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S U M M A R Y 

The Lacq area in southwest France has been associated with continuous moderate induced 

seismic activity since 1969. Ho wever , the mechanisms driving this induced seismicity are not 
fully understood: reservoir depletion has been proposed as the main factor, and more recently 

w aste w ater injection has been suggested to play a more important role. The interpretation 

of these mechanisms relies heavily on the quality of earthquake locations, which we prove 
to be weak due to a lack of local instrumentation for several years. In order to provide 
the most complete and reliable induced e vent catalo gue for the studies of the Lacq induced 

seismicity mechanisms and seismic hazard, we made an e xhaustiv e compilation, analysis 
and improvement of all available catalogues. We also provided new earthquake detections 
and relocations in a 3-D velocity model from past and present temporary deployments never 
used for studying the Lacq area. Important remaining location uncertainties lead us to also 

carefully sort the events according to their location confidence, defining 3 classes of events 
(unconstrained location, location constrained within 2–3 km and 1–2 km, respecti vel y). This 
new harmonized catalogue and the identification of well-constrained ev ents, cov ering 50 yr 
of induced seismicity, allow us to propose that w aste w ater injection is almost certainl y the 
main mechanism driving the seismicity, with (i) most of the constrained events located within 

the reservoir boundaries and (ii) the released seismic energy variations following variations 
in injection operations at different scales. In particular, we have also highlighted a change in 

the injection–seismicity relationship around 2010–2013. From 2013, despite lower injection 

volumes, seismicity remained persistent and some clusters of earthquakes were detected 

predominantly in spring, summer and early autumn, except in winter periods. From 2016, 
we observed a strong temporal relationship between days with higher rate/volume injections 
(approximately above 400 m 

3 d 

−1 ) and both clustered events and higher magnitude earthquakes 
(greater than 2.4). 

Ke y words: Europe; Earthquak e hazards; Earthquak e source observations; Induced 

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

Understanding induced seismicity is a pivotal concern for various 
geo-resource applications, including mining, fluid withdrawal, gas 
and oil extraction, underground gas storage and geothermal en- 
ergy (e.g. Keranen & Weingarten 2018 ; Foulger et al. 2018 ), as 
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well as for risk mitigation. The study of anthropogenic seismicity 
has become crucial for European countries that have recently wit- 
nessed a surge in deep geothermal energy and carbon sequestration 
projects in densely populated areas (Grigoli et al. 2017 ). The felt 
induced ground shaking by local populations has recently forced 
the suspension or significant reduction of certain activities, such 
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s the Groningen gas field in the Netherlands (Van Thienen-Visser
 Breunese 2015 ; Grigoli et al. 2017 ), the Strasbourg geothermal

roject in France (Schmittbuhl et al. 2021 ), and the project in Basel,
witzerland, which incurred economic losses amounting to $9 mil-

ion (Giardini 2009 ). Among these three well-known recent cases in
urope, the maximum-recorded magnitude has remained moderate
 M w 3.6). Substantial efforts are being made and need to be con-
inued to better characterize these areas, establish the link between
eismicity and ground activities, and assess the associated seismic
isk. 

Another major European industrial site, the Lacq area in south-
estern France, has received relatively less attention recently, de-

pite experiencing significant induced seismic activity, with a lo-
al magnitude reaching approximately 4 in 2016 (Aochi & Burnol
018 ). Lacq field has been exploited since 1950, initially for oil ex-
raction from a shallow reservoir (0.7 km deep) and subsequently,
tarting in 1957, for gas extraction from a deep reservoir (4–5 km
eep, Fig. 1 b). This deep reservoir is a 20-km-long anticlinal reser-
 oir, w hich culminates at a depth of 3200 m and is constituted by
ower Cretaceous and upper Jurassic limestones, sealed under duc-
ile Cretaceous marls (Fig. 1 ). Gas field production has resulted
n a cumulative 64.5 MPa depletion within the gas reservoir rocks
Grasso et al. 2021 ). The initial gas pressure at a depth of 3.7 km
as 66.1 MPa (Segall et al. 1994 ). The intensive extraction period

oncluded in 2013, when the reservoir pressure had decreased to
pproximately 1.5 MPa (CLSIC4000 2019 ). In parallel with oil and
as extraction operations, w aste w ater disposal activities began in
he shallow reservoir in 1957 and continued just below the deep
as field from 1974 at 4.5 km deep (Wittlinger 1980 ; Grasso &
eignier 1990 ; Grasso & Wittlinger 1990 ; Maury et al. 1992 ; Segall
t al. 1994 ; Bardainne 2005 ; Grasso et al. 2021 ). These w aste w ater
njections persist to this day, with millions of cubic metres injected
nto the shallow reservoir and tens of millions into the deeper one
Grasso et al. 2021 ). Grasso et al. ( 2021 ) noted four main phases
or the operations (Table 1 ). 

Around Lacq site, earthquakes are detected regularl y, e ven now a-
ays, with tens of magnitude above 1 yr −1 , and usuall y fe w e vents
bove magnitude 2–3 yr −1 . This Lacq seismicity is well separated
rom the seismicity occurring along the Pyrenean range (Fig. 1 a).
he faults located a few kilometres south of the Lacq reservoir (e.g.
agor fault, Fig. 1 b), part of the North Pyrenean Frontal Thrust, are
onsidered inactives (Choukroune 1992 ). Deformation rate through
he North Pyrenean fault is not well resolved (less than 1 mm yr −1 )
rom geodetic surv e ys (Rigo et al. 2015 ). No known historical natu-
al earthquakes have been documented in this Lacq area (historians
nd medie v al writings make no mention of such e vents) (Roth é
970 , 1977 ; Grasso & Wittlinger 1990 ). Two seismic events oc-
urred in 1969 and 1970, and are considered to be the onset of the
acq seismicity (Grasso et al. 2021 ). These occurred 14 yr after the
eginning of the Lacq exploitation. This was followed by a relatively
alm period until 1976. Starting from 1976, moderate-magnitude
vents ( M L 2.5 + ) were observed almost annually, peaking at eight
vents per year in the 1990 s (Grasso et al. 2021 ), with six events
egistering a local magnitude above 4 (in the years 1972, 1978, 1978,
981, 2013 and 2016). Several authors have proved that this seis-
icity is related to the Lacq operations (Wittlinger 1980 ; Grasso
 Feignier 1990 ; Grasso & Wittlinger 1990 ; Maury et al. 1992 ;
egall et al. 1994 ; Bardainne 2005 ; Grasso et al. 2021 ). The time

ag (14 yr) between the first operations and the beginning of the
eismicity is not surprising in regard to other examples of induced
eismicity in intraplate context where strain rates and background
eismic activity are low (e.g. w aste w ater injection in Oklahoma:
nduced seismicty started after a 13 yr lag, Zhai et al. 2019 ; extrac-
ion Groningen gas field: seismicity started 25 yr after, Smith et al.
019 ). 

.1. State of the art and mechanisms driving the Lacq 

nduced seismicity 

ntil recently, the Lacq seismicity has been largely interpreted as a
onsequence of the important depletion process from reduction of
ore pressure from gas extraction. A possible influence of w aste w-
ter injections was considered to be negligible (Roth é 1977 ; Grasso
 Wittlinger 1990 ; Segall et al. 1994 ; Bardainne et al. 2008 ). To

upport this hypothesis, a possible migration for seismicity from
he centre towards the edge of the reservoir was suggested around
he Lacq field, observed from 1974 until 1996 (from the analysis of
 local network), as expected in the case of a depletion process (e.g.
ardainne et al. 2008 ). Moreover, the location of earthquakes on

aults above the reservoir, and not inside, were also considered as
n favour of this depletion more than a fluid related process. More
ecentl y, howe ver, a more important role of injections has been pro-
osed by Grasso et al. ( 2021 ). Taking into account the more recent
eismicity (1996–2016), they did not confirm any lateral migration,
nd noted that 75 per cent of the 2013–2016 events cluster within
–8 km depths, that is, close to and below the 4.5 km deep injection
ell. Grasso et al. ( 2021 ) therefore re-analysed entirely the Lacq

eismicity and found, among other things, that the cumulative in-
ected volume was high enough to trigger the 1969 M w 3 event at the
nset of the Lacq seismicity, that the 1974 switch of injection depth
rom shallow to deep reservoir occurred before a sharp increase in
eismicity and that an increase in injection rate in the year 2010
 as followed b y the two largest e vents that did occur in 2013 and
016. They proposed that the interrelation between injection and
xtraction could be the most probable cause of the Lacq seismicity
rom 1969 until the present day. 

.2. Data availability 

hese previous studies and their interpretations depend strongly
n the earthquake localization quality. We will show in this study
hat the uncertainties are important among the different existing
atalogues that have pushed the interpretations toward depletion
nd/or injection processes. For instance, from the analysis of an
xact same network (the IPGS-LGIT network, Fig. 2 ), different
atalogues co-exist with different event locations: according to Bar-
ainne et al. ( 2008 ), 70 per cent of the seismicity is above the deep
as reservoir where Guyoton et al. ( 1992 ) and Volant ( 1993 ) re-
ort a catalogue with events inside the deep reservoir or at its close
oundary. Grasso et al. ( 2021 ) rel y partl y on the industry catalogue
CLSIC4000 2019 ), but this catalogue is built from only one in-
trumented well (Fig. 2 ) and focuses only on the seismicity close to
he injection wells. The location quality of the catalogue is reduced,
speciall y for e vents at distance from the borehole seismometers.
inally, for a long time period (2000–2020), no dense enough net-
orks were deployed in the vicinity of the Lacq site (Fig. 2 ), and

he national/regional catalogues (OMP 2021; RENASS 2021; CEA
021; BCSF-R énass 2022) are unable to constrain the earthquake
ocations for this area more precisely than approximately 10 km. To
dvance on understanding the Lacq seismic properties (earthquake
ocations, inside or outside the reservoir, presence of clusters, exis-
ence of a migration pattern), and the mechanisms driving this seis-

icity, an homogeneous database of locations is needed. It should
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Figure 1. (a) Recent seismicity in southern France and northern Spain from 2019 until 2023 (French national RENASS catalogue). Circles indicate quarry 
blasts (dark red), natural seismicity (blue) and induced or triggered events (green). The Lacq seismicity (delimited by the black rectangle) is well separated from 

the seismicity related to the Pyrenean range. (b) Schematic cross section of the Lacq anticline structure, modified from Grasso et al. ( 2021 ), showing the position 
of the shallow oil reservoir (dark green zone) and the deep gas reservoir (red zone). The thick vertical (purple) bars are the injection well locations (injection 
occurs just below the gas reservoir at 4.5 km). Black dots are well located events from this study (1974–2021 Class-2 events—see main text, Section 2 ). 

Table 1. Lacq fluid manipulations (1955–present), from Grasso et al. 2021 ). 

Fluid manipulation 
phase 

Extraction operation 
(depth, type) 

Injection operation 
(depth, type) 

Phase I (1955–1974) 3–5 km, Gas reservoir 0.7 km, Waste w ater 
Phase II (1974–2006) 3–5 km, Gas reservoir 4.5 km, Waste w ater 
Phase III (2006–2012) 3–5 km, Gas reservoir 0.7 and 4.5 km, 

Waste w ater 
Phase IV (2013–present) Negligible 4.5 km, Waste w ater 
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be as robust as possible. Especially well-constrained ( < 1 km) depth 
estimates on the order of the deep reservoir width (500 m, Guyoton 
et al. 1992 ; CLSIC4000 2019 ) and their associated uncertainties are 
crucial. 

To build this catalogue, we first compiled and compared all ex- 
isting catalogues. We also relied on nearby temporary networks that 
have not been used yet in the Lacq context, especially the two dense 
networks from the MAUPASSAC (2017) (Lehujeur et al. 2021 ) and 
PYROPE (2013) (Chevrot et al. 2017 ) projects, deployed nearby 
for seismic imagery objectiv es. The y provide additional detected 
events and constrained locations. We also deployed a temporary 
network, in 2021 (Letort et al. 2023 ) allowing a precise view of the 
recent seismicity location 10 yr after the end of the extraction pe- 
riod. We relocated some events and analysed uncertainties. All new 

provided locations are made on a 3-D velocity model (Section 1 ). 
Despite our efforts, most of the events remain poorly constrained 
because of a lack of local stations. We then define different classes of 
events, according to their uncertainties (Section 2 ). Finally, for the 
2016–2020 period, we had access to the daily wastewater injected 
volume allowing a detailed analysis of the link between seismicity 
and injection processes (Section 3 ). 

2  R E L O C AT I O N  U S I N G  A  3 - D  

V E L O C I T Y  M O D E L  

The use of a 3-D velocity model during the location process for the 
Lacq area is necessary to provide improved earthquake locations 
(Volant 1993 ; Bardainne 2005 ; Bardainne et al. 2008 ). Without 
the use of a 3-D velocity model, depth estimation is particularly 
challenging (Volant 1993 ). Throughout this study, we rely on the 
3-D velocity model for P waves originally developed by Guyoton 

art/ggae119_f1.eps
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(a) (b)

Figure 2. (a) Networks and stations deployed nearby Lacq, coloured according to time. (b) Station locations. Yellow: Geopetrol sensors (3-components), 
all located in the same observation well LA405. Violet: stations (1-components) deployed by LGIT and IPGS, used by the Bardainne et al. ( 2008 ) and the 
EPOS (2018) catalogues (see main text). Orange: SISLACQ-UPPA stations (2002–2006). Black: SISLACQ2021 stations (3-components), still operating. 
Blue: stations of the PYROPE array (3-components), located at the western part of the reservoir. Green: 27 stations (3-components) from the MAUPASSAC 

experiment deployment were located at the south and west, less than 10 km of the Lacq reservoir, and included in the Lacq 3-D velocity model (dashed black 
box). Magenta: the only OMP-RENASS permanent station URDF (3-components) located in the Lacq area. Other permanent stations (PYPC, ATE, ORDF 
and REYF) are further than 20 km. 
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t al. ( 1992 ) from active seismic studies and modified by Bardainne
 2005 ). This velocity model (called 3-D model, Figs 3 a and b)
overs most of the paths of the events/stations used in this study
for 3549/4114 events, all paths are included in the 3-D model).
his velocity model is assumed to deviate less than 10 per cent

rom the true P velocities (Bardainne 2005 ). 
Ho wever , 85 events detected in 2013 by the PYROPE experi-

ent (Fig. 3 a) and 89 from the regional/national catalogues that we
imed to relocate in the 3-D model during this study (see Section
 ) are detected from stations outside the 3-D model (Fig. 3 a), to
he south and to the west. To allow the use of stations deployed
urther off the borders of the Lacq reservoir, we therefore extended
his model. This new 3-D velocity model (3-D Extended, Fig. 3 a)
s estimated by first relying on the Bardainne ( 2005 ) extrapolation
oward the east and the south (Model 1, Fig. 3 a), keeping the same
onstant P -velocity value of the border of the original grid. Then, as
he geologic/tectonic structures are mainly oriented east–w est, w e
sed a lateral extrapolation by stretching the velocities toward the
est to extend the Bardainne ( 2005 ) model and cover the PYROPE

tations. For the stations of the per manent network, fur ther south,
ith latitude lower than 43.2, we rely on the 1-D velocity model
sed routinely from the regional/national localisation procedures
Pauchet et al. 1999 ) and an interpolation between this 1-D model
n the south and ‘Model 1’ allows us to finally build the model ‘3-D
 xtended’. This e xtension of the velocity model was made to im-
rove the location of 174 events and only 17 of them, located from
he PYROPE experiment (red triangles, Fig 3 a) will be considered
s well-located events (see Section 2 ). 

This 3-D velocity model is valid for P waves traveltimes only.
e therefore linked the S -wave velocity to the P -wave velocity
y the use of a constant V P / V S ratio. We defined this ratio from a
adati plot (Fig. 4 ), finding high ratios of around 1.9 ± 0.1 for local

tations in the Lacq area, and 1.8 ± 0.1 for stations further south
MAUPASSAC data, Fig. 4 ). The large dispersion of observed S-P
elays is indicating a complex propagation model, with probably
ocal variations of V P / V S ratios that we cannot take into account.
he observed high V P / V S ratios are consistent with a fluid saturated

ault zone usually observed around injection wells (e.g. Tselentis
t al. 2011 ; Improta et al. 2017 ; Nur 1972 ). 

 B U I L D I N G  T H E  M O S T  C O M P L E T E  

ATA L O G U E  F O R  T H E  L A C Q  A R E A  

1 9 7 4 – 2 0 2 1 )  

.1. 1974–1997: the IPGP-LGIT networks 

rom 1974 to 1997, 5 yr after the first earthquake felt, the Univer-
ity of Strasbourg (IPGS) installed a network of seven, 1-component
tations and one, 3-component station (Wittlinger 1980 ). The net-
ork was extended by the University of Grenoble (LGIT) in 1991

Bardainne 2005 ). The arri v al times from this IPGP-LGIT network
ave been processed to build up two earthquake catalogues; (i) the
 olant catalogue, 1974–1995 (V olant 1993 ; V olant & Grasso 1994 ,

xtended to 1995 by Boyer 1996 ; Lahaie & Grasso 1999 ) and (ii)
he Bardainne et al. ( 2008 ) catalogue, 1974–1997. 

The arri v al times from this IPGP-LGIT network have been pro-
essed to build up two earthquake catalogues; (i) the Volant cata-
ogues, 1974–1995 (Volant 1993 ; Volant & Grasso 1994 ), extended
o 1995 by Boyer ( 1996 ) & Lahaie & Grasso ( 1999 ), compiled and
rovided on the EPOS platform (EPOS 2018). (ii) The Bardainne

art/ggae119_f2.eps
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(a) (b)

Figure 3. (a) Map of networks and area covered by the 3-D velocity model. The central red box (called 3-D model) shows the limitations of the original 3-D 

P -wav e v elocity model deriv ed from activ e seismic (Guy oton et al. 1992 ). The b lack bo x called Model 1 represents the limit of the extrapolation made by 
Bardainne ( 2005 ), and the large blue box (3-D Extended) shows the limits of the extrapolation of the 3-D velocity model made for this study. The MAUPASSAC 

experiment (green unfilled triangles) is located southwest of Lacq, only 27 stations (green filled triangles) are used for this study, all within the boundaries of 3-D 

model. The blue filled triangles indicate the PYROPE stations, the violet filled triangles the LGIT-EOST stations and in dark filled triangles the SISLACQ2021 
stations. Pink squares are stations from the OMP permanent network. (b) P-velocities for the 3-D model derived from Guyoton et al. ( 1992 ) (3-D model), using 
a Lambert III projection, showing the anticlinal fold structure of the reservoir. 
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et al. ( 2008 ) catalogue, 1974–1997. The Bardainne et al. ( 2008 ) 
catalogue is made from a compilation and a review of the IPGP- 
LGIT database. It is composed of more ev ents (1759), cov ering 
a longer time period (1974–1997), including 594 common events 
with the EPOS (2018) catalogue (807 events, 1974–1995). For both 
catalogues, earthquakes have been localized in a similar 3-D earth 
model. Ho wever , we noted a systematic difference for the depth 
estimation of common events, with a quasi-systematic shift toward 
surface of + 1.5 km + −2.7 km for Bardainne et al. ( 2008 ) compared 
to EPOS (2018) (Fig. 5 ). To investigate these differences, we relo- 
cated the Bardainne et al. ( 2008 ) catalogue, providing 1652 revised 
locations (some events located in the original catalogue are found 
not locatable by our new procedure). We used the NonLinLoc loca- 
tion algorithm (Lomax et al. 2000 ), introducing a V P /V S ratio of 1.9, 
instead of 1.73 for Bardainne et al. ( 2008 ) (an example of a NonLin- 
Loc control file can be found Suppl. S1). From the Wadati diagram, 
we also identify incorrect S wave picks (Fig. 4 b) (that we removed 
before relocation) when the S arri v al time is above tP ∗0.95 + 0.2 s, 
or below tP ∗0.85–0.2 s, tP being the P -arri v al time. S -w ave picks on 
1 component stations can be biased by converted phases of P coda. 
The 3-component stations of the subsequent networks (SISLACQ- 
UPPA and SISLACQ2021) clearly show that the S -wave arrival is 
often visible only on the horizontal components (Fig. S2 ). The relo- 
cated catalogue (Bardainne et al. 2008 ; Fig. 5 ) yields earlier origin 
times ( −0.3 + −0.4 s) and deeper events compared to the original 
( −1.4 km + −2.7 km). The depths of the relocated catalogue are 
consistent with the EPOS (2018) depth estimations ( + 0.05 km + 

−1.4 km). The epicentral locations have small differences between 
these 3 catalogues (each time below 0.3 + −1.5 km), but once 
again the relocated and the EPOS (2018) catalogues are closer (0.1 
+ −1 km). This coherency led us to choose to rely preferentially on 
the relocated and the EPOS (2018) catalogue for the construction 
of the final complete catalogue. 

3.2. 1997–2020: lack of dense local networks 

From the end of the 1974–1997 period, no long duration networks 
were deployed in the Lacq area. Only one permanent station from 

the RESIF national network has been available from 2012 (URDF, 
Fig. 2 ). Hence, for a time period of more than 20 yr, the Lacq 
area was not instrumented enough to allow high quality locations 
(Fig. 2 ). Ho wever , for short time periods, Lacq w as covered b y close 
or nearby temporary deployments. 

3.2.1. SISLACQ, UPPA (2002–2006) 

This temporary network of five stations (3-components) was de- 
ployed by the University of Pau (UPPA) between 2002 and 2006 
(Figs 2 and 3 ). The bulletin, with phase arri v al picks, compiled 
by Dubos-Sall ée et al. ( 2006 ), was made available by UPPA. We 
relocated 166 events, using the NonLinLoc inversion procedure 
described pre viousl y (3-D velocity model, V P /V S ratio of 1.9). In 
July–August 2005, one cluster was activated in the southern part 
of the reservoir, and recorded by this network (Figs 6 a and c). 
This cluster is found shallow ( < 2–3 km) in the original catalogue 
(Dubos-Sall ée et al. 2006 ), very close to the North Pyrenean front 
faulting system. A possible acti v ation of this system would have an 
important impact on the seismic hazard. Ho wever , our relocation 
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(a)

(b)

Figure 4. (a) Wadati diagram for the four catalogues: Bardainne et al. ( 2008 ) (red), Maupassac (green), Pyrope (blue) and SISLACQ, 2021 (black). (b) Wadati 
diagram for the two catalogues Bardainne et al. ( 2008 ) (red) and SISLACQ, 2021 (Black). The dashed ellipse shows an area with very small S-P delays for the 
Bardainne et al. ( 2008 ) catalogue. These small delays are probably due to incorrect S wave identification using vertical 1-component sensors (see main text). 
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rocedure shows important location dif ferences, especiall y for the
ongitude (depth differences 0.1 + −2.9 km, latitude differences

0.1 + −2.9 km, longitude differences −1 + −4.4 km, T0 differ-
nces 0.3 + −0.4 s). The events are found badly located from our
LL relocation, with an average ver tical uncer tainty of 2.5 km and

n average horizontal uncertainty of 3.8 km (events are considered
s Class-0 events, see next paragraph 2E). Some events of the July–
ugust 2005 swarm become deeper, around 6 km deep (Fig. 6 c).
herefore, these uncertainties don’t allow us to confirm the exis-

ence of a shallow seismicity on the North Pyrenean front, nor if
he seismicity, even possibly deeper, extends further south of the
eservoir boundaries (similarly to the deep cluster, approximately
0.58, 43.7, well located during the IPGP-LGIT network period,
ig. 5 a) 

.2.2. B2-PYROPE (2013) 

uring the PYROPE deployment (PYRenean Observational
ortable Experiment), aiming to realize a seismic imaging of the
ithospheric structure of the Pyr én ées, some 3-component stations
velocimeters, G üralp CMG40-T) were installed nearby Lacq at its
ester n par t (Fig. 6 ). Combined with the use of the Lacq perma-
ent station, URDF, it allowed us to detect and locate 86 events
n 2013. One part of these events were located in a deep seismic
luster (10–13 km) at the nor thwester n par t of the reservoir. This
luster depth has to be interpreted precariously as an extrapolation
f the 3-D velocity model had to be made to include the PYROPE
tations. Depth estimation is usually strongly dependent on the ve-
ocity model accuracy (e.g. Laporte 2022 ). We can therefore assume
hat the low depth estimation uncertainties provided by NonLinLoc,
ess than 2 km, are underestimated. 

.2.3. The Geopetrol catalogue (2010–2017) 

 seismic catalogue also exists for the Lacq area derived by the
ompany in charge of the reservoir exploitation. Four 3-component
orehole geophone arrays, all installed in the same observation well
etween 300 and 570 m deep (LA405, Fig. 6 a), have been used to
rack the microseismicity near the injection wells during w aste w-
ter operations. The waveforms and arrival times are not freely
v ailable, and onl y an e vent catalo gue covering the period 2010–
017 is provided (CLSIC4000 2012 ; CLSIC4000 2019 ). This cata-
ogue focuses on events at a short distance from the injection wells
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Figure 5. Epicentral localisations (a) and S-to-N cross section (b) for common events located from the 3 following catalogues: Bardainne et al. ( 2008 ) (red), 
EPOS (2018) (dark green) and the relocation from this study (violet). Larger dots are the events which are considered well located in the EPOS (2018) catalogue 
(RMS < 0.08 s & Quality = 1). The black contour lines represent the contour of the deep gas reservoir. Events located above the reservoir from the Bardainne 
et al. ( 2008 ) catalogue, are located deeper, inside the reservoir or below, in the 2 others catalogues. The vertical violet thick line is the position of the injection 
well LA109. The black rectangle is the position of a cluster, assumed well located, south of the reservoir boundaries. 
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(Fig. 6 a), and is not e xhaustiv e in space or time. The robustness of 
the reported localisations is also uncertain as locations are derived 
from sensors located in one single observational well (a large az- 
imuthal gap) using a 1-D velocity model (CLSIC4000 2012 ) and 
a V P / V S ratio of 1.82. Despite these important uncertainties and 
limitations, we added the Geopetrol catalogue to our final compila- 
tion for completeness, but we record and acknowledge the higher 
location uncertainties of these events. 

3.2.4. The MAUPASSAC catalogue (2017) 

Finally, the MAUPASSAC very dense seismic experiment (Lehujeur 
et al. 2021 ), aimed to image the crust in the Mauleon Basin, south 
from Lacq, and provides an earthquake catalogue encompassing the 
Lacq area (Fig. 6 ). Twenty-seven MAUPASSAC stations close to 
the Lacq area (Fig. 3 a) have been used, as well as the permanent 
station URDES, to relocate this catalogue of117 events found to 
occur in the Lacq area. We use the 3-D lacq velocity model, with 
a constant V P / V S ratio of 1.8, estimated from the Wadati diagram, 
because stations are located primarily to the south of the study area 
(see discussion of V P / V S in section 1 , Fig. 4 ). During this time 
period, one cluster was activated in the deep nor thwester n par t of 
the reservoir, close to the one identified from the PYR OPE netw ork. 

3.3. 2021: Deployment of a new network (SISLACQ2021, 
Letort et al. 2023 ) 

From January 2021, a new deployment of 10 short period 3- 
components stations, provided by GFZ and deployed by the univer- 
sity of Toulouse (OMP), allowed us to detect and locate 295 events 
using the same localisation procedure (3-D model, V P / V S ratio of 
1.9). In addition to the 10 short-period sensors and the permanent 
station URDF, 5 RaspberryShakes were deployed by OMP and 
UPPA during the year, and contribute to the arri v al times. Almost 
all events located during this year are inside or below the reservoir 
(Fig. 7 ). The catalogue provides constrained localisations (uncer- 
tainties estimated through NonLinLoc are lower than 1–2 km), and 
thus allows a reliable comparison between the seismic properties 
of the intensive extraction period ( < 2000) and 10 yr after its end. 

3.4. Regional and national catalogue 

We also added 614 events, which have been detected onl y b y the 
regional (OMP 2021) and/or the national (RENASS 2021; CEA 

2021; BCSF-R énass 2022) catalogues, for the period 1969–2020. 
These locations are made on a 1-D model aiming to locate natural 
Pyrenean earthquakes, and which is therefore not well suited for 
Lacq events. These locations have larger uncertainties ( > 5 km). 
When enough phase pickings for close stations, including URDF, 
w ere a vailable, w e relocated the event using the 3-D velocity model. 
214 events were thus relocated, but the 3-D velocity model is un- 
adapted for stations in the Pyr én ées range, and these new locations 
are not well constrained with average epicentral location uncertainty 
provided by NLL of 9 km. 

Aiming to improve these unconstrained locations further, a diffi- 
cult task in regard to the network configuration and the lack of close 
stations, a relative localization procedure was applied (Suppl. S3), 
fixing as master events those located during the SISLACQ2021 pe- 
riod, when we have reliable reference localizations. Consequently, 
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Figure 6. (a) Map of located earthquakes, included in the final catalogue from temporary networks: for the PYROPE (2013) experiment (blue), MAUPASSAC 

(2017) (green), G éopetrol 2010–2017 (yellow) and from the relocation of SISLACQ1 (2002–2006) (brown). The isolines are the contours of the reservoir. 
The size of the dots represent the class of events (big dots = class-2 = best). The red square represents the observation well LA405, and the black square the 
injection wells. (b) S-to-N cross section. The vertical purple line is the deep injection well . (c) Comparison of the Dubos-Sall ée et al. ( 2006 ) locations (orange 
dots) and the relocation of SISLA CQ1 (bro wn dots). The events are plotted on the schematic geological cross section extracted from Grasso et al. ( 2021 ). The 
main faults are represented by black lines. The green and red contours represent the oil and gas reservoir, respecti vel y. 
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34 events were relocated relati vel y to these master events using
he HypoDD code (Waldhauser & Ellsworth 2000 ). 

.5. Final catalogue: compilation and homogenization 

e compiled all previous described catalogues in a single one (4114
vents from 1969 to 2021). When an event is located from differ-
nt catalogues, we choose the location from the most trusted cata-
ogue. The order of catalogue tr ustwor thiness is defined empirically
1 = best catalogue to 15 = less well constrained catalogue), taking
nto account the network geometry, the presence of close stations,
he use or not of the 3-D velocity model, etc. (Table 2 ). Hence, we
efined the best catalogues as being the local catalogues, with at
east 5 stations covering the Lacq area. Then, we use the temporary
etworks. Then, comes the 9- Geopetrol catalogue, with only one
nstrumented well. Finally, the less constrained catalogues are the
egional/national catalogues. 

.5.1. Magnitude estimation 

t is crucial to have a homogeneous magnitude estimation protocol
or the combined catalogue in order to be able to study earthquake
 volutions. Howe ver, the di versity of catalo gue and data makes this
ask challenging. For older data, waveforms are no longer available
Bardainne et al. 2008 ), and we can onl y rel y on the published
atalogue magnitudes. We choose as a reference magnitude the local
agnitude used at the French Atomic Agency (called MLCEA), as

t is the reference magnitude chosen for the Sihex, compiled French
ational catalogue (Cara et al. 2015 ). This MLCEA local magnitude
s also the one used at the Toulouse University (Sylvander et al.
021 ). 

Then, all RENASS local magnitudes are converted to MLCEA
ocal magnitude following Cara et al. ( 2015 ) (Suppl. S4). For the
eopetrol catalogue, no waveforms are available. We then rely on

he local magnitude provided by CLSIC4000 ( 2019 ), which have
een calibrated using the higher magnitudes from the national RE-
ASS catalogue (CLSIC4000 2019 ). We then assumed that they
re RENASS-type local magnitudes, and we converted them into
LCEA local magnitudes. 
For the SISLACQ2021 and MAUPASSAC catalogues, built dur-

ng this study from new detections/localisations, we directly com-
uted MLCEA from the waveforms following Sylvander et al.
 2021 ). For PYROPE events, no magnitude has been estimated,
ue to issues in the response of the temporary stations. Therefore,
f a PYROPE event is included in another catalogue, its magnitude
ill be taken from the other catalogue; otherwise, no magnitude

stimation is provided. 
Finally, for the Bardainne et al. ( 2008 ), events have been cali-

rated from the RENASS catalogue (Bardainne et al. 2008 ). We
hen apply the MLRENASS/MLCEA conversion (Suppl. S3). 

.5.2. Uncertainty estimation—defining 3 classes of constrained 
vents 

he final combined catalogue still contains large uncertainties. In
rder to be able to correctly interpret the locations in terms of pro-
ess, we put efforts on estimating well located events, defining 3
lasses (Class-0: not well located, Class-1: events located at 2–3 km,

art/ggae119_f6.eps


222 L. Jacquemond et al . 

Figure 7. (a) Map of the SISLACQ 2021 stations (triangles) and located events during the year 2021 (dots). The white square delimits the location of a cluster 
(SWE—see later) acti v ated in August 2021 at the nor thwester n par t of the reser voir. (b) Cross section (south–nor th) of the event location compared to the 
position of the reservoir (red) and the well LA109 (purple tick line). The 2021 seismicity is plotted on the schematic geological cross section, extracted from 

Grasso et al. ( 2021 ). The white rectangle shows the position of the August 2021 cluster. 
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Class-2: events located at 1–2 km). The 15 catalogues/relocation 
procedures do not constrain the event localisations equally, as can 
be seen by the obser ved impor tant localisation differences be- 
tween the 15 catalogues (Fig. S5 ). Locations are relati vel y coherent 
among catalogues before the year 2000, with differences usually 
less than 2–3 km (cases 2–4, Table 2 ). Then, from the year 2000, 
the comparison between the different catalogues highlights larger 
dif ferences, especiall y for the regional/national catalogues (cases 
13–15, Table 2 , Fig. S5 ) for which the localisations can differ 
more than 5 km to those estimated from the temporary networks 
(Fig. S5 ). 

A robust estimation of uncertainties is needed. The network ge- 
ometries were not sufficient to provide low uncertainty localisations 
(Geopetrol, RENASS, OMP catalogues, cases 9, 10, 13, 14, 15, 
Table 1 ), and hence those catalogues were down-weighted in the 
ranking (classification) scheme. For other catalogues, uncertainty 
criteria such as RMS values, number of used phases, and azimuthal 
gap are no longer available (cases 4, 9). For a robust estimation 
of uncertainties, we will mostly rely on the 3-D relocations made 
for this study, and also rely on the proposed EPOS (2018) location 
uncertainty criteria (EPOS 2018). 

The procedure to identify well located events is the following : 
3.5.2.1 Class-2 e vents (e vents w ell located at 1–2 km) For all re- 
locations relying on the NonLinLoc relocalisation process (cases 1, 
3, 5, 6, 7, 11, 12, Table 2 ), we rely on the horizontal and vertical un- 
certainties provided by the location algorithm. We assume an event 
is well located (Class-2 events) if the following criteria are met: 

(i) NLL horizontal uncertainty lower than 1.5 km. 
(ii) NLL vertical uncertainty lower than 2 km. 
(iii) At least 6 phases used. 
(iv) RMS value lower than 0.2 s. 
(v) Azimutal gap below 200 ◦. 

We also add as Class-2 events those from the EPOS (2018) cat- 
alogue, for which a constrained events list is provided as well as 
RMS values. Two categories are present in the EPOS (2018) cata- 
logue (category 1: constrained ev ents—cate gory 0: non-constrained 
events), defined following Guyoton et al. ( 1992 ): well-constrained 
category 1 events are events (1) recorded at least by 6 stations, (2) 
a rms lower than 0.2 s, (3) the location algorithm used (REL3D, 
Roecker 1982 ) must converge with less than 0.5 km change in loca- 
tion on the final iteration and (4) the condition number (i.e. the ratio 
of largest to smallest eigenvalues) of the matrix of partial derivatives 

must be less than 50. 
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Table 2. Catalogues used during this study, sorted according to their Quality Metrics. 

Catalogue 
rank order Catalogue 

Used velocity 
model 

New locations 
from this study 

Catalogue time 
range 

Magnitude MLCEA 

estimation method 

Number of stations 
above the reservoir 

/ 
Nearby stations (less 

than 15 km) 

1 SISLACQ2021 3-D yes 2021 On waveforms, 
following 

(Cara et al. 2015 ; 
Sylvander et al. 2021 ) 

10/15 

2 EPOS (2018) 3-D no 1975–1995 No conversion made 
(original EPOS 

magnitude) 

8/12 

3 Relocation Bardainne 
et al. ( 2008 ) 

3-D yes 1974–1997 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

8/12 

4 Original Bardainne 
et al. ( 2008 ) 

3-D no 1974–1997 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

8/12 

5 MAUPASSAC 

(2017) 
3-D yes 2017 On waveforms, 

following 
(Cara et al. , 2015 ; 

Sylvander et al. 2021 ) 

1/27 

6 PYROPE (2013) 3-D Extended yes 2013 No Magnitude 
estimation 

1/6 

7 Relocation 
Dubos-Sall ée et al. 

( 2006 ) 

3-D yes 2000–2006 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

3/5 

8 Dubos-Sall ée et al. 
( 2006 ) 

3-D no 2000–2006 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

3/5 

9 Geopetrol catalogue 1-D no 2010–2018 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

1/1 (4 in a same well) 

10 Relocation hypoDD 

RENASS 
1-D yes 1980–2021 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

1/1 

11 Relocation OMP 3-D Extended yes 1998–2014 On waveforms, 
following 

(Cara et al. 2015 ; 
Sylvander et al. 2021 ) 

1/1 

12 Relocation RENASS 3-D Extended yes 1998–2021 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

1/1 

13 Original OMP 1-D no 1997–2014 On waveforms, 
following 

(Cara et al. 2015 ; 
Sylvander et al. , 2021 ) 

1/1 

14 BCFS-RENASS 
2022 (Sihex 
extended) 

1-D no 1969–1996 
and one event in 

2012 

(Cara et al. , 2015 ) 1/1 

15 Original RENASS 1-D no 1980–2021 Converted from 

RENASS magnitude to 
CEA magnitude (Cara 

et al. 2015 ) 

1/1 
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For Class-2 events selection, we were more restrictive here by 
selecting EPOS constrained events (category 1 events), but only 
with RMS values lower than 0.03 s. 

364 events only (9 per cent) belong to the Class-2 constrained 
events, including 156 events in 2021 (SISLACQ2021), 83 from 

the EPOS (2018) catalogue, 108 from the Bardainne et al. ( 2008 ) 
relocation, and only one from MAUPASSAC (2017) and 17 from 

PYROPE (2013). 

3.5.2.1 Class-1 e vents (e vents w ell located at 2–3 km) As for the 
Class-2 events, we rely on the NonLinLoc horizontal and vertical 
uncertainties (cases 1, 3, 5, 6, 7, 11, 12, Table 1 ). We assume an 
event is satisfyingly located (Class-1 events) if the following criteria 
are met: 

(i) NLL horizontal uncertainty lower than 2 km. 
(ii) NLL vertical uncertainty lower than 3 km. 
(iii) At least 6 phases used. 
(iv) RMS value lower than 0.3 s. 
(v) Azimutal gap below 270 ◦. 

Cate gory 1 ev ents from the EPOS (2018) catalogue, with RMS 

values between 0.03 and 0.05 s are kept as Class-1 events. 289 events 
belong to these Class-1 constrained events. Including the Class-2 
events, it is then only 16 per cent of the whole final catalogue that 
can be considered as well located at 2–3 km. All other events are 
considered as Class-0 events (3461 events: 84 per cent). 

Despite the lack of continuous dense instr umentation, temporar y 
networks have been installed at various time periods. Hence well 
constrained events span a time period broad enough (Figs 8 and 9 ) 
to study the temporal evolution of the seismicity in regards to ex- 
traction and injection operations (Section 4 ). After removing the 
Class-0 events, almost all are located around the reservoir bound- 
aries (Fig 8 b). It also becomes clear that the seismicity is divided in 
se veral clusters/sw arms (Fig. 8 b). This coherency between Class-1 
and Class-2 events locations on tight clusters are a good clue of 
the success of this events classification process. Remember that we 
could have underestimated the uncertainties for the deep northwest- 
ern cluster in 2013 (PYROPE), which falls in the Class-2 category 
but could be better ranked in the Class-1. The second deep north- 
western cluster in 2017 reached the Class-1 category but with the 
maximum allowed uncertainties (3 km vertical—2 km horizontal). 
Therefore, the exact position of these two clusters should be inter- 
preted with care. Their epicentral location at the nor thwester n par t 
of the reservoir seems reliable at ±2 km. They could be outside or 
just inside the lateral extent of the reservoir boundaries. They seem 

to be related to deep faults far below the reservoir, at 10–12 km, but 
we cannot discard the hypothesis that they are closer to the reservoir 
boundaries, at 7–8 km. 

4  I D E N T I F I C AT I O N  A N D  

I N T E R P R E TAT I O N  O F  C LU S T E R S  

The improved earthquake locations highlight the presence of clus- 
ters and swarms (Fig. 8 ) as already noted by Wittligner ( 1980 ), 
Grasso & Wittlinger ( 1990 ), Volant & Grasso ( 1994 ) and Bardainne 
et al. ( 2008 ). Swarms/clusters are observed in several tectonic con- 
texts, such as tectonic plate boundaries (e.g. Nadeau & McEvilly 
1999 ), glaciers (Helmstetter et al. 2015 ) and volcanoes (Thelen et al. 
2011 ). They are usually explained by aseismic processes or/and 
fluid/gas diffusion, the two mechanisms not excluding one another 
(Vidale & Shearer 2006 ; Roland & McGuire 2009 ; Chen & Shearer 
2011 ; Chen et al. 2012 ; De Barros et al. 2020 ). Induced seismicity 
generally has a higher rate of repeating events and a larger pro- 
portion of small clusters compared to natural events (Zaliapin & 

Ben-Zion 2016 ). In the context of the Lacq gas field, with deep 
injected w aste w ater, it is therefore important to better characterize 
these clusters and to study the link between them and fluid/aseismic 
processes. 

Clusters can be defined based on their waveform similarity (e.g. 
Baisch et al. 2008 ; Hatch et al. 2020 ; Gao et al. 2021 , Derode et al. 
2023 ), a well-suited tool here, as the event locations are not reliable 
for a long time period. Moreover, identifying similar events based 
on their waveform similarity also provides an estimate of location 
uncertainties—according to the location differences inside a family 
of similar-waveform events (SWEs). 

For the only permanent station in the Lacq area (URDF), all 
events between 2013 and 2021 are selected for cross-correlation 
study. The associated waveforms are filtered between 8 and 20 Hz; 
the waveforms are cut 1 s before the P -wave arrival, 10 s after—
therefore encompassing the S -w ave arri v als; and cross-correlated 
in the time domain following Derode et al. ( 2023 ). If waveforms 
from at least four ev ents hav e their cross-correlation coefficients 
above 0.6, these events define a family with similar waveforms. 
Forty-nine families are found (Fig. 10 a), encompassing 24 per cent 
of the catalogue. 

We can note that the locations for the ‘June 2020’ SWE family 
(in red, Fig. 10 a) are poorly constrained. Even if the waveforms are 
very similar (Fig. S2 ), with high correlation values and pointing 
clearly to close events, the locations can vary by several kilometres 
(std = 7 km). There are no well located Class-1 and Class-2 events 
in this family. For the other identified families, most of the SWEs 
are relati vel y well clusterized for a same famil y, usuall y spreading 
over a few kilometres ( < 2–3 km), and it became especially true 
when looking for the well located Class-1 and Class-2 events only 
(Fig. 10 a). This coherency between similar waveform families and 
Class-1 and Class-2 event clusters is another clue of the accuracy 
of our final catalogue uncertainty estimation. 

Interestingl y, se veral similar-w aveform e vents (SWEs) are found 
on the edges of the reservoir, especially at its deep nor thwester n par t, 
where no permanent background seismicity (non-SWEs) is present. 
SWEs are also found around the injection wells (Fig. 10 a). It is 
also surprising to note that most of these SWEs occur preferentially 
during the summer months (Fig. 10 b), while the non-SWEs occur 
over all periods of the year (Fig. 11 ). We will discuss these SWEs 
and their annual cycle in the next section. 

5  S T U DY I N G  T H E  L I N K  B E T W E E N  

I N J E C T I O N  A N D  S E I S M I C I T Y  

5.1. Stable observed features of the seismicity over time 

Despite higher uncertainties (84 per cent of the catalogue is com- 
posed of Class-0 e vents), our ne w catalo gue allows us to affirm: (1) 
Seismicity has not decreased after 2013 (the end of the intensive 
extraction period), with earthquakes regularly reaching M L 3–M L 4 
magnitudes until present (Fig. 9 ). We note a decrease of released 
seismic energy and of events with M L > 2.4 until around 2000, 13 
yr before the end of the extraction period. Later, the seismicity even 
seems to increase again (Fig. 9 , Fig. 12 ). (2) There is no obvious 
outward migration of seismicity over time (Fig. 13 a). Thanks to 
SISLACQ2021, we even clearly highlight the same seismicity areas 
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Figure 8. (a) All events in the final catalogue. The colour scales the origin catalogue (see Table 2 ). Catalogues 15–10 ( derivative of the pink colour) are 
locations derived from the regional catalogues OMP & RENASS. Others catalogues are 1-SISLACQ2021 (black), 2-EPOS2018 (dark green), 3-Bardaine et al. 
( 2008 ) relocation (violet), 4-Bardaine et al. ( 2008 ) original (red), 5-MAUPASSAC (green), 6-Pyrope (blue), 7-Dubos-Sall ée et al. ( 2006 ) relocation (braun), 
8- Dubos-Sall ée et al. ( 2006 ) original (Orange) and 9- G éopetrol (Yellow). The black square represents the limit of the box represented in (b) where all Class-1 
and Class-2 events are constrained. (b) Location of Class-1 (small dots) and Class-2 events (big dots) ev ents. P anels (c) and (d) are SN cross sections of, 
respecti vel y (a) and (b), depth in metres. The red line indicates the position of the well LA109. 

Figure 9. (a) All estimated magnitude (MLCEA) reported in this study. The colour scales with the catalogue. The black line is the M L 2.4 threshold. (b) 
Evolution of the number of detected events with a magnitude above M L 2.4, according to the date (for each day X , we count the number of events with magnitude 
above M L 2.4 detected between X − 6 months and X + 6 months, to smooth the variations). 
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n 2021 as for the years before 2000, except for SWEs at the reser-
oir periphery. (3) Seismicity is concentrated in the few kilometres
elow the top of the reservoir, well defined by active seismic sur-
 e ys and boreholes (Guyoton et al. 1992 ). The seismicity extends
ainly between 0 and 1.5 km from the top reservoir. There are very
ew constrained earthquakes above the reservoir (Fig. 13 b). It is
orth noting that the reservoir has a constant thickness of 450–500
 (Guyoton et al. 1992 ; CLSIC4000 2019 ). Therefore, most earth-
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(a) (b)

Figure 10. (a) Epicentral location of the 49 similar-waveform events (SWEs) families detected by cross-correlation during the period 2013–2021 (Full dots, 
the colour scales the year of each family). We identify well-constrained events, Class-1 and 2 events (large full dots) and less-constrained events, Class-0 events 
(small full dots) which are part of the 49 identified families. Black dashed lines are the reservoir isolines. (b) Number of SWEs detected each month (red 
histogram) and non-SWEs (black histogram) according to the date, from 2013 to 2021. Grey rectangles delimit the 4 winter months (November–Febr uar y). 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (k)(j) (l)

Figure 11. (a) Location of SWEs (filled red dots) and non-SWEs (black dots) occuring in November and December for the years 2013–2021. The purple black 
dashed lines are the reservoir boundaries. Big red dots are Class-2 events and medium-size red dots are Class-1 events. (b) Local magnitude ( M L ) for the events 
of (a), for each year from 2013 to 2021. (c) and (d) Same as (a) and (b) for Januar y–Febr uar y. (e) and (f) Same as (a) and (b) for March–April. (g) and (h) 
May–June (i) and (j) July–August (k) and (l) September–October. 
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quakes are located within or less than 1 km below the reservoir 
(except for some peripheral deeper events, between 6 and 12 km, 
which are mostly SWEs and/or clustered events). (4) The strongest 
earthquakes seem to be concentrated a few kilometres around the 
injection wells (Fig. 13 c). This stability of the active zones over 
time (Fig. 13 a) probably reflects an identical process driving the 
seismicity. Since the extraction stopped in 2013, while injection 
has al wa ys been carried out, it thus appears that injection could 
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Figure 12. (a) Seismic energy released per year (black dots), estimated from local magnitude converted to moment magnitude M w (see Supplementary S7 ). 
The smoothed averaged variation of this seismic energy (black line) is computed on a 5-yr running window. Dashed lines represent the period of the four phases 
of operations, as described by Grasso et al. ( 2021 ). (b) Yearly total injected volume in the deep gas reservoir (black thick line) and injected volume inside the 
well LA102 solely (in red) and in the well LA109 solely (in b lue). F rom 1974 until 2000, the injections were performed only in the LA109 well. From 2000, 
the two wells are used (c) Reservoir pressure evolution over time (black line) and LA109 (blue triangle) and LA102 (red triangle) measured pressures. 

Figure 13. (a) and (b) Location of Class-1 and Class-2 events, coloured to date (1974–2021). Bigger dots are Class-2 events. The squares are the location of 
the injection wells and the dashed black lines are the isolines of the reservoir top. (c) and (d) Location of events with local magnitude above 3. The red big dots 
are Class-2 events , the orange moderate size dots are Class-1 events, and the small blue dots are Class-0 events. 11 of the 15 well-located events with M L > 3 
are part of the seismic cluster related to the injection wells La102 and La109 (The 4 others seem related to the nor thwester n cluster, Ar thez-de-B éar n, cluster: 
−0.655, 43.46). 
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be a major cause for the seismicity, as proposed by Grasso et al. 
( 2021 ). 

5.2. Observed relationship between injection and released 

seismic ener g y from 1969 to 2021 

Only annual injection values are provided from the two wells LA109 
and LA102 from 1974 until 2021 (CLSIC4000 2021 ). Comparison 
of these annual injected volumes with the seismic energy released 
over the entire reservoir shows very similar trends until 2012–2013 
(Fig. 12 a). We can note an increase of seismic energy and injec- 
tion volumes until 1980 and then a simultaneous decrease until the 
2000 s. Then, a period of increase in seismic energy associated 
with an increase in injected volumes until 2007, finally again a 
decrease of both volumes and seismicity until 2011–2012. At first 
order, between 1969 and 2012 this correlation tends to prove a major 
control of injections on the high magnitude earthquakes. From 2012 
to 2013, injections remain moderate (on average < 400 m 

3 d −1 over 
the year) but the released seismic energy increases (Fig. 12 a; an 
increase driven by the two M L 4 events in 2013 and 2016). The 
injection-seismicity relationship seems to surprisingly come to a 
halt, and this roughly coincides with the end of the gas extraction 
period in 2013. Around 2013, several notable changes occurred that 
could explain changes in the injection-seismicity relationship. The 
amount of re-injected reservoir water (which used to be important, 
sometimes more than half of the total volume injected) dropped 
drastically in 2013 and filtered-water began to be injected instead, 
to keep the injectivity of the wells (CLSIC4000 2021 , slide 5). 
The end of the intense extraction period also marks the beginning 
of a slow reservoir pressure rise following a period of fast pres- 
sure decrease (CLSIC4000 2019 , see Fig. 12 c). The pressure at 
the LA102 injection-well even seems to have stabilized as early as 
2010 with the extraction operation decreasing (Fig. 12 c). Do these 
changes in the reser voir proper ties affect the seismicity-injection 
relationship? The well LA102 shows the exact same pressure evo- 
lution as the global reservoir pressure (Fig. 12 c). On the contrary, 
LA109 has a 5 times higher pressure (Fig. 12 c), and its varia- 
tion is delayed compared to the reservoir pressure evolution. This 
could mark a weaker connectivity of LA109 to the reservoir when 
LA102 is better connected. The addition of the use of LA102 in 
2000 could have affected the relationship between seismicity and 
injection. 

5.3. Relationship between injection, higher magnitude 
events, and SWEs from 2016 to 2021 

We also focused on the recent period (2016–2021), as we had access 
to daily data on the volume of w aste w ater injected during this period 
(Cretace4000 Committee 2023). This highly detailed information 
on injection rate and volume (now daily instead of annual) enables 
a more refined study of the connection between seismic activity and 
injection in recent years. 

First, we examined the correlation between the injected volume 
and earthquakes of higher magnitude ( M L > 2.4, i.e. M w > 2). 
We observed that the number of days of ‘intense’ injection dur- 
ing 3 months ( > 390 m 

3 d −1 ) correlates with the number of 
M L 2.4 + events for the same period (Figs 14 a and c). Tests 
were conducted with other thresholds for the minimum injec- 
tion rate (Fig. S6 ). The threshold of 390 m 

3 d −1 showed the 
strongest correlation, but thresholds of 370 or 410 m 

3 d −1 also 
appeared acceptable, encompassing the annual variation in seis- 
micity. We also observed an anticorrelation between the number 
of days with low injection rates ( < 300 m 

3 ) and seismic activity 
(Fig. S7 ). 

Next, we identified a systematic time delay of a few months be- 
tween a period of intensive injection and the acti v ation of SWEs 
(Figs 14 b and c). We have intense injection days, usually from 

November to March, associated with M L 2.4 + events (Fig. 14 a), 
followed by the activation of SWEs, mainly from April/May to 
October (Fig. 11 , Fig. 14 ). It appears that the number of days 
with high-intensity injections controls seismic activity, includ- 
ing both M L 2.4 + events and SWEs. On the contrary, we ob- 
served that the reduction in the total injected volume in 2018–
2019, with few er da ys of intense injections ( > 390 m 

3 d −1 ), was 
accompanied by a period of reduced seismic activity, with only 
2 M L > 2.4 events recorded from April 2018 to June 2020 
(Fig. 14 a). 

If we now examine variations in injection rate from one day to an- 
other (i.e. injection rate deri v ati ve, Fig. 14 d), a correlation between 
variations in daily injections ( > 135 m 

3 ) and activation of SWEs (1, 
2, 3, 4; Fig. 14 d) seems to be observ ed. Howev er, the period of im- 
portant injection variations observed in June 2020 started 3 d after 
the acti v ation of SWEs and the two main earthquakes (magnitudes 
of 2.6 and 3.3). Injection operations are therefore not driving the 
seismicity in this case (but seismicity may have influenced injection 
operations—the information is not made available). For the other 
SWEs (1, 2, 3; Fig. 14 ), we do find injection variations preceding 
the appearance of SWEs. Injection rate variations ( ±135 m 

3 com- 
pared to the day before) may therefore also play a role in controlling 
SWEs in some cases. 

Fur ther more, the time lag of a few months between intensive 
injection days and the SWEs corresponds roughly to velocities 
of tens of metres per day (5–15 m d −1 for the 2016-SWEs and 
2018-SWEs, 1, 3, Fig. 14 b; 60–80 m d −1 for the 2017-SWEs, 2, 
Fig. 14 b; 40–50 m d −1 for the 2021-SWEs, 5, Fig. 14 b), falling 
within the range of migration velocities observed for fluid pressure 
diffusion processes (with observed diffusivity coefficients ranging 
between 0.01 and 10 m s −2 , Shapiro et al. 2002 ; Lohman & McGuire 
2007 ; De Barros et al. 2020 ), while aseismic processes would in- 
volv e higher v elocities on the order of tens of kilometres per day 
(Shapiro et al. 2002 ; Lohman & McGuire 2007 ; De Barros et al. 
2020 ). With such a diffusion mechanism, it would be possible to 
explain the appearance of the June 2020 SWEs further (6–7 km) 
from the wells (4, Fig. 14 b) by intense injection days at the end 
of 2019 and diffusion velocities around 30–40 m d −1 (Fig. 14 c). 
Ho wever , the range of observed velocities is quite large between the 
sw arms (v ariations from 5 to 80 m d −1 ). It could be due to errors 
on the well-swarm distance estimation, but it could also come to 
a more complex mechanism of triggering than a simple fluid pres- 
sure diffusion. Indeed, fluid diffusion and aseismic slip may also 
coexist (e.g. De Barros et al. 2020 ; Hatch et al. 2020 ). Aseismic 
slip could allow the acti v ation of seismic clusters (e.g. Lohman & 

McGuire 2007 ; Danr é et al. 2022 ; Yang et al. 2023 ), and/or the 
fluid pressure primarily induces aseismic slip which, in turn, mi- 
grates and triggers the seismicity (e.g. Danr é et al. 2022 ; Yang et al. 
2023 ). These different possible triggering mechanisms are difficult 
to study, as event localizations are not well constrained for the Lacq 
area, especially for the years 2016–2020. Obtaining a more precise 
quantification of this potential migration pattern of an order of a 
few tens of metres per day is therefore challenging. For the year 
2021 solely, where better resolved event locations are available, a 
fluid diffusion process from each day with injection above 390 m 

3 
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(a)

(b)

(c)

(d)

Figure 14. (a) Number of higher magnitude events ( M L > 2.4 + , coloured curve, without SWEs) during 3 months . The colour scales the average distance of 
the events to the injection wells (in km) (b) Number of SWEs observed during 3 months (c) Number of days with injection above 390 m 

3 , observed during 3 
months. (d) During 3 months, the number of days where the injection increases or decreases more than 135 m 

3 compared to the day before (injection deri v ati ve 
above 135 m 

3 ). The blue light rectangles mark the winter periods (Novemberebr uar y). The dashed lines are the beginning of the 2016, 2017, 2018 and 2020 
SWEs. The 1, 2, 3, 4 and marks are the 5 maxima that can be notid in the 4 plots. 
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mostly between January and April), with a diffusion coefficient
f D = 0.036 m 

2 s −1 (i.e. diffusion velocity around 40–50 m d −1 ),
ould be coherent with the acti v ation of CEs/SWEs closer to the
ells (2–3 km) for the January–June period, and further (8–9 km)

rom July to October (Fig. S8 ). Events which are not CE/SWEs
o not seem to obey a diffusion pattern (Fig. S8 ). Ho wever , no
efinitive relationship can be established based on only 1 yr of
nalysis. 

.4. Relationship between injection and clustered events 
CEs) identified by their spatio-temporal pr o ximity 
1969–2021) 

t first order, an injection at the beginning of the year and a weak dif-
usion could explain the SWEs mainly observed in summer/autumn.
ut one could also argue that a seasonal external force such as the
ater table loading could also explain this seasonality, as observed
y Johnson et al. ( 2017 ). We therefore looked at the seismicity be-
ore 2013, in order to quantify any possible seasonality in the seis-
icity rate. As SWEs cannot be detected from the cross-correlations

efore 2013 (waveforms are not available), clusters are now identi-
ed by their spatio-temporal proximity in our final catalogue. If at

east 5 earthquakes are found within 2 km in 10 d, they are consid-
red to form the same cluster of events (CEs). We found 8 CEs after
013 (which are all part of SWEs) and 23 CEs between 1974 and
013 (The Geopetrol catalogue was discarded for this CEs iden-
ification, because all the events are forced to be located close to
he wells, which does not allow to define a very satisfactory spatial
roximity criterion to dissociate the earthquakes into different clus-
ers). It is likely that some clusters have not been identified by this
rocedure and some may be poorly located. Nevertheless, it seems
ossible to affirm that these CEs are not systematically detected dur-
ng the summer periods in the 1975–2013 period (Fig. 15 c). This
easonality is only resolved in the 2013–2022 period (Fig. 15 b). The
recise date of appearance of this seasonality is not easy to estimate.
here were several CEs in winter in 1995–1997 (Fig. 15 c). We found
ne cluster in the summer 2005, and then, the clusters are in the
pring/summer/autumn period from 2013 until 2021 (Fig. 15 b).
he tipping point is therefore somewhere between 1997 and
013. 

Seasonal exter nal per turbations, such as the loading of the water
able, have no reason to change behaviour between 1997 and 2013.
his change seems rather to be explained either by the beginning
f injections on LA102 in the 2000s, by changes in injection proce-
ures/techniques/periods around the years 2013–2014 with a change
f operator (from 2014, the new operator is the Geopetrol company),
r related to the change of the reservoir pressure, which decreases
ntil the years 2013–2014 and increases since then (Fig. 12 c). How-
ver, details of injections before 2016 are missing to better study
 link between this cluster seasonality and injections before 2016.
ore data on injections, on the distribution of injections between

A102 and LA109, on seismicity, are needed to make progress in
nderstanding the origins of these SWEs/CEs and their apparent
easonality post 2013. 
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(a) (b)

(c) (d)

Figure 15. (a) Distance of Class-1 and Class-2 events, which are not clustered events (CEs) to injection wells (km), according to the day of the year (from 0 
to 366). The black line is the average distance for 30 consecutive days. the Colour scale the year. (b) Same as (a) but for CE events from the year 2013, and 
removing Geopetrol events (see text). Large black triangles are Class-2 SWEs and small black triangles are Class-1 SWEs. (c) Same as (a) and (b) for CE 

events before the year 2013. (d) Number of injection days above 370 m 

3 (blue) and above 390 m 

3 (red) each month, from 2016 to 2021. 
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6  D I S C U S S I O N S ,  C O N C LU S I O N S  A N D  

P E R S P E C T I V E S  

The re vie w of all existing seismic catalo gues for the Lacq area, 
their improvement and compilation, has revealed that the back- 
ground seismicity is primarily concentrated within or just below the 
reservoir boundaries. By deploying a new seismic network in 2021 
and analysing temporary networks deployed near Lacq, it was pos- 
sible to compensate for the lack of instrumentation in the area since 
the 2000s. These efforts demonstrated that seismicity has consis- 
tently been concentrated in the same areas of the reservoir since the 
1970s: (1) near the injection and production wells and (2) in a more 
diffuse band to the north of the reservoir towards Arthez-de-B éarn. 
These same zones remain active in 2021 (Figs 8 and 13 ). Few events 
are found clearly above the top of the reservoir for Class-2 events 
(Figs 8 , 13 and 16 ). For the 2021 earthquakes, non-SWEs/non-CEs 
Class-2 events are mainly located either inside the reservoir (37 per 
cent, Fig. 16 a) or 500 m below it (40 per cent, Fig. 16 a), and the 
majority of event localizations consistently follow the deepening of 
the reservoir. Ho wever , a systematic shift of the depth estimation 
of a few hundred metres (due to velocity model uncertainties) can- 
not be discarded and an overestimation of the vertical extent of the 
seismogenic zone (90 per cent of events are confined within 1.2 km, 
Fig. 16 a) is likely due to depth uncertainties around 1–2 km. The 
seismicity could be therefore slightly shallower and fully inside the 
500 m thick reservoir, or fully below it, or overlapping between the 
reservoir and the low er la yers. Therefore, it is likely that most of 
these events are located on faults extending in/between the reservoir 
and the Upper Jurassic layers below it (e.g. Figs 1 and 7 ). The injec- 
tion below the gas reservoir could also explain why the seismicity 
is on average slightly below the gas reservoir (Fig. 16 ). 

The Lacq seismicity is also characterized by the presence of short 
duration clusters (SWEs and CEs), some around the injection wells, 
and some peripheral clusters. These SWEs/CEs seem to have similar 
depth than non-SWEs/non-CEs for the reservoir central part (top 
reservoir depths < 4500 m), but become deeper (6–12 km) at its 
periphery (for top reservoir depths > 4500 m, Fig. 16 b). The deep 
peripheral SWEs/CEs seem therefore not linked to the reservoir 
faults. The August 2021 deep cluster (at around 7 km: red dots be- 
tween 2 and 3 km below the top of the reservoir in Fig. 16 b, see also 
Fig. 7 ), well constrained by the SISLA CQ2021 netw ork, is clearly 
deeper than the reservoir. One can imagine here that the CEs/SWEs 
are acti v ated on external criticall y stressed faults, a fe w kilome- 
tres ( < 15 km) further from the injections and the reservoir, as a 
temporal correlation between injection and SWEs/CEs did exist. It 
could be on the North Pyrenean Frontal Thrust system, at the south- 
er n par t of the reser voir (for the souther n deep clusters, Figs 5 , 6
and 8 ), and below the reservoir (for the nor thwester n deep clusters, 
Figs 6 , 7 and 8 ). Such acti v ation distances (maximum 15 km) have 
already been observed (e.g. The 2016 M w 5 Oklahoma earthquake 
triggered at more than 40 km from fluid disposal wells, Goebel 
et al. 2017 ), and, in several other cases of induced seismicity, events 
occurred below the injection zones, at depth greater than 10 km 

(e.g for Oklahoma, California, Texas induced seismicity; Keranen 
et al. 2013 ; Hornbach et al. 2015 ; Goebel et al. 2016 ; Hennings 
et al. 2019 ). It seems reasonable to think that these deep SWEs/CEs 
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(a) (b)

Figure 16. (a) Depth difference between the top of the reservoir and each earthquake as a function of the depth of the top of the reservoir. The depth difference 
is represented for Class-2 events, without CEs/SWEs. The colour of the dots scales the catalogue origin (Table 2 ). The blue lines represent the reservoir top 
and bottom depths; the dashed blue lines represent the reservoir top and bottom depths with a 500 m variation. The black line represents the average variation 
of the earthquake depth to the top of the reservoir. (b) Same as (a) but for the CEs and SWEs events. 
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ould be a clue about the acti v ation of external critically stressed
aults. Such (re)acti v ation of assumed inacti ve faults (Choukroune
992 ) would impact the seismic hazard map for this Lacq area.
t is therefore crucial to confirm such acti v ation, especiall y if the
hallower part of the North Pyrenean Frontal Thrust shows any
cti vity, as suggested b y the Dubos-Sall ée et al. ( 2006 ) catalogue
but that we did not confirm during this study). Deploying a denser
etwork, on a longer time period, potentially developing an im-
rov ed v elocity model, and the use of deep borehole sensors could
elp reduce depth uncertainties and, most importantly, correct any
otential systematic location bias. These efforts would definiti vel y
ddress the issue of seismicity localization relative to the reservoir
nd external faults for the backg round per manent seismicity and the
E/SWEs. 
This study also allowed the most complete view of the variations

f seismic activity from 1969 until 2021 in the Lacq area. Although
here was a peak in seismicity during the 1980s, the seismic activity
as not decreased over time and even appears to be increasing since
013, despite the end of the intense extraction period. Based on these
bservations, it appears that the same process has been responsible
or this continuous and consistent seismicity, which has persisted
or more than 50 yr: the injection of w aste w ater in the deep gas
eservoir emerges as a promising factor, supported by the strong
emporal relationship between injection, higher magnitude events,
Es and SWEs. 
Examining the relationship between annual injection volumes

nd the seismic energy released in the reservoir, a positive cor-
elation is observed until the 2010s. This supports the hypothesis
hat injections have influenced seismicity (more injections corre-
ating with a higher frequency of high-magnitude earthquakes).
o wever , around 2010–2013, a change in this injection-seismicity

elationship was observed. Although injection volumes are lo wer ,
eismicity remains persistent. Starting in 2016, daily injection data
ecame av ailable, re vealing a strong temporal link between record-
ng earthquakes of magnitude greater than 2.4 and days with higher
ate/volume injections (approximately above 400 m 

3 d −1 ). Thus,
ven in the most recent years, higher magnitude seismicity appears
o be triggered by injection when it exceeds a certain threshold, as
oted by Rayleigh et al. ( 1976 ). 

Fur ther more, our anal ysis re veals that SWEs occur predomi-
antly during the spring, summer, and early autumn from around
he years 2000–2013. This seasonality could be attributed to injec-
ion activities, as higher injection volumes are typically observed
uring winter, and a slow diffusion process (tens of metres per day)
ould explain the delayed acti v ation of SWEs a few months later and
t a large distance from the injection wells ( < 15 km). Other external
epetitive factors, such as water table loading, could be considered
f an explanation is found for the absence of CEs’ seasonality before
000–2013 (potentially due to different initial stress conditions). 

Studying the individual influence of the two injection wells
A109 and LA102 could provide new insights to refine these ob-
ervations (seismic energy variations and CEs/SWEs seasonality).
A102 appears to have better connectivity with the entire reservoir,
hile LA109 remains at higher pressure levels, which supports the
ypothesis of a compartmentalized reservoir (CLSIC4000 2019 ).
 change of porosity and permeability around LA102 could have

mpacted the seismicity (e.g Yang & Dunham 2021 ). It would be
aluable to investigate whether the use of LA102, starting from
002, enables better fluid diffusion into other parts of the reservoir
nd influences the injection-seismicity causality and the seasonality
f SWEs. 

These new findings raise questions about the relative influence of
xtraction activities, which have been traditionally considered the
rimary factor in driving and controlling seismicity. The depletion
odel fails to replicate the observed variations in seismic energy

elease over time, particularly the two periods of increasing energy
bserved after 2000, a period when gas extraction was continuously
eclining and nearly ceased in 2013. 

When using a poro-elastic model, the depletion process gradu-
lly moves rock matrices outside the reservoir towards failure (e.g.
egall et al. 1994 ), and a time delay between the onset of deple-

ion and the observed seismicity is expected (e.g. Grasso et al.
021 ). The initial induced event in 1969, which occurred prior
o deep injections, could therefore potentially align with the deep
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reservoir depletion model (e.g. Grasso et al. 2021 ). It could also 
be linked to shallow injections in the oil reservoir conducted be- 
tween 1955 and 1974 (phase I, Table 1 ). Ho wever , there is no ev- 
idence of seismicity around or inside this shallow oil reservoir, 
and the seismic energy released during these periods is minimal 
(Fig. 12 ). Therefore, a strong impact of shallow injections on seis- 
micity is not expected, and we rather propose that the onset of 
seismicity is driven by the depletion process, as previously sug- 
gested (e.g. Grasso & Wittlinger 1990 ; Grasso et al. 2021 ). The 
Lacq case study may represent a case of induced seismicity where 
both production and disposal activities contribute to fault reacti v a- 
tion, as proposed by Grasso et al. ( 2021 ). It is also worth noting 
that once earthquakes ha ve initiated, interactions betw een earth- 
quakes themselves can influence the stress distribution on the fault 
(Wang et al. 2020 ). We propose that a portion of the background 
seismicity is associated with the long-term gradual reservoir deple- 
tion process, affecting the overall stress field around the reservoir 
rocks, while higher magnitude events that coincide with significant 
changes in injection rates are driven by injections into the deep gas 
reservoir. 

One other future objective could be to better e v aluate the exact 
triggering mechanisms driving the seismicity, from a possible mix 
of fluid diffusion, aseismic slip and long term depletion. One ap- 
proach could be to rely on SISLACQ2021 data, covering a longer 
recording period spanning several years, with consistently reliable 
ev ent localizations. Abov e all, a complete reservoir and geomechan- 
ical modelling would be necessary to investigate the link between 
injection, depletion and seismicity, and for more reliable earthquake 
forecasting, as proposed by Meyer et al. ( 2023 ). 
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m éthodes et observations du CEA/LDG. Bulletin de la Soci ́et ́e 
G ́eologique de France , 192 (1). 

Catalogue access: https://www-dase.cea.fr/evenement/ 
syntheses resultat.php?lang=fr

SISLACQ2021 (2021): data obtained from Letort, J., Cot- 
ton, F., Jacquemond, L., Grimaud, F., Pauchet, H. (2023). 
SISLACQ2021. GFZ Data Services. Other/Seismic Network. 
doi:10.14470/0Z082998 

FDSN Datacenter access: https://www.fdsn.org/networks/ 
detail/5M 2021/ 

SISLACQ, UPPA (2002-2006): data obtained from Dubos- 
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2008. Analysis of the induced seismicity of the Lacq gas field (South-
western France) and model of deformation, Geophys. J. Int., 172 (3),
1151–1162. 

oyer , E. , 1996. Sismicit ́e induite et production p ́etroli ̀ere, Final Report
Engineering Study, University of Grenoble I, France (in French). 

ara , M. , Cansi, Y., Schlupp, A. et al. 2015. SI-Hex: a ne w catalo gue of
instrumental seismicity for metropolitan France, Bull. Soc. g ́eol. France,
186 (1), 3–19. 

hen , X. & Shearer, P.M. 2011. Comprehensive analysis of earthquake
source spectra and swarms in the Salton Trough, California, J. geophys.
Res., 116 (B9), doi:10.1029/2011JB008263. 

hen , X. , Shearer, P.M. & Abercrombie, R.E. 2012. Spatial migration of
earthquakes within seismic clusters in Souther n Califor nia: evidence for
fluid diffusion, J. geophys. Res., 117, doi:10.1029/2011JB008973. 

hevrot , S. & Sylvander, M., & RESIF . 2017. Seismic network
X7:PYR OPE PYRenean Observational P ortable Experiment (RESIF-
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aporte , M. 2022. Contribution à l’am élioration de l’estimation de la pro-
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