional tectonics. We then

selected the area delimited to the west by the city of Remoulins

where the roman monument ‘Pont-du-Gard’ is located, to the east

and to the north by the city of Châteaunauf-du-Pape and to the

south by the city of Beaucaire (Fig. 1). This choice was guided by:

(i) the occurrence of historical seismic events of intensities greater

than VI as in 1769 near Avignon (I 0 = VII) and in 1946 south of

Remoulins (I 0 = VI–VII), (ii) the presence of three faults with clear

morphology and (iii) to avoid installing seismological stations in the

alluvial deposits of the Rhône River, a calcareous area being better

conditions to obtain seismological records of good quality.

Two months after installing our temporary network, the 2002

September 8–9, a catastrophic rainfall event affected this area re-

sulting in 24 casualties, the damages being estimated to 1.2 billion

euros. As a consequence, the rivers had immediate hydrologic re-

sponses with discharges reaching values never seen before (Delrieu

et al. 2005). According to the rivers, the response was different due

to geomorphological factors and to the influence of karst. In fact,

the karstic network was saturated and retained a great quantity of

water, which was discharged during the following weeks.

The role of fluids in seismological processes is today a subject

of great interest. Since a long time, seismicity induced by fluid in-

jection or extraction in reservoirs or by filling up of dams is well

known (Grasso & Wittlinger 1990; Grasso et al. 1992; Shapiro

et al. 2006; Utkucu 2006). Fluids and their migration or concentra-

tion in the crust are also invoked to explain changes in the stress field

around the faults, particularly in the nucleation zone of the earth-

quakes (Audin et al. 2002; Boullier et al. 2004; Miller et al. 2004).

The influence of fluids was also evidenced during post-seismic and

interseismic deformation processes (Yamashita 2003; Fialko 2004).

Above all, presence of fluids in the crust induces changes of the

elastic properties of the crust and, then, of the characteristics of the

seismic wave propagation. Some laboratory experiments were done

in order to calibrate P- and S-wave velocities under different pore

pressure (fluid filled materials) and lithostatic pressure conditions

(Nur & Simmons 1969; O’Connell & Budiansky 1974). Inversely,

the seismic wave velocities are used to characterize crust and fault

rheologies affected by fluid pressure (Watanabe 1993; Stern et al.
2001).

In this paper, we study the influence of the sudden and inten-

sive rainfall of 2002 September on the upper part of the continental

crust. We will show that this meteorological event was so excep-

tional to clearly modify the rate of seismic activity and the seismic

wave velocities in the Nı̂mes-Avignon area during the three months

following the 2-d storm. Especially, the P- and S-wave velocities

were clearly affected in the most superficial part of the crust most

probably related to the geological context dominated by a well-

developed gallery network in karst. We will then analyse and discuss

these results with respect to previous studies focused on fault and

on crust mechanical properties in the presence of fluids and pore

overpressure.

2 S E I S M O T E C T O N I C S E T T I N G

The Provence region corresponds to a sedimentary cover made of

Mesozoic and Cenozoic ages above a Paleozoic crustal basement.

The thickness of this sedimentary cover varies from 7 km in the NW

Cévennes-Nı̂mes region to 2 km to the east (Baudrimont & Dubois

1977). During the last 6 Ma, this region was affected by important

variations of the sea level inducing the formation of various succes-

sive erosion surfaces and canyons (Clauzon 1996), which are used

as morphotectonic markers, as the one found at 0.8 km depth near

Châteauneuf-du-Pape (Schlupp et al. 2001).

At present, the N–S deformation rate is estimated at 0.1 mm yr−1

by geological considerations over a period of 20 Ma (Champion

et al. 2000). Elsewhere, the geodetic estimates of the deformation

rate vary from 0.6 to 2 mm yr−1 over a wide area including at least

the Durance and the Nı̂mes faults (Ferhat et al. 1998; Nocquet &

Calais 2003).

The region of our interest is in the centre of the Provence domain,

around the city of Avignon, on the western side of the Rhône River

(Fig. 1). This zone comprises three major faults: a 65-km-long seg-

ment of the Nı̂mes Fault, the Pujaut Fault and the Roquemaure Fault

(respectively NF, PF and RF in Fig. 1). Since Messinian (−5 Ma)

age, the Nı̂mes Fault would have a sinistral strike-slip fault move-

ment at a deformation rate of 0.08 ± 0.01 mm yr−1 (Schlupp et al.
2001). However, although a paleoseismic evidence was found near

Courthézon northeast of Châteauneuf-du-Pape city (Combes et al.
1993) showing the occurrence of one, maybe two, seismic ruptures

in the past 250 000 yr, no cumulated deformation was observed

in the adjacent Miocene deposits suggesting that the deformation

rate is extremely low. The Pujaut Fault corresponds to a normal

fault with a steep north dipping acting during the Oligo–Miocene

time, the northward downthrown footwall being called the Pujaut

graben or Pujaut Basin (Fig. 1). Finally, the Roquemaure Fault is a

somehow an ‘unknown’ fault, ignored by much of geologists, being

considered either as inexistent or inactive.

In Fig. 1, we also reported historical (1397–1946 period) and in-

strumental (1980–2000 period) seismicity. The seismicity is diffuse

all over the studied area with no immediate relationship between

earthquakes and faults. The most relevant historical events are the

two 1769 earthquakes (I 0 = VII) so-called ‘Avignon earthquakes’

but both located at the Châteauneuf-du-Pape city at the tip of the
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mapped Nı̂mes Fault, and the 1946 earthquake (I 0 = VII) southeast

of the city of Theziers, in the southward extension of the Pujaut Fault.

Archaeological studies of the roman monument ‘Pont-du-Gard’ ev-

idence successive partial destructions most probably due to seismic

events occurred in the centuries I, IV and VI (Combes et al. 1997).

Over the instrumental period, the seismicity with magnitude Ml

ranging between 1.8 and 3.6, is distributed in the entire considered

region without clear link with the faults, excepted for two events

located on the Roquemaure Fault. Marin et al. (2004) estimated that

the return time period for a characteristic event of magnitude 5.3

is of 250 yr when for a characteristic event of magnitude 7 is more

than 5000 yr on the Nı̂mes Fault.

3 T H E R A I N FA L L E V E N T

O F S E P T E M B E R 2 0 0 2

The 2002 September 8–9, this region was affected by a catas-

trophic storm causing the death of 24 people and economic dam-

ages estimated to 1.2 billion euros. The heavy precipitations be-

gan the September 8 at 08:00 UT to finish the September 9 at

12:00 UT. This area is part of the hydro-meteorological obser-

vatory of the Cévennes-Vivarais region (OHM-CV) managed by

LTHE laboratory in Grenoble, which allowed, in collaboration with

Météo-France, having numerous collected data and a good knowl-

edge of what happened during this event (Delrieu et al. 2005).

Particularly, several rain gauges in different parts of the area

recorded hourly the precipitation amounts as shown in Fig. 2 for the

Remoulins and Châteauneuf-du-Pape stations, two sites correspond-

ing, respectively, to the western and eastern limits of our seismolog-

ical network (Fig. 1). The cumulated precipitations in the centre of

our temporary network (between Nı̂mes and Pujaut faults) reached

the value of 400 mm in 28 hr, when it reached 650–700 mm in the

Alès city to the north.

Consequently and with short delays, most important floods af-

fected the major rivers of the region and produced also flash floods

of many upstream tributaries. The peak discharges reached values

of 5–10 m3 s−1 km−2 when the 10-yr return period discharge is

typically 2 m3 s−1 km−2 for Provence area. According to the mea-

surements done at different parts of the area, these river floods were

estimated to correspond to 70–100 per cent of the total amount of

rainfall. Especially, it appears that in the karstic area the rainfall

water retention capacities should be about 30 per cent. We observed

that the karstic network released the stored rainwater and the Pu-

jaut Basin remained inundated over 1–1.5 months after the rainfall

event.

4 S E I S M O L O G I C A L N E T W O R K

We maintained the seismological network from the beginning of

2002 July to the end of 2003 June. We carried out 14 stations over

an area of 34 × 28 km2 (Fig. 1), but considering various technical

problems on the instruments (power supply, inundations, electronic

failures), the network had a maximum of 13 and a minimum of

10 simultaneous working stations. In particular, station VAL drown

under 2 m of water was stopped during two months (2002 Septem-

ber and October), station MND was definitively stopped in 2002

December consecutively to a complete breakdown and was substi-

tuted by station ISS, and station NEUF was stolen in 2003 April

(Table A1 in the Appendix).

A station is constituted of a digital recorder with a three com-

ponent short-period seismometer and a GPS or DCF antenna for
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Figure 2. Hourly rainfall measurements in millimetres at two permanent

meteorological stations in Remoulins and in Châteauneuf-du-Pape cities

(modified from Delrieu et al. 2005).

absolute time recorded in parallel with the internal station clock.

The stations were in a continuous mode recording with a sampling

rate of 125 Hz. Generally the stations were rather noisy, because

located in a region of intense economic activities as major railroads,

highways, and quarries. Nevertheless, the accuracy of the P- and

S-arrival time readings was estimated to be better than 0.05 s.

5 DATA A N A LY S I S

5.1 Preliminary locations

The seismological signals of major amplitude were automati-

cally extracted from the continuous records and the events were

separated from noise caused by human activities near the sta-

tions. During the period of survey, 15 earthquakes with mag-

nitude Ml ranging from 1.7 to 2.8 were located in the same

area by the French permanent networks (Réseau National de

Surveillance Sismique—RéNaSS, and Commissariat l’Énergie

Atomique/Laboratoire de Détection Géophysique—CEA/LDG,

data available on http://www.bcsf.prd.fr/). The magnitude of the
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Table 1. 1-D velocity models.

M1 Vc

Depth (km) P-velocity (km s−1) S-velocity (km s−1) Vp/Vs P-velocity (km s−1) S-velocity (km s−1) Vp/Vs

0 4.6 2.7 1.73 4.57 2.58 1.77

1 4.9 2.8 1.73 5.16 2.98 1.73

7 5.4 3.1 1.73 5.53 3.10 1.78

12 5.7 3.3 1.73 5.76 3.53 1.63

18 6.0 3.5 1.73 6.26 3.66 1.71

30 8.0 4.7 1.73 7.37 4.37 1.69

Notes: M1: velocity model used with Hypo71 code (Lee & Lahr 1975); Vc: final velocity model obtained with the Velest code (Kissling et al. 1994) for the

1-yr period of the temporary seismological survey.

other events we detected is fixed to 1 because of the impossibility

to determine it precisely.

The first question to solve was to determine a regional 1-D

P-velocity model unconstrained until now. For that, we used the

geological knowledge and the 15 common earthquakes detected by

the temporary and the permanent networks. We then fixed a superfi-

cial layer of 1 km of thickness corresponding to the sediment filling

in the Messinian canyons as those observed near Châteauneuf-du-

Pape and Pujaut (Schlupp et al. 2001). We also fixed a velocity

contrast at 7 km depth corresponding to the maximum thickness of

the Mesozoic and Cenozoic cover (Baudrimont & Dubois 1977).

Other three velocity contrasts were imposed at 12 km, 18 km and

at 30 km depth, this last one being the mean position of the base

of the continental crust in France. Our aim was to obtain the min-

imum residuals for the earthquake locations at both the temporary

and permanent seismological stations. Thus, we used Hypo71 code

(Lee & Lahr 1975) in a trial-and-error mode, in order to determine a

preliminary P- (and S-) velocity model M1 (Table 1), the Vp/Vs ratio

being fixed at the common French value of 1.73. To avoid refracted

waves, the maximum epicentral distance was imposed at 120 km,

the nearest permanent station being approximately at 40 km from

the centre of the temporary network.

5.2 Discrimination between seismic events and blasts

The second step was to distinguish the quarry blasts from the seis-

mic events. A first differentiation was done by the specific waveform

of blasts recorded at some specific stations. This way allows recog-

nizing 5 per cent of the blasts only. Secondly, we located all the

events with the velocity model M1 and we extract from the clus-

ters found, the events occurring approximately at the same hours

during the working days and the working hours. This selection of

events as quarry blasts was confirmed by a decrease of their location

residuals when fixing their depth at 0 km, the locations being at a

distance smaller than 5 km from the known quarries. We were then

able to locate a final set of 80 earthquakes and 153 quarry blasts

with reasonable residuals (smaller than 0.5 s).

5.3 1-D seismic wave velocity model determination

Finally, we inverted simultaneously the P- and S-velocities and the

earthquake locations using the Velest code (Kissling et al. 1994).

The blast locations were fixed at the quarry positions and at 0 km

depth, the thicknesses of the layer of the velocity model were also

fixed at the model M1 values. We then obtained the velocity model

Vc (Table 1). We estimate from several inversion processes varying

the number of iterations and modifying the initial velocities that the

uncertainties of P-, S-velocities and of Vp/Vs ratio are, respectively,

of 0.05, 0.10 km s−1 and 0.06. As the same, the earthquake location

uncertainties are estimated at 0.8 km for the epicentral position and

at 1 km for the depth location. The determination of a 3-D seismic

velocity model was not realistic because of the predominance of

quarry blasts respect to the seismic events implying an insufficient

sampling of the crust.

6 T E M P O R A L VA R I AT I O N S

Among the 80 located earthquakes (Table A2 in the Appendix), only

24 are located in the temporary seismological network, that is, these

events have their epicentral position in the surface covered by the

temporary network and, thus, are the best located. Figs 3(a) and (b)

show the evolution with time over the 1-yr observation period of all

the seismicity recorded. These figures reveal a clear increase of the

seismic activity just after the rainfall of 2002 September (vertical ar-

row in Fig. 3), when the mean weekly seismic activity is at around 1–

2 earthquakes. Among the 24 in-network earthquakes, 8 events

(three of them with magnitudes Ml 1.4, 1.9 and 2.0, Table A2) oc-

curred during the week following the catastrophic rainfall of 2002

September (Fig. 3c). Another aspect of this after-rainfall seismic

activity is the predominance of shallower events with depth smaller

than 5 km (Fig. 3a), as five of the eight earthquakes occurring the

week after the rainfall in the network (Table A2).

Other two specific features can be noticed about this clear rain-

triggered seismic activity: (i) the triggering initiates only 15 hr after

the end of the storm (event of September, 10 at 3:29 UT, Table A2)

at 1.8 km depth and (ii) the events are distributed all over the area of

the survey and not concentrated in clusters (Fig. 6). These character-

istics are significantly different from the commonly observed seis-

micity induced by rain and by artificial water reservoirs, specifically

named Reservoir-Induced-Seismicity (RIS). First, in both cases, the

seismicity is always described as being distributed in clusters with

hundreds of events (see Gupta 2002 for a review, Kraft et al. 2006a,

b), when in our study no swarm is distinguished. Secondly, the time

delay between the cause of triggering and the beginning of the in-

duced seismicity is generally days and months and not hours (Gupta

2002). For impoundments of dams, the time delay is 1–3 months

(Gupta 2002; do Nascimento et al. 2004; Peinke et al. 2006), and

for rain-triggered seismicity as at Mt. Hochstaufen, SE-Germany is

9–11 d (Kraft et al. 2006a).

Although, the triggering mode of this type of seismicity is still in

debate, several authors (e.g. Bell & Nur 1978; Gupta 2002) have un-

derlined three main possible mechanisms: (i) the loading effect due

to the filling of the reservoirs or of the karstic network inducing an

increase of the elastic stress in the crust, (ii) the increase of the pore

fluid pressure in response to elastic stress increase and (iii) the pore

fluid pressure changes due to fluid migration into the hypocentral
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Figure 3. Weekly evolution (the origin of week is the first week of Septem-

ber) of the recorded seismic activity distinguishing seismic events, quarry

blasts, earthquakes with depth smaller than 5 km and earthquakes with depth

greater than 5 km. (a) Weekly evolution of the seismic activity; (b) The same

as (a) in a cumulated diagram; (c) the same as (b) for only the 24 seis-

mic events located in the temporary seismological network. Vertical arrow

indicates the occurrence of the catastrophic rainfall of 2002 September 8–9.

zone. Most probably the three mechanisms act all together, but with

different time delay of response. In fact, it is considered that load-

ing effect generates a rapid response of the seismicity when fluid

migration generates the most delayed response. In our study, the

seismicity response being very rapid should be considered directly

related to a loading effect due to the quantity of rainwater stored in a

brief period. Nevertheless, pore fluid pressure diffusion and, maybe,

fluid migration, should be responsible for the later seismic events

as the M = 2 event of October 1 (Table A2).

The inundations and the runoff of the water from the karstic net-

work were observed until the mid of the month of October. The

presence of such a quantity of water in the superficial geological
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Figure 4. Monthly variations of P-velocity (top), S-velocity (middle) and

Vp/Vs ratio (bottom) for the first 1-km thick layer of the Vc velocity model,

the yearly values are from Vc model (see text for more details). Vertical error

bars are standard deviations. Monthly cumulated rainfall is also shown (data

from Météo-France).

layer would have consequences on P- and S-wave velocities (Vp
and Vs, respectively). We tested this hypothesis inverting month by

month the event locations, and Vp and Vs in only the first layer on

the Vc model (Table 1) with Velest code. The initial conditions of

the inversion are the Vc velocity model and the associated event and

quarry blast locations. Off the located earthquakes, only three have

depths smaller than 1 km, when, obviously, all the quarry blasts are

at the surface of the first layer but with fixed locations. The P- and

S-wave velocities for the layers deeper than 1 km are fixed at the

Vc model values. The changes in the final earthquake locations ob-

tained by this new inversion process are in the uncertainties of those

obtained with the Vc model and, then, do not modify the pattern of

the distribution of the seismicity. The monthly P- and S-wave veloc-

ities, and then the Vp/Vs ratio obtained for the first 1-km-thick layer

vary also in the uncertainties excepted for the months of Septem-

ber, October and November (Fig. 4). The P-wave velocity (Fig. 4a)

decreases to the value of 4.50 km s−1 in September, remains at

this level in October and increases to return to its mean value of

4.58 km s−1 in November and December. Then, the maximum vari-

ation here obtained is 1.5 per cent. The S-wave velocity (Fig. 4b)

shows the same behaviour with a decrease to a value of 2.45 km s−1
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Figure 5. The same as Fig. 4 for the year divided in 6 periods of two months:

p1: 2002 July–August; p2: 2002 September–October; p3: 2002 November–

December; p4: 2003 January–February; p5: 2003 March–April; p6: 2003

May–June.

when the mean value is 2.58 km s−1, implying a maximum variation

of 5.5 per cent. The S-wave velocity returned to its mean value in

November more rapidly than the P-wave velocity. Thus, the Vp/Vs
ratio (Fig. 4c) shows an abrupt increase in September to the value of

1.85 when the mean value for the year is 1.77, that is, a maximum

variation of 4.5 per cent. As it can be noticed, Vs and the Vp/Vs ratio

show oscillations after November. These oscillations are due to the

small number of events (a mean of 20 events, i.e. earthquakes and

blasts) used to invert the velocity model at each month. The Vp/Vs
oscillations are principally related to the oscillations of Vs for which

the arrival times used are less precise and less numerous than for

Vp. In fact, the oscillations disappear when we subdivide the year in

six periods of 2 months, increasing the data used for each inversion

as shown in Fig. 5. This last figure also confirms the clear decrease

of the P- and S-wave velocities and the increase of the Vp/Vs ratio

just after the storm of September.

We then suggest that these variations of the wave velocities

are clearly related to the rainfall event and, then, to the filling of

the local karstic network and the saturation of the ground waters.

The return of the wave velocities to their mean values in November

and not in October as it would be expected, is most probably due to

new episodes of rainfall in November delaying the flowing of the

water stored in September.

7 S E I S M I C E V E N T S D I S T R I B U T I O N

The final locations of the earthquakes is shown in Fig. 6 and listed

in Table A2. It is also shown the P-residuals (NS bars, positive to

the north) and S-residuals (EW bars, positive to the east) at each

station. The mean values are 0.1 s and 0.3 s for P- and S-residuals,

respectively. The most important residues are found at the stations

NEUF and ABAY. For the first one, these high values are due to the

location of the station in the Rhône River valley on alluvial terraces,

and for the second one they are most probably due to a local site

effect.

The seismicity distribution appears quite similar to that observed

with the historical and instrumental seismicity (Fig. 1) with no im-

mediate evidence of relationship between seismic events and faults.

Especially, the seismic activity occurring between the cities of Re-

moulins and Rochefort, and near the stations of SLA and THE,

seems to be a permanent feature through time. The earthquake with

largest magnitude (Ml = 2.8; 2003 April 6, Table A2) well felt by

inhabitants is located east of station THE where earthquakes oc-

curred in historical and instrumental times. The same observation

should be done for the area around SLA station on the Roquemaure

Fault. A specific feature concerns the events located north to the city

of Châteauneuf-du-Pape. This activity is in an area including three

quarries named J, K and L (Fig. 6). These events were analysed with

great caution and they are effectively considered as seismic events

because (i) some of them are detected by permanent stations, (ii)

others occurred in not working hours and days and (iii) for the events

out of the two first circumstances, the location residuals are greater

than 1–1.5 s when they are fixed on the quarry positions.

Figure 6. Map of the final location of the seismic events recorded by the tem-

porary seismological network over the 1-yr period (2002 July–2003 June).

The P-residuals (NS bars, positive to the north) and S-residuals (EW bars,

positive to the east) are given at each seismological station. Triangles quoted

(a) to (g) locate the quarries. Dotted lines named 1 and 2 indicate the position

of the two cross-sections shown in Fig. 8.
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Figure 7. NS (a) and EW (b) cross-sections cutting at the centre of the tem-

porary seismological network with all the seismic events projected. Shaded

diamonds are the instrumental earthquakes (data from the French permanent

seismological network—Bureau Central Sismologique Français—BCSF).

Vertical arrows locate the surface traces of the faults: NF: Nı̂mes Fault, PF:

Pujaut Fault and RF: Roquemaure Fault.

We present in Fig. 7, NS and EW cross-sections with all the events

projected, the shaded diamonds being the historical and instru-

mental seismicity for which depths are unconstrained and fixed to

5 km. If a major part of the 2002–2003 observed events have depths

smaller than 10 km, few earthquakes are located at depths between

10 and 20 km, and few at depths greater than 30 km. These last

ones located south of the city of Nı̂mes being out of and far from

the temporary network, their depths have greater uncertainties and

they are, therefore, difficult to interpret. Then, the major part of the

observed seismic activity takes place in the sedimentary cover of

Mesozoic and Cenozoic ages.

In order to analyse more precisely the seismicity located in the

network and its relationship with the faults, we realize two other

cross-sections with a half-band width of projection of 9 km, indi-

cated as 1 and 2 on Fig. 6 and shown in Fig. 8. On both sections,

no earthquakes are associated with the Pujaut Fault for which we

have poor knowledge on the geometry at depth. Some events can be

linked to the Nı̂mes Fault plane at depth. The geometry at depth of

this fault deduced from seismic images is considered as a vertical

plane until 5 km at maximum and flattened to the SE (Benedicto

et al. 1996). Section 1 (Fig. 8a) may confirm that the Nı̂mes Fault

plane is vertical until at least 5 km depth, when section 2 (Fig. 8b)
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Figure 8. Cross-sections 1 and 2 located in Fig. 6. Symbols and abbrevi-

ations are the same as Fig. 7. PF plane is drawn with a dip of 45◦ and RF

plane with a dip of 60◦.

shows seismicity sparser and maybe related to the Nı̂mes Fault un-

til 10 km depth. In any case, it is impossible here to image and

to confirm the low-angle geometry at depth of the Nı̂mes Fault as

proposed by Benedicto et al. (1996). As concerns the Roquemaure

Fault, Section 2 (Fig. 8b) shows seismicity north to the fault with

a dip to the north. This suggests that the Roquemaure Fault might

have some activity contrarily to what was considered until now. The

observed activity is located to its eastward apparent termination. It

might be also triggered by the rainfall event of September.

8 D I S C U S S I O N A N D C O N C L U S I O N S

8.1 What about the geometry and activity of faults?

Maintaining a temporary seismological network of 10–13 stations

over a 1-yr period (2002 July–2003 June) in the Provence region

between the cities of Nı̂mes and Avignon (southeast of France), we
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precisely located 80 earthquakes with magnitude Ml smaller than

2.8 and with depths mainly smaller than 10 km. The distribution of

these events seems to follow a SW–NE trend parallel to the Nı̂mes

Fault direction (Fig. 6). As also seen on the cross-sections (Figs 7 and

8), only a part of this seismic activity seems to be linked to the Nı̂mes

Fault and the Roquemaure Fault. Our observations do not allow to

confirm if the southwestern part of the Nı̂mes Fault is really active

today despite the suspicion that it was responsible of earthquakes

damaging the roman aqueduct ‘Pont-du-Gard’ in historical times.

However, the observed seismicity suggests that its central part is still

active, already postulated from the distribution of both historical and

instrumental events (Fig. 1). Concerning the geometry of the faults

at depth, our data shows that the Nı̂mes Fault is vertical until 5 km

depth and that the Roquemaure Fault may have some activity within

its eastern termination when two earthquakes are associated to its

central part (1986 June 18 Ml = 2.6; 1997 June 26 Ml = 3.1—Fig.

1). The event distribution at depth shows a possible dip of 50–60◦

to the north until 10 km depth (Fig. 8).

8.2 A triggering effect of rainfall

Among the 80 located events, 24 are in the network for which 11,

that is, 40 per cent, occurred during the two weeks following the

catastrophic rainfall of 2002 September 8–9. There is a clear link

between this meteorological event and the triggering of the earth-

quakes (Fig. 3). As mentioned before, three mechanisms are invoked

to explain the triggering of earthquakes by artificial water reservoir

filling or by rainfalls. The time delay separating the formal cause

of the triggering and the occurrence of the first earthquake allows

distinguishing in between these three processes. In commonly stud-

ied cases (Gupta 2002), the mechanism admitted is the pore fluid

pressure change at hypocentral depths due to fluid migration. This

mechanism is timely controlled by the pore pressure diffusion, the

increase of the seismicity having commonly a delay of 1–3 months

after a specific event concerning water reservoir level (filling or

discharge), the known shorter delay being at 10 d in the case of

the rainfall-triggered earthquakes in the SE Germany (Hainzl et al.
2006; Kraft et al. 2006a). In our study, the triggering of earthquakes

initiates 15 hr after the end of the storm excluding a pore fluid dif-

fusion. The most important consequence of the great quantity of

fallen water is an abrupt vertical loading on the ground surface. If

we consider a high porosity for the 0.8-km-thick sediment filling up

of the Messinian canyons (Schlupp et al. 2001) associated with a

well-developed karstic network, that might correspond to a 800 m

water column at maximum, and then to a maximum overpressure

of 80 bars (or 8 MPa). This is largely sufficient to trigger seismic

activity in the first kilometres of the crust. In fact, stress variations

deduced from static Coulomb Failure Function have generally trig-

gering earthquake thresholds of about 0.1 bar (e.g. Reasenberg and

Simpson 1992). An example of triggering earthquakes due to ver-

tical loading on the ground was observed after the construction of

the Taipei 101 tower (Taiwan). In this case, the vertical loading was

estimated to be ‘only’ 5 bars (0.5 MPa), clearly sufficient to trigger

seismicity until 10 km depth (Lin 2005). If we consider this value

of 5 bars for the vertical loading in our case study in the French

Provence as reasonable and sufficient to trigger the observed seis-

micity until 8 km depth, that corresponds to a 50 m water column,

which seems to be also reasonable and perhaps more consistent

with the geological and the meteorological contexts. Moreover, in

our study, we can consider two categories of earthquakes following

Simpson et al. (1988). (i) The ‘rapid response’ category including

the earthquakes occurring the two weeks after the storm, and for

which the triggering is linked to the vertical loading of the rain-

water on the ground. The stress increase might be transferred into

the upper crust (2–5 km depth) due to soft sediments and, maybe,

to fluid saturated rocks, vertical stress diffusing more rapidly than

pore fluid. (ii) The ‘delayed response’ category for the events oc-

curring in the weeks following, where stress variations due to the

previous earthquakes, pore fluid diffusion and fluid migration act.

In any considered case, it seems clear that the triggered seismicity

is facilitated by the pre-existing faults and associated fractures in

the upper crust.

8.3 A wave-velocity variation effect

At least a third of the total volume of rainfall water of the September

storm was stored saturating the ground water reservoirs and the gal-

leries of the karst (Delrieu et al. 2005). We observed that this stored

water was released during 1.5 months after the storm. Such satura-

tion of the superficial part of the crust should have consequences

on the seismic wave velocities (Nur & Simmons 1969; O’Connell

& Budiansky 1974; Husen & Kissling 2001; Stern et al. 2001). We

tested this hypothesis and we found a significant decrease of wave

velocities in the first 1-km-thick layer of our Vc velocity model deter-

mined for the 1-yr observation period (Fig. 4). Both P- and S-wave

velocities are affected during the months of September, October and

with less evidences of November. As observed by Husen & Kissling

(2001) in Chile for the 1995, M W = 6.6 Antofagasta earthquake, the

decrease of S-velocity is more important than of P-wave velocity

decrease implying an increase of the Vp/Vs ratio.

Husen & Kissling (2001) and Stern et al. (2001) showed variations

of Vp/Vs ratio and P-wave velocity at around 6–10 per cent. In

our study, the variations for P-, S-wave velocities and Vp/Vs ratio

are 1.5–2, 5–6 and 4–5 per cent, respectively, that is, twice smaller

than the previous mentioned studies. Considering a mean cumulated

rainfall height of 600 mm over an area of 1500 km2 (Delrieu et al.
2005), we obtain a water volume of 825 × 106 m3, a third of this

being at least of 250–300 × 106 m3 corresponding to the volume

of stored water during the first weeks following the catastrophic

rainfall. The variations of wave velocities and Vp/Vs ratio detected

in the crust are commonly interpreted as variations of pore and fluid

pressures without any quantification, except in terms of in or out

lithostatic/hydrostatic pressure conditions. This quantification is not

possible without its direct measurement, because of the lack of direct

correlation between wave velocities and associated fluid volumes.

According to our results, we then suggest here that a variation of

5 per cent of S-wave velocity and Vp/Vs ratio and a variation of 2

per cent of P-wave velocity might be due to, at least, a volume of

108–109 m3 of water.
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la note de Robin Lacassin, Bertrand Meyer, Lucilla Benedetti, Rolando

Armijo et Paul Tapponnier �Signature morphologique de l’activit de la
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APPENDIX A: TABLES
Seismological stations (Table A1) and seismic events (Table A2).

Table A1. Name, location and operational comments of the temporary seismological stations.

Code station Latitude Longitude Altitude Comments

(◦N) (◦E) (m)

ABAY 43.8590 4.7290 151 Frequent night interruptions for power deficiencies

BAU 43.8070 4.6448 80

CARL 43.9902 4.7922 132

DEV 43.9225 4.7040 110

GBY 43.9917 4.6605 241 Power problems in October and November

ISS 43.9350 4.7438 133 Installed in December following interruption of MND

MND 43.9311 4.7028 109 Damaged by September rainfall – Interrupted in December for power deficiencies

NDG 43.9833 4.6967 156 GPS time cable damaged in January and April

NEUF 44.0422 4.8218 80 Stolen in April

PDG 43.9478 4.5347 85

SLA 44.0547 4.6998 92

SVT 44.0222 4.7900 65 Interrupted at the end of April

THE 43.8986 4.6217 85

VAL 44.0068 4.5791 137 Drown during September rainfall – Interrupted between September and December

Table A2. List of the seismic events located with the monthly velocity

models – the 24 highlighted events are located in the network. The events

with magnitude greater than 1.0 are those detected and located by the Re-

NaSS/LDG permanent network.

Date Hour Longitude Latitude Depth Magnitude Location

(◦N) (◦E) (km) Ml rms

02/07/16 10 1 43.9538 4.4773 1.71 1.0 .13

02/07/17 7 35 43.9614 4.4774 21.31 1.0 .11

02/07/22 10 51 43.7690 4.2759 7.31 1.0 .05

02/07/23 9 20 43.7999 4.5444 12.99 1.0 .11
02/08/07 15 2 43.9931 4.6729 15.02 1.0 .03
02/09/01 5 29 43.8922 4.6058 2.08 1.0 .08
02/09/08 9 29 43.9415 4.5961 4.67 1.0 .08
02/09/10 3 29 43.9487 4.6032 1.75 1.0 .11
02/09/10 7 23 43.9625 4.6423 3.33 1.0 .03
02/09/12 10 33 44.0418 4.7131 5.18 2.0 .11
02/09/12 21 1 44.0573 4.7717 8.95 1.4 .25
02/09/12 22 33 44.0465 4.7682 8.96 1.9 .11
02/09/13 1 3 43.9771 4.6585 3.26 1.0 .04
02/09/14 0 4 44.0343 4.3613 5.51 1.0 .09

02/09/14 5 34 43.9329 4.5965 4.19 1.0 .01
02/09/15 8 25 43.9832 4.6628 3.06 1.0 .04
02/09/16 10 51 43.9777 4.6902 0.81 1.0 .09
02/09/17 9 56 44.0204 4.8362 7.10 1.0 .09

02/09/20 9 52 44.0001 4.6945 8.41 1.0 .18
02/09/27 9 54 43.9486 4.4857 17.46 1.0 .02

02/09/30 0 45 43.9862 4.7264 0.86 1.0 .05
02/10/01 15 8 44.1218 4.8245 2.56 1.0 .17

02/10/01 22 13 43.9768 4.6411 1.18 2.0 .24
02/10/07 8 41 44.0745 4.8420 4.89 1.0 .08

02/10/10 21 4 44.0758 4.9079 6.71 2.5 .19

02/10/13 17 45 43.9760 4.7141 0.09 1.0 .02
02/10/15 5 53 44.0719 4.8701 1.43 1.0 .06

02/10/18 14 30 44.0389 4.7456 4.38 1.0 .11
02/10/31 12 23 44.0885 4.4299 8.93 1.0 .09

02/11/06 14 7 44.1064 4.8383 1.08 1.0 .09

02/11/08 10 55 44.0977 4.7792 6.55 1.0 .07

02/11/13 10 45 43.7601 4.5835 5.55 1.0 .04
02/11/13 16 29 44.1147 4.8300 4.82 1.0 .06

02/11/14 16 7 44.1043 4.8372 6.74 1.0 .04

02/11/19 18 1 44.1207 4.8189 5.69 1.0 .07

02/11/20 16 15 44.0827 4.8409 3.18 1.0 .06

02/11/21 8 23 44.0817 4.7685 4.62 1.0 .02

02/11/22 1 21 43.9878 4.6379 2.12 1.0 .03

Table A2 (Continued.)

Date Hour Longitude Latitude Depth Magnitude Location

(◦N) (◦E) (km) Ml rms

02/11/25 9 39 44.0900 4.7223 7.39 1.0 .05

02/12/02 7 0 43.5825 4.4202 13.18 2.1 .22

02/12/14 20 7 44.3890 4.7981 13.79 1.0 .09

02/12/21 7 8 43.6315 4.3389 16.63 2.1 .13

02/12/28 10 23 43.6469 4.3561 19.69 2.2 .22

02/12/28 10 32 43.6730 4.3827 30.25 2.3 .06

02/12/28 10 34 43.6651 4.3475 21.28 1.9 .10

02/12/30 13 56 43.6422 4.3923 13.82 1.0 .15

03/01/31 6 45 43.6850 4.3815 32.84 2.3 .12

03/02/06 17 27 44.1454 4.6838 8.25 1.0 .13

03/02/09 0 58 43.9228 4.5589 5.33 1.0 .10
03/02/09 2 25 43.6387 4.3868 29.43 1.9 .15

03/02/11 9 23 43.7712 4.5843 4.43 1.0 .13

03/02/13 10 32 43.7769 4.5851 4.67 1.0 .09

03/02/15 7 37 43.6479 4.4088 27.10 1.0 .10

03/02/17 4 18 44.0626 5.0554 3.86 1.0 .24

03/02/17 11 14 44.1963 4.3699 5.36 1.0 .03

03/02/20 3 56 43.6827 4.3583 21.08 1.9 .16

03/02/20 11 52 43.6013 4.4224 19.29 1.0 .16

03/02/25 12 0 44.1060 4.8191 4.60 1.0 .06

03/02/27 13 51 44.1116 4.8186 7.24 1.0 .06

03/03/10 17 44 44.0960 4.8111 2.96 1.0 .06

03/03/11 11 2 44.0681 4.8237 1.08 1.0 .15

03/03/12 20 47 44.1132 4.8175 2.60 1.0 .11

03/03/16 9 6 43.9752 4.9601 7.96 2.1 .19

03/03/17 16 55 44.0990 4.8275 5.33 1.0 .12

03/03/18 11 5 44.0627 4.7587 3.47 1.0 .19

03/03/20 11 9 44.0737 4.7616 5.70 1.0 .08

03/03/26 10 19 44.0649 4.7547 4.43 1.0 .14

03/04/06 1 28 43.8902 4.6687 1.97 2.8 .19
03/04/14 22 59 44.0842 4.8168 7.62 1.0 .12

03/04/15 10 44 44.1198 4.7988 2.01 1.0 .16

03/04/29 7 30 44.1486 4.2873 7.46 1.0 .05

03/04/30 9 35 43.7830 4.5758 3.28 1.0 .11

03/05/05 0 36 43.9708 4.6862 5.00 1.0 .03
03/05/14 8 53 44.0608 4.7560 10.02 1.0 .07

03/05/22 9 42 43.8150 4.4613 18.38 1.0 .26

03/05/28 14 25 44.0177 4.8545 10.95 1.0 .04

03/06/06 8 38 44.0965 4.8153 3.73 1.0 .02

03/06/10 10 59 44.0801 4.8285 4.15 1.0 .20

03/06/11 20 12 43.8306 4.6368 6.16 1.0 .15
03/06/13 7 23 44.1133 4.8186 1.94 1.0 .11
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