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Did Wastewater Disposal Drive the Longest
Seismic Swarm Triggered by Fluid

Manipulations? Lacq, France, 1969–2016
Jean-Robert Grasso*1 , Daniel Amorese2, and Abror Karimov1

ABSTRACT
The activation of tectonics and anthropogenic swarms in time and space and size remains
challenging for seismologists. One remarkably long swarm is the Lacq swarm. It has been
ongoing since 1969 and is located in a compound oil–gas fieldwith a complex fluidmanipu-
lation history. Based on the overlap between the volumes where poroelastic model pre-
dicts stresses buildup and those where earthquakes occur, gas reservoir depletion was
proposed to control the Lacq seismic swarm. The 2016 Mw 3.9, the largest event on the
site, is located within a few kilometers downward the deep injection well. It questions
the possible interactions between the 1955–2016 wastewater injections and the Lacq seis-
micity. Revisiting 60 yr of fluid manipulation history and seismicity indicates that the
impacts of the wastewater injections on the Lacq seismicity were previously undereval-
uated. The main lines of evidence toward a wastewater injection cause are (1) cumulative
injected volume enough in 1969 to trigger Mw 3 events, onset of Lacq seismicity; (2) 1976
injection below the gas reservoir occurs only a few years before the sharp increase in seis-
micity. It matches the onset of deep seismicity (below the gas reservoir, at the injection
depth); (3) the (2007–2010) 2–3 folds increase in injection rate precedes 2013, 2016 top
largest events; and (4) 75% of the 2013–2016 events cluster within 4–8 km depths, that
is, close to and downward the 4.5 km deep injection well. As quantified by changepoint
analysis, our results suggest that timely overlaps between injection operations and seis-
micity patterns are as decisive as extraction operations to control the Lacq seismicity. The
seismicity onset is contemporary to cumulative stress changes (induced by depletion and
injection operations) in the 0.1–1 MPa range. The interrelation between injection and
extraction is the most probable cause of the Lacq seismicity onset and is sustenance over
time. The injected volume–largest magnitude pair for Lacq field is in the same range (90%
confidence level) than wastewater volume–magnitude pairs reported worldwide, in a
wide variety of tectonic settings.

KEY POINTS
• We highlight the role of wastewater disposal on seismicity

in a context of gas reservoir depletion.

• The interrelation between injection and extraction is the
most probable cause of the Lacq seismicity.

• The Lacq volume–magnitude pair is in the same range

(90% confidence level) than pairs reported worldwide.

INTRODUCTION
Understanding and managing induced and triggered seismicity
are a crucial challenge for many geo-resource applications. Not
only the changes in the perception of societies and regulators,
but also new kinds of applications, are required to improve the
scientific understanding of induced seismicity and to validate

frameworks for risk governance (e.g., Muntendam-Bos et al.,
2015; Langenbruch et al., 2020). Most of the current concerns
related to geo-resource production are due to fluid manipula-
tion. The dramatic rise in seismicity in intraplate regions of
North America (e.g., Oklahoma, Western Canada) is an unin-
tended consequence of fluid injection. These injections are
mainly related to (1) the disposal of wastewater by injection
below the productive reservoir (e.g., central United States,

1. ISterre, OSUG, Université de Grenoble-Alpes, Grenoble, France, https://orcid
.org/0000-0002-9580-7864 (JRG); 2. Department of Biology and Earth Sciences,
Université de Caen-Normandie, Caen, Cedex 5, France

*Corresponding author: jrgrasso@me.com

Cite this article as Grasso, J.-R., D. Amorese, and A. Karimov (2021). Did
Wastewater Disposal Drive the Longest Seismic Swarm Triggered by Fluid
Manipulations? Lacq, France, 1969–2016, Bull. Seismol. Soc. Am. XX, 1–20,
doi: 10.1785/0120200359

© Seismological Society of America

Volume XX Number XX – 2021 www.bssaonline.org Bulletin of the Seismological Society of America • 1

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120200359/5310981/bssa-2020359.1.pdf
by 19225 
on 08 June 2021

https://orcid.org/0000-0002-9580-7864
https://orcid.org/0000-0002-9580-7864
https://orcid.org/0000-0002-9580-7864
https://doi.org/10.1785/0120200359


Ellsworth, 2013); and (2) hydraulic fracturing (e.g., increase in
seismicity rate in the western Canada sedimentary basin,
Atkinson et al., 2016; Bao and Eaton, 2016). For the largest
earthquake in central U.S. context, high-resolution hypocenter
locations show that the induced earthquakes principally acti-
vate previously unknown faults in the basement, well oriented
for failure in the contemporary stress field. The time and space
evolutions of earthquake swarms are difficult to deterministi-
cally relate to specific well history, due to the current inability
to track fluid flow over space and time (e.g., Schoenball and
Ellsworth, 2017; Schoenball et al., 2018). Our study focuses
on a very long, still ongoing seismic swarm recorded in south-
west France. The Lacq seismic swarm overlaps with a gas and
oil field, with two wells used for deep wastewater disposal. It is
now the longest ever seismic swarm related to hydrocarbon
recovery worldwide. In the Lacq area, the most significant
shock (Mw 3.9, Aochi and Burnol, 2018) occurred in 2016, that
is, 60 yr after the fluid manipulation onset.

There are two vintages of probabilistic seismic hazard
analysis for France: 2002 and 2020. Neither of them excluded
induced events from their analysis. The first French national
probabilistic hazard map (Martin et al., 2002) is the map that
was translated into the current regulatory documents and
building code. The Lacq field located in a low-seismicity area
is called “Nord Pyrénéen” domain (Martin et al., 2002). In this
zone, the maximum observed magnitude (magnitude of the
reference earthquake) is 5.2, and the maximum magnitude
upper bound used for the probabilistic model is
5:2� 1 � 6:2. In the Lacq area, seismic building code is
required for most edifices, such as collective buildings and
buildings essential for civil security. In 2020, about 20
“Seveso-classified” companies are listed in the region (in the
European Union [EU] regulation, “Seveso-classified” sites
are hazardous industrial facilities where dangerous substances
are used or stored in large quantities; EU-Directive, 2012).

The Lacq seismic swarm is well isolated from the North
Pyrenean fault seismicity; this latter clusters 30 km southward
(e.g., Grasso and Wittlinger, 1990; Rigo et al., 2015).
Deformation rate through the North Pyrenean fault is not well
resolved (less than 1 mmyr−1) from geodetic surveys (Rigo
et al., 2015). Geodetic and seismic estimates support a
trans-tension regime on the North Pyrenean fault seismicity
(Rigo et al., 2015).

Figure 1 demonstrates that the Lacq seismic swarm is the
only swarm that emerges in the whole North Pyrenees foreland
as resolved by each of the regional seismicity surveys that
deployed dense temporary network since the 1980s (e.g.,
Gallart et al., 1985; Chevrot et al., 2011; Rigo et al., 2015).
This pattern also exists in Figure 1b when using 1962–2016
(Si-Hex), French earthquake catalog (Cara et al., 2015). The
onset and the end and the Mmax value for this swarm remain
open questions. Numerous studies (e.g., Rothé, 1970, 1977;
Grasso and Wittlinger, 1990) robustly demonstrate that there

was no felt historical earthquake in the Lacq field area up to
1969. After the occurrence of a pair of events in 1969–1970,
there was no significant (Mw > 2:5) earthquake up to 1976.
The drastic increase in Mw 2.5+ events started in 1976, reach-
ing a peak value of 8 events/yr in the 1990s. Since 2000, the
yearly Mw 2.5 event rate for the Lacq swarm decreases to
1–2 events=yr (Fig. 2). The largest energy release (Mw 3.9,
2016; Aochi and Burnol, 2018) occurs 4 yr after the peak of
shallow and deep injection rates for wastewater disposal. It
questions the relationship between seismicity and local fluid
manipulations, in particular, with regard to the Mmax value
and timing (Fig. 3). The new seismic and industrial data we
analyze support that the history of wastewater disposal is as
decisive as the depletion history to trigger and control the
Lacq seismicity. Our analysis used a changepoint method to
investigate the relationship between gas and oil production,
shallow and deep injection and seismicity, respectively.

DATA
Earthquake catalogs, overview of the Lacq seismicity
history, and past scientific results
Data from joined academic and industrial seismic networks
that operated on the gas field during 1975–1997 were used
to cross-analyze Mw > 1:6 seismicity patterns over time and
space with the hydrocarbon production history (Lahaie and
Grasso, 1999; Bardainne, 2005; Bardainne et al., 2008). Data
from the local seismic network, as operated by industrial part-
ners since 2000, are available during the 2013–2016 period
solely (CLSIC4000, 2019, see Data and Resources). To robustly
analyze the half-century duration of the ongoing Lacq seismic
swarm, we are bound to use (Si-Hex) French national earth-
quake catalog (Cara et al., 2015). The Si-Hex catalog merges all
the available arrival times from regional seismic networks to
extract the best estimates for the location and size of the
1962–2009 events (Cara et al., 2015, 2017). Respecting the
same Si-Hex criteria, we extend the database in the vicinity
of the Lacq gas field up to 2016. For the Si-Hex earthquake
catalog, the completeness value for the magnitude distribution
(Mc) is of the order of Mc � 2:2, as derived from the fre-
quency–magnitude distribution (FMD; see Fig. 3 for Mc def-
inition). Because of network geometry variability back in the
1970s and for analysis robustness, we choose a conservative
Mc � 2:5 value for this study (Fig. 3). The largest local event
occurred in 2016 as anMw 3.9 event with a 5:3� 0:5 km depth
from local network data. The depth accuracies from the 2013–
2016 local catalog are within 0.5 km, due to borehole seismom-
eters, all within 300–570 m depth range (Fig. 4).

The Si-Hex catalog we use revisits and homogenizes the
magnitude attribute for each event over time. For this catalog,
the depth attributes are not accurate enough (the accuracy of
the depth estimate is absent) to identify any possible depth
changes. Alternatively, using local seismic network data, sev-
eral studies report deepening of seismicity over time (Grasso
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and Wittlinger, 1990; Guyoton et al., 1992; Lahaie and Grasso,
1999; Bardainne, 2005; Bardainne et al., 2008). Grasso and
Wittlinger (1990) and Guyoton et al. (1992) resolve the first
deep earthquakes (below the reservoir level) that appeared

during late December 1982. Since that time, the swarming style
of the deeper seismicity contrasts with the more diffuse organi-
zation of shallow earthquakes (Guyoton et al., 1992; Volant
and Grasso, 1994; Bardainne et al., 2008). The data from
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Figure 1. Regional and local seismicity map in Lacq area. (a) Pyrenees seis-
micity, 1989–2011. The western swarm located north of the Pyrenees
mountain range overlaps with the Lacq gas field extension. Blue square is
the Lacq swarm as seen in (b,c). Black lines are major faults, as NPFT, North
Pyrenean frontal thrust; SPFT, South Pyrenean frontal thrust. In red, the
current active faults as suggested by Lacan and Ortuño (2012) (modified
from Rigo et al., 2015). (b) Regional seismicity map around the Lacq gas
field, 1962–2016,Mw 2.5. Box sizes represents 1Lr , 3Lr , and 10Lr distances
to the gas reservoir center, Lr � 10 km being the reservoir width. Largest

circles are the largest shocks on the North Pyrenees fault, 1967 Mw 5.2 and
1980 Mw 5. Gray (purple) line is the gas reservoir contour. (c) Same as (b),
but a zoom in the 1–3Lr distances from the gas reservoir. Crosses (yellow)
are shallow wastewater injection wells within the oil field. The (yellow)
square is the deep injection well below the gas reservoir. The largest circle is
the largest shock on the North Pyrenees fault, 1967 Mw 5.2. Gray (purple)
line is the gas reservoir contour. The color version of this figure is available
only in the electronic edition.
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the local seismic network operated by the producer points on
70% of the 2007–2012 seismicity is located in between 3 and
5 km depth, the most significant event on this period occurring
at 7 km depth (CLSIC4000, 2013, see Data and Resources).
During 2013–2016, the depth histogram of the 810 events
(−0:4 ≤ Mw ≤ 4) located by the producer network
(CLSIC4000, 2019, see Data and Resources) evidences that
75% of the seismicity is deeper than 4 km, with a mean depth
value of 4.6 km (Fig. 4).

Apart from the late occurrence of the largest 2016 event, the
main stages of the Lacq seismicity history develop as follows:

1969 corresponds to the onset of the Lacq swarm as the onset
of felt seismicity within a several century long aseismic zone
(Grasso and Wittlinger, 1990); 1976 corresponds to a drastic
increase ofMw 2.5 event rates for a peak value of 8 events/yr in
the 1990s. Since 2000, the yearly Mw 2.5 event rate for Lacq
swarm decreases to 1–2 events=yr (Figs. 2 and 3). When using
the local seismic network data, possible migration for seismic-
ity was suggested around the Lacq field, 1976–1996 (e.g.,
Bardainne et al., 2008). Using the 1969–2016 data set, we
did not resolve lateral migration. On 1976–1996, the key pat-
tern resolved by Bardainne et al. (2008) is the decrease of seis-
micity in the central part of the field, except for the seismic
cluster close to the deep injection well. Since 2000, the seismic
clustering close to the deep injection well is enhanced. It
climaxes on 2013–2016 in which most of the earthquake
cluster around the deep injection well (Fig. 4b).

History of Lacq hydrocarbon field operations and
previous studies
The Lacq hydrocarbon fields (Fig. 4) are compound oil and gas
reservoirs that are trapped within an anticline structure (e.g.,
Grasso and Wittlinger, 1990; Maury et al., 1992; Segall et al.,
1994). The productions for the (0.7 km) shallow oil field and
the (3–5 km) deep gas reservoir started in 1950 and 1957,
respectively (Grasso and Wittlinger, 1990; Segall et al., 1994).

Oil field production: The oil extraction (cumulative 1950–
2016 production 3 × 106 tons; standard condition) was bal-
anced by water inflow toward the reservoir, this later being
connected to a large aquifer (Rothé, 1977). It inhibits strong
fluctuation of oil reservoir pressure over time. The initial
1950 6.1 MPa pressure changed in between a 1955 minimum
5.9 MPa value and a maximum 7.1 MPa value in 2010, during a
reactivation phase of shallow injection in the oil reservoir.

Gas field production: The 1957–2012 gas field production
drives a cumulative 64.5 MPa depletion within the gas reser-
voir rocks (Fig. 2). It corresponds to a cumulative production
of 254:25 × 109 m3 in standard condition (Fig. 5). The initial
gas pressure was 66.1 MPa at 3.7 km depth (e.g., Segall et al.,
1994). The production formally stopped in 2012, when the res-
ervoir pressure was of the order of 1.5 MPa (CLSIC4000, 2019,
see Data and Resources). There is still a vanishingly close to
zero production value since 2013 for local chemical industry
use only.

Wastewater disposal: On the Lacq hydrocarbon fields,
wastewater disposals through shallow (primarily up to 1975)
and 4.8 km deep (1974 onset) injection take place (e.g.,
Rothé, 1977; Wittlinger, 1980; Grasso and Feignier, 1990;
Grasso and Wittlinger, 1990; Maury et al., 1992; Segall et al.,
1994; Bardainne, 2005). The injection processes started in
1957, as wastewater disposal from four wells (Figs. 1 and 4)
within the formerly depleted shallow oil field (e.g.,
Wittlinger, 1980). Yearly injection rates in the shallow oil field
(0.7 km depth) are in the 6 × 105 m3=yr magnitude range

Figure 2. Yearly values for oil–gas field pressures and seismicity rate energy
within 1Lr distance from the gas reservoir. (a) Pressure history for oil and gas
fields and seismicity rate energy. (b) Yearly rate for pressure changes (i.e.,
derivative of (a)) and seismicity energy. Seismicity and seismic energy (gray
bars) isMw ≥ 2:5 within 1Lr distance from the gas reservoir. Peak values are
3.5 and 0:3 MPa=yr for yearly gas and oil reservoir pressures, respectively.
Note that a 64.5 MPa gas reservoir depletion value induces a maximum
0.2 MPa poroelastic stress increase in the rock matrices outside the gas
reservoir (e.g., Segall et al., 1994). The 0.6–1 MPa pore-pressure increase in
the shallow oil field corresponds to a direct effective pore-pressure change.
The color version of this figure is available only in the electronic edition.
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during the 1957–1967 period, with an increase up to
9 × 105 m3=yr in the 1970–1975 period (Table 1; Fig. 5).
Between 1957 and 1975, a cumulative 13 × 106 m3 of waste-
water are injected through the oil reservoir (Fig. 5). It causes
the pressure to overcome the initial oil field pressure (0.6 MPa
increase) to reach a 6.5 MPa peak value by 1975 (Fig. 2).
Subsequently, the oil field pressure declined back to 6.2 MPa
by 1989. A new phase of pressure increases from 6.6 to 7.1 MPa
exists during 2007–2010. The decrease of the oil field pressure
back to a 6.6 MPa value is reached by 2012. The corresponding
injection rates are in the range of 900–500 m3=day in between
2007 and 2012, respectively (Fig. 5). Because of the

impermeable cap rock that traps and builds up the gas reser-
voir, there is a weak probability for the shallow injection to
reach the rock matrices in and below the gas reservoir rocks

Figure 3. (a) Magnitude (Mw) values as a function of time. Black color is the
near field seismicity (within 1Lr distance from reservoir); gray color, far-field
seismicity (10Lr distance from reservoir). Lr is the gas reservoir dimension.
(b–e) Frequency–magnitude distributions. Open circle, cumulative distri-
butions; triangle, discrete distributions. (b,c) Frequency–magnitude distri-
bution for 1Lr and (d,e) 10Lr distances from the Lacq gas reservoir,
respectively. (b,d) 1969–1996; (c,e) 1997–2016. The seismicity catalogs we
used are open-access data at IS-EPOS (2018, see Data and Resources).
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(e.g., Maury et al., 1992). The injected volumes we report in this
study are the minimum values that correspond to controlled
wastewater disposals over time. Several other production oper-
ations, including but not restricted to urgency responses to pro-
duction constraints, involve fluid injections whose volumes and
timings are not currently available (e.g., the 1996 injection during
a well collapse; Bardainne et al., 2006). Since 1975, the waste-
water disposal is dominated by 4.8 km depth injections
(Fig. 4), that is, below the gas reservoir rocks (Grasso and

Wittlinger, 1990; Maury et al.,
1992; Segall et al., 1994;
Bardainne, 2005). Using two
nearby reformed production
wells, the yearly injection rates
are in the 1–3 × 105 m3=yr
magnitude range. The head-
and bottom-well pressures are
of the order of 8 and 10 MPa
(at 3700 m=Nm), respectively
(CLSIC4000, 2019). For clarity,
we define four fluid manipula-
tion phases since the onset of
fluid manipulation (Table 1).
For all the I–III phases, there
is a common gas extraction
activity. 1955–1974, phase I cor-
responds to (0.7 km depth)
wastewater injections; 1974–
2006, phase II is characterized
by pure (4.5 km) deep waste-
water injection; 2006–2012,
phase III corresponds to simul-
taneous increases of deep and
shallow wastewater injection
rates; 2013–2016, phase IV is
a deep wastewater injection
phase with negligible gas extrac-
tion (Fig. 5). The phase II–IV
injection rates are three times
smaller than during the phase
I (Fig. 5b).

METHOD
There is no consensus on the a
priori distance–time-size pat-
terns to be selected to relate a
given earthquake to a given
geo-resource production style,
including fluid extraction or
injection (e.g., Grasso, 1992;
Grasso, Fourmaintraux, and
Maury, 1992; Grasso,
Guyoton, et al., 1992; Davies

et al., 2013; Klose, 2013; National Research Council [NRC],
2013; Grasso et al., 2018). This is due to the fact that the under-
standing of triggering processes for earthquakes is hindered by
the poor knowledge of fracture and fault networks. Several
studies report the use of the absolute distances to capture
earthquake–earthquake triggering patterns (as aftershock–
mainshock cascades) that hide the key properties of the earth-
quake interactions (e.g., Bak et al., 2002; Parsons and Velasco,
2009; Tahir et al., 2012; de Arcangelis et al., 2016). This way,
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Figure 4. (a) Schematic cross section of the Lacq anticline structure; (dark [green] zone), the shallow oil reservoir;
(deep dark [red] zone), the gas reservoir. Thick vertical (purple) bars are the injection well locations (modified from
Lahaie and Grasso, 1999); the blue star is the location of the largest Lacq event, 2016Mw 3.9; vertical axis is depth
in km; (b) seismicity map, 2013–2016; square is the deep injection well location. Triangle is the seismic antenna
location. Broken line is the gas reservoir contour as Figure 1b,c for comparison; (c) hypocenter depth histogram
(2013–2016); (b,c) −0:4 ≤ Mw ≤ 4:0, data from CLSIC4000 (2019, see Data and Resources). Note the local
network estimates 2016 event as Mw 4.0 while the regional catalog estimate is Mw 3.9. The color version of this
figure is available only in the electronic edition.
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following Grasso et al. (2018, 2019) for the analysis of lake res-
ervoirs seismicity, we analyze in this study the seismicity trig-
gered around the Lacq hydrocarbon reservoirs using
normalized distances to the gas reservoir as, 1Lr , 3Lr , and
10Lr distances, Lr being the representative reservoir length
(Fig. 1). Such an approach is driven by tectonic earthquake
analysis in which the static earthquake interactions exist over
areas that scale with the earthquake size, that is, in the 1L–3L
ranges for aftershocks triggering (Parsons and Velasco, 2009;
Tahir et al., 2012; Tahir and Grasso, 2015). For the tectonic
earthquake analysis, (L) is the mainshock fault length as derived
from the magnitude scale (e.g., Wells and Coppersmith, 1994).
To mimic the method used for tectonic earthquake interaction,
we choose in this study (Lr) the gas reservoir length, the char-
acteristic dimension that drives the volumetric stress-change
pattern induced by reservoir depletion (e.g., Segall, 1989;
Grasso, 1992; Segall et al., 1994). This way, the volumetric stress
changes induced by the reservoir depletion mimics the stress
change induced by each of the tectonic earthquakes. This is
equivalent to consider the reservoir pore-pressure change as a
slow earthquake, the production-induced seismicity being the
corresponding aftershocks (e.g., Grasso et al., 2018, 2019).
We test 1Lr-distance as near-field reservoir effect for triggering
and 10Lr-distance as the far-field distance with the null effect
from reservoir-induced stress changes on seismicity, respectively
(Figs. 1 and A2).

Within these normalized distance ranges, we use change-
point analyses to compare and interrelate hydrocarbon recov-
ery operations and seismicity. Such an approach has already
been successfully applied to analyze the evolution of earth-
quake series in the context of wastewater injection (Gupta
and Baker, 2015; Fiedler et al., 2018). These authors imple-
mented a Bayesian changepoint model to assess whether tem-
poral features of observed earthquakes between 1974 and 2014
(Gupta and Baker, 2015) or between 1980 and 2015 (Fiedler
et al., 2018) in Oklahoma support the hypothesis that a change
in seismicity rate matches wastewater injection timing.
Changepoint analysis (as other statistical tools) is not designed
to test for causality. The only way to address causality is
through a controlled experiment in which the observed
response to a single imposed change in conditions is

Figure 5. Yearly rate for seismicity, gas production, shallow, and deep injec-
tion volumes. (a) Normalized values for seismic energy rate and fluid
manipulations; (b) same as (a) for absolute values of injected volume and
seismicity rate. Peak values are 11 × 109 m3=yr for gas extraction, 9:1 ×
105 m3=yr and 3:5 × 105 m3=yr for shallow and deep injected volume,
respectively. Seismicity is forMw ≥ 2:5 event. The color version of this figure
is available only in the electronic edition.

TABLE 1
Fluid Manipulation Phases, 1955–2016, Lacq Field

Lacq Fluid Manipulations (1955–2016)

Fluid Manipulation Phase Extraction Operation (Depth, Type) Injection Operation (Depth, Type)

Phase I (1955–1974) 3–5 km, Gas reservoir 0.7 km, Wastewater
Phase II (1974–2006) 3–5 km, Gas reservoir 4.5 km, Wastewater
Phase III (2006–2012) 3–5 km, Gas reservoir 0.7 and 4.5 km, Wastewater
Phase IV (2013–2016) Negligible 4.5 km, Wastewater

1955 is the onset of the gas extraction.
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determined. Thus, for instance, from 1969 to 1973, variations
in seismicity had been produced by controlled variations in the
fluid pressure in Rangely, Colorado (Raleigh et al., 1976).
Changepoint analysis is an interesting tool to analyze earth-
quake time-series analysis, because component simplification
makes data more easily interpretable (Lykou et al., 2020). It is
under this aspect that we envisage the use of changepoint
analysis in this study.

A profusion of methods have been introduced to detect the
time points of possible existing changes in time series (see
Horvath and Rice, 2014). Some have been applied to earthquake
sequences (Pievatolo and Rotondi, 2000; Gupta and Baker, 2015;
Montoya-Noguera and Wang, 2017; Fiedler et al., 2018; Lykou
et al., 2020). For most of these authors, the approaches they use
require that the event occurrences follow a Poisson distribution.
Thus, the analyses carried out by Gupta and Baker (2015) and
Fiedler et al. (2018) on induced seismicity series are based on the
method of Raftery and Akman (1986), which is specifically
designed for Poisson series. Raftery and Akman (1986) assume
that a change model is better than the constant rate of occur-
rences in model (i.e., a breakpoint is detected) when the Bayes
factor falls below a given limit. The Bayes factor is the ratio of
the likelihood of the constant rate model (hypothesis H1) to the
changepoint one (hypothesis H2):

EQ-TARGET;temp:intralink-;df1;53;432B12 � pr�D ∣ H1� pr�D ∣ H2�−1; �1�

in which pr�DjHk� is the probability density of data D assumed
to have arisen under Hk. This density is an integral:

EQ-TARGET;temp:intralink-;df2;53;367pr�D ∣ Hk� �
Z

pr�D ∣ θk;Hk�π�θk ∣ Hk�dθk; �2�

in which θk is the parameter under Hk, π�θkjHk� is its prior
density, and pr�Djθk;Hk� is the likelihood function of θ. For
a narrow class of models (such as exponential distributions),
the exact (and then accurate) evaluation of integral (equation 2)
is possible. Both in Gupta and Baker (2015) and Fiedler et al.
(2018) studies, the assessment of equation (2) is tuned for a
Poisson distribution of earthquakes. Actually, the method of
Raftery and Akman (1986) assumes that the investigated series
can be generated by two independent Poisson processes with
each one a different rate value. This assumption, however, does
not hold for earthquakes where clustering of interevent times is
the rule (as suggested for instance by Omori’s law [Omori, 1895,
for a review De Arcangelis et al., 2016]). In this study, use of
resistant, robust, and nonparametric statistical techniques has
been applied successfully for the analysis of climate or seismo-
logical data (Lanzante, 1996; Lanzante et al., 2003; Amorese,
2007; Amorese et al., 2018). This approach, unlike Raftery and
Akman’s method, does not require the data to obey any Poisson
distribution. It follows the classic Wilcoxon–Mann–Whitney
(WMW) nonparametric test, also referred to as Wilcoxon rank

sum test (Wilcoxon, 1945) or the Mann–Whitney U test (Mann
and Whitney, 1947). Because this changepoint extraction tech-
nique uses rank sums, it is named as rank-summultiple change-
point method (RSMCPM; Amorese et al., 2018).

This iterative method, fully described in Amorese et al.
(2018), is designed to search for multiple changepoints in
an arbitrary time series. The RSMCPM has already proven that
it can successfully compete with Bayesian methods (Amorese
et al., 2018). The iterative process of the RSMCPM can be
described as follows: At each point i in the series of n points,
the sum of the ranks (SRi) from the beginning of the series to
that point is calculated. Because the sum of the ranks depends
on the number of points, SRi is adjusted. Then, an adjusted
value for the sum of the ranks, SAi, is as follows:

EQ-TARGET;temp:intralink-;df3;320;562SAi � j�2SRi� − i�n� 1�j: �3�

In the right side of equation (3), i�n� 1�, is connected with

EQ-TARGET;temp:intralink-;df4;320;497E�Wi� � i�n� 1�=2; �4�

which is the expected value of the rank sum for the i first
observed ranks out of a total of n points. The next step of
the procedure is to find the maximum of SAi to divide the
series into two segments. The point n1 being where the value
of SAi is maximum, the following variables are defined:

EQ-TARGET;temp:intralink-;df5;320;393W � SRn1; �5�

and

EQ-TARGET;temp:intralink-;df6;320;340n2 � n − n1: �6�

After this, the WMW test is used to decide whether or not
the null hypothesis (that there is no change in the sequence
at n1) is rejected in favor of the alternative hypothesis. The
chosen level of significance is 5% as the generally accepted
and expected alpha (type I error rate) value in most disciplines
for statistical tests. The RSMCPM is applied to a given series as
long as the statistical significance of each new changepoint is
less than the specified significance level. For each iteration, a
list of N changepoints is delivered that defined N � 1
segments. At each iteration, the series is adjusted by sub-
tracting the median of its segment from each point.

In addition, a signal-to-noise ratio (SNR), which quantifies
the magnitude of each discontinuity, is computed. For a given
changepoint, this ratio appraises the variability associated with
the shift in level between the adjacent segments relative to the
variability within each segment. For more detailed calculations
of this parameter, for the sake of brevity, we kindly refer read-
ers to the article by Amorese et al. (2018).
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The SNR can be used to discriminate between “weak”
changepoints and “important” ones: “important” changepoints
usually show SNR values of at least 0.05 or 0.1 (Lanzante,
1996). One must note that these SNRs differ from the ones
computed from powers of signal and noise. The definition
we used and applied is the one given by Lanzante (1996), in
which 0.05 or 0.1 values are definitively values for important
breakpoints.

The RSMCPM offers the advantage of being relevant with-
out concern for the shape (distribution) of the values in the
populations providing the samples. Actually, the underlying
assumption of the method is that the difference in the sums
of ranks (adjusted for the sample size) mirrors the difference
between statistical populations. Thus, the premise of homo-
geneity of variances (identically distributed data) is not required
in this application of the WMW statistics. We believe that this
approach is preferable, because it allows the analysis without the
data first being distorted by any declustering operation. To com-
plete the description of our calculations, let us add that, in this
study, we used series differencing (the subtraction of two
sequential values) to remove each series dependency on time
structures such as seasonality or trends. This way, the break-
point emergence is facilitated (e.g., Amorese et al., 2018).

The effectiveness of the method is illustrated in Figure A1
by its ability to produce results comparable to those of the
multiple changepoint Bayesian detection method used by
Fiedler et al. (2018) for the analysis of the Oklahoma induced
seismicity. Fiedler et al.’s findings highlighted two change-
points in the declustered Oklahoma catalog: the first one in
early 2009 and the second one in late 2013–early 2014.
Applied to the raw (nondeclustered) catalog, the RSMCPM
we use detects two discontinuities in 2008 and 2012, respec-
tively (Fig. A1). We also resolve (2012, 2014, and 2016)
changepoints in the injected volumes (Fig. A1).

RESULTS
The impact of wastewater disposals on Lacq seismicity through
0.7 km shallow (phases I and IV) and 4.8 km deep (phases I–
III) injections was considered to be negligible, relative to the
one of the gas extraction both from the involved volumes
and from the pressure change approaches (e.g., Rothé, 1977;
Grasso andWittlinger, 1990; Segall et al., 1994; Bardainne et al.,
2008).

The injection history we comprehensively report in this
study allows to back-analyze the possible impact of Lacq fluid
injections on seismicity in the context of the recent seismicity
related to wastewater disposals. At the time of the first felt an
earthquake on the Lacq field (Mw 3, 24 November 1969), the
injected volume in the shallow reef aquifer (through injection
in the oil reservoir), is of the order of 7:5 × 106 m3 (Fig. 6). This
value is in the same magnitude range as the injected volumes
reported to triggerMw 5 events in the central United States and
Canada (e.g., for a review van der Elst et al., 2013, 2016;

McGarr, 2014; Galis et al., 2017). This first local 1969 Mw 3
event occurred after 12 yr of shallow injection. It is also con-
temporary to the peak value of injected volume rate (Fig. 5).

Since 1976, the phases (II–IV) of wastewater injection con-
centrate below the gas reservoir except for a short-lived shallow
injection revival during 2007–2012, phase (III) (Figs. 2 and 5).
The shift from shallow to deep injection in 1976 precedes for a
few years: (1) the sharp increase of seismicity rate and energy
release for the Lacq seismicity (Fig. 5); (2) the onset of seismic-
ity below the gas reservoir (e.g., Guyoton et al., 1992;
Bardainne, 2005; Bardainne et al., 2008). The injection
phase (III) increases the injection rates for both shallow and
deep injection wells. It corresponds to a major increase in
seismic energy release (2008 Mw 3.0, 2013 Mw 3.2, 2016
Mw 3.9; Figs. 2 and 5).

The 2008, 2013, and 2016 occurrences of these Mw ≥ 3
events are concomitant with (1) a seismicity cluster a few
kilometers from the deep injection well (Fig. 4) and (2) the
resumption of shallow and deep injections during 2007–2012
phase (III). It points toward a cooperative effect of the
long-lasting stress buildup in response to the gas reservoir
depletion and the modification of the effective pressure due
to the wastewater injections to drive the triggering of these late
and relatively large earthquakes (e.g., Chang and Segall,
2016b).

The 2016 Mw 3.9 earthquake is contemporary to a
2:44 × 107 m3 of total injected volume (phases I–IV), including
0:85 × 107 m3 for deep injection solely (Fig. 6). It matches the
magnitude–volume pattern recently reviewed for seismicity
driven by wastewater injections (e.g., McGarr 2014; Buijze
et al., 2015; Dieterich et al., 2015).

To help identify interrelations between hydrocarbon recovery
operations and seismicity, we further use a changepoint method
(e.g., for Oklahoma case study, Gupta and Baker, 2015; Fiedler
et al., 2018). The RSMCPM we use (Amorese et al., 2018) does
not identify any changepoint on the oil–gas production and gas
depletion time series, for Lacq data. It supports relatively smooth
gas reservoir operations over time. Changepoints for the differ-
enced gas production are extracted in 1961, 1970, and 1977
(Table 1; Figs. 7 and 8). Using the Mw 2.5 as the completeness
threshold for seismicity catalog, 1977, 1988, and 1997 change-
points emerge (Fig. 7a). The 1977 seismicity changepoint
matches a main increase in seismicity rate (Figs. 2–5). This seis-
micity changepoint is within a few years from changepoints on
(1) the 1977 differenced gas production, (2) the 1974 deep injec-
tion volume (i.e., the onset of deep injection below the gas res-
ervoir), and (3) the 1976 shallow injection volume, that is, end of
injection phase (I) (Table 1; Figs. 7 and 8). These results suggest
the coupling between the increase of the gas production rate and
the shift from shallow to deep wastewater injection (change
from injection phase (I) to phase (II)), to control the significant
1977 change in seismicity rate we observe in the Lacq zone
(Figs. 2 and 5; Table 2).
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DISCUSSION
Control parameters for the Lacq seismicity history
Rothé (1977) states that the comprehensive understanding of the
Lacq seismicity is complex due to the double oil–gas extraction
and the injections operations. When more seismicity were
recorded over time, the oil field operations were rejected as driver
of the seismicity because (1) the observed seismicity spans over a
much larger area than the 6:8 km2 of the oil reservoir, but over-
laps with the 80 km2 of gas field area; (2) most of the earth-
quakes occurred below the low-permeability marls that cap the
gas reservoir and thus could not be connected to the shallow oil
field and aquifer (Grasso andWittlinger, 1990; Segall et al., 1994;

Bardainne et al., 2008). The only
perturbation of the stress or
strain fields that has the same
spatial and temporal scale as
the seismicity is the 30–60 MPa
drop in gas pressure due to of
gas production (Grasso and
Wittlinger, 1990; Segall
et al., 1994).

Previous studies point on
that 80% of the seismicity in the
1975–1996 period is located in
the area where the Coulomb
stress changes, as estimated
from a reservoir depletion
model, are positive (e.g., Segall
et al., 1994). This volume is still
the one that bounds the 1969–
2016 Lacq seismicity (Fig. 2),
that is, within 1Lr distance to
the reservoir center. The poroe-
lastic model we refer to is a
mean field model that reprodu-
ces the global deformation pat-
tern within a homogeneous
elastic medium. It macroscopi-
cally fits the reported few centi-
meters subsidence (Segall et al.,
1994), this latter being roughly
proportional to the gas pressure
drop (Grasso, 1992; Segall et al.,
1994). On average, the stress-
change model by Segall et al.
(1994) can be used as a proxy
for the in situ stress change
induced by the reservoir
depletion. At a smaller scale, the
Lacq field deformation is known
(1) to be localized on disconti-
nuities (e.g., Maury et al.,
1992; Odonne et al., 1999);

(2) to correspond to both seismic and aseismic slip (e.g., on
Lacq case study, the seismicity remains a few 1% of the observed
surface displacement; Grasso and Feignier, 1990; Grasso, 1992).

In Lacq field, as in several gas fields worldwide (Grasso,
1992; Grasso and Sornette, 1998; NRC, 2013), the estimated
maximum effective stress change that triggers the seismicity
is of the order of 0.1 MPa. Specifically, the onset of the first
local Mw 3, 1969, in Lacq area coincides with (1) a 30 MPa gas
reservoir depletion, that is, a 50% reservoir pressure drop and
(2) the 3:5 MPa=yr peak value of the depletion rate (Fig. 2). For
the Lacq gas reservoir, these values correspond to stress
changes (as estimated through poroelastic model) in the

Figure 6. The maximum observed magnitude and the injected volume pairs on of 50 case studies, worldwide. Red
line is the regression line through the wastewater injection–earthquake pairs using data from McGarr (2014) and
Buijze et al. (2015). Blue line is the regression line through the hydrofrack–earthquake pairs using data from
Atkinson et al. (2016) and Maxwell (2013). The transparency plot around each regression line shows the 90%
prediction band. Dotted and black circles are the Lacq volume–magnitude pairs as 1969 Mw 3.0 first felt
earthquake and the maximum observed magnitudes 2016Mw 3.9, respectively. Injected volume values we used are
7:5 × 106 m3 for the total injected volume at the time of the 1969 event (all injections are shallow injections) and
0:85 × 107 m3 for the total of deep injected volume at the time of the 2016 deep event. The Lacq 2016
magnitude–volume pair is accepted to fit the worldwide pattern for wastewater injection seismicity at a 90%
confidence level. The color version of this figure is available only in the electronic edition.
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seismic zone outside the reser-
voir rocks of the orders of
0.06 MPa and 0:01 MPa=yr,
respectively (e.g., Segall, 1989;
Grasso, 1992; Segall et al.,
1994). These values are in the
same order of magnitude as
the estimated coseismic stress
changes that are admitted to
trigger aftershock sequences
(e.g., King et al., 1994; Segall
et al., 1994; Harris, 1998).
The role of the rate of pressure
variation (and production rate)
to control the earthquake trig-
gering is reported for other
types of anthropogenic seis-
micity (e.g., for reservoir trig-
gered seismicity, Simpson
et al., 2018).

Contemporary to the poroe-
lastic loading that is driven by
the gas reservoir depletion, the
onset of Mw 3 events matches
the climax value of the injected
volume rate for wastewater in
the shallow aquifer (Figs. 5–9).
These shallow injections
increase the oil reservoir pres-
sure by 0.6 MPa (Fig. 2). It is
the same magnitude order as
the effective 0.1 MPa poroelastic
stressing outside the gas reser-
voir levels (Segall et al., 1994).
The shallow oil reservoir is
known to connect to a vast
water-saturated reef that tops
the deep gas reservoir (Grasso
and Feignier, 1990; Grasso
and Wittlinger, 1990; Maury
et al., 1992). This connection
suggests the wastewater injec-
tion to spread out within the
rock matrices in between the
0.7 km depth of the oil reservoir
and the 3.2 km roof of the gas
reservoir (Fig. 4). This depth
range is comparable to the
depths where most seismicity
was located during phase (I)
of wastewater injection (e.g.,
Grasso and Wittlinger, 1990;
Guyoton et al., 1992).

Figure 7. Pattern recognition for changepoints in fluid manipulations and seismicity yearly time series. (a) Seismicity
rate; (b) shallow injection rate; (c) deep injection rate; (d) differenced gas production; and (e) synthesis of
changepoint detection on seismic data as plotted on rough gas production and gas reservoir pressure drop. Vertical
(red) lines are seismicity changepoints from (a); the (red) dotted line is the Lacq seismicity onset as defined by the
first 1969 Mw 3. For (a–d), each insert reports the changepoint time, the signal-to-noise ratio (SNR), and the
corresponding p-value for confidence level (p-value for the Wilcoxon–Mann–Whitney test, e.g., Amorese et al.,
2018). The color version of this figure is available only in the electronic edition.
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Our analysis supports that three processes cumulate as trigger
mechanisms for the LacqMw 3 seismicity onset. The 1955–1969
gas reservoir depletion builds stresses in the rock matrices above
and below the gas reservoir. This phase appears as a nonbrittle
(aseismic) deformation, that is, no Mw 2.5–3 earthquake
recorded for shear stress increase of the order of 0.1 MPa.
This gas reservoir depletion effect is re-enforced, above the
gas reservoir, by phase (I) of wastewater injections in the shallow
oil field (and the connected aquifer). The injection induces a
0.6 MPa increase of effective pore (Fig. 3). The peak values
for both the depletion rate of the gas reservoir and the injection
rate merge during the 1968–1969 period (Figs. 2 and 5). Thus,
the interrelation between injection and extraction is the most
probable cause of the Lacq seismicity onset. The cumulative val-
ues for depletion and injection stress changes act as “static” trig-
ger thresholds (e.g., Dieterich et al., 2015; Chang and Segall,
2016b), with a second-order trigger as the loading rate peak
values through injection and depletion rate, respectively.

The same mechanisms hold to understand the 1977 increase
in seismicity rate. As detected by a changepoint method, the
shift from the shallow phase (I) to deep phase (II) injections
and the peak value for gas production are all within 1–2 yr
before the 1977 seismicity increase (Table 2; Figs. 5, 7, and 8).

As a final note, interactions
between tectonics and
anthropogenic seismicity may
add complexity to the under-
standing of Lacq seismic swarm.
The top largest Mw 5.2, 5.0
Pyrenean earthquakes (1967
and 1980; Fig. 1b) lead by 2
yr (1) the 1969 onset of Mw 3
and felt seismicity on Lacq field,
and (2) the 1982 onset of deep
seismicity below the gas reser-
voir. Grasso et al. (1992) sug-
gested the observed time delay
to be consistent with a viscoelas-
tic model in which salt rock acts
as a viscoelastic channel below
an elastic bed (the regionally salt
rock level being known as a
“decollement” zone at the base-
ment interface).

The late and largest 2016
Mw 3.9 Lacq event:
Implication for Mmax?
There is a growing realization
that the principal seismic haz-
ard from earthquakes related
to fluid manipulations comes
from those associated with dis-

posal of wastewater into deep strata or basement formations
(NRC, 2013; Rubinstein and Mahani, 2015; Eaton and
Igonin, 2018). During injection phases (III and IV), recurrent
detections of seismicity from the operator seismic network
point on most of the Lacq seismicity clusters in a 2 km zone
in the southeast part of the Lacq field, in the immediate prox-
imity of the deep injection well (Fig. 4b). The earthquake
sequence (2008 Mw 3.0, 2013 Mw 3.2, and 2016 Mw 3.9) is
within a few years from the 2007–2012 injection, phase (III)
in which simultaneous increases of deep and shallow injection
volumes are reported (Fig. 5). We also point on the immediate
proximity of the largest (2016Mw 3.9) event of the sequence to
the deep injection well (Fig. 4).

Long-term and high-volume injection in deep wells clearly
carries risk (e.g., Frohlich, 2012; Muntendam-Bos et al., 2015;
Rubinstein and Mahani, 2015; Langenbruch et al., 2020).
When most wastewater injection wells remain apparently
aseismic worldwide (NRC, 2013), such a risk is magnified
in the Lacq field context in which the gas reservoir depletion
succeed to move the rockmass around the reservoir toward
critical thresholds for failure (Segall et al., 1994; Grasso and
Sornette, 1998). The cumulative effects of fluid extraction
and injection apply to understand the late occurrence of the

Figure 8. Time series for seismicity and fluid manipulations. (a) Cumulative Mw 2.5 seismicity, seismic energy, gas
production, and wastewater injection, reservoir pressures for Lacq fields. Cumulative values are 254:25 × 109 m3

for gas production, 244 × 105 m3 for injected wastewater, 64.5 MPa for gas reservoir pressure drop, and 1 MPa
for oil reservoir pressure increase. (b) Differentiated time series for yearly rates of fluid manipulations and seismicity:
shallow and deep wastewater injections, oil and gas pressure, and seismic energy and event count (Mc � 2:5).
Solid orange vertical lines are the seismicity changepoints as reported in Figure 7a. The dashed orange vertical line
marks the 1969 onset of the Lacq swarm. The color version of this figure is available only in the electronic edition.

(Continued)
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Mw 3.9 event after the gas depletion stops (e.g., Chang and
Segall, 2016b). Following the drastic reduction in gas produc-
tion since 2013, larger events occurring post shut-in are thus
not unexpected (e.g., Segall and Lu, 2015).

About 50 yr of gas reservoir depletion slowly increases the
stresses above and below the reservoir, the same way the slow
plates tectonic drives the natural seismicity. The Lacq anticline
structure is now, on average, closer to instability than before
the production started (e.g., Grasso and Sornette, 1998; Chang
and Segall, 2016b).

To calibrate the possible impact of Lacq injection process on
seismicity, we quantify that the injected volume and the
recorded largest magnitude for Lacq field is in the same range
(90% confidence level) than volume–magnitude pairs that are
reported worldwide in a wide variety of tectonic settings (e.g.,
McGarr, 2014; Galis et al., 2017). All these observations
prompt to a re-evaluation of the local seismic hazard.

A second line of evidence
that points toward a re-evalu-
ation of the local seismic hazard
emerges from the change in
FMD for Lacq seismicity
(Fig. 3). We observe that the
break-in slope above Mw 3
events for the FMD of Lacq seis-
micity in the 1Lr distance range
(valid up to 1996; Volant and
Grasso, 1994; Lahaie and
Grasso, 1999) vanished on
1997–2016. This change of the
FMD on is also evidenced by
a decrease of b-value over time
(Fig. 3). The reliable interpreta-
tion of Figure 3b for the 1969–
1996 time period is delicate,
because of the small number
of points of the FMD that
makes the b-value result unsta-
ble. There is, nevertheless, a
noticeable difference with the
b-value obtained for the 1997–
2016 time period, relatively to
1969–1996 (Fig. 3c). We
observed that the two patterns
only exist when using the local
seismicity within the 1Lr box,
not 10Lr box size (Figs. 1 and 3).

These statistical seismology
patterns are contemporary to
the deepening of seismicity. The
depth of the recent significant
shocks matches the basement
rock matrices and faults (Fig. 4).

During 2007–2012, injection phase (III), 70% of the seismicity is
in between 3 and 5 km depth, the largest (Mw 3) event on this
period occurring at 7 km depth (CLSIC4000, 2013, see Data and
Resources). Since 2013, phase (IV) most earthquakes cluster all
around the deep injection well, 75% of the 2013–2016 events
being at depth larger than 4 km (Fig. 4). Our analysis suggests
that the depth of the Lacq triggered earthquakes increased with
time to possibly reach the basement fault (Fig. 4). The three top
largest events, 2008, 2013, and 2016 asMw 3, 3.2, and 3.9 have 7,
4.3, and 5.2 km depths, respectively. We surmise the activations
of basement fault slips, below the gas reservoir, are possibly
triggered by the coupled effect of poroelastic loading due to gas
reservoir depletion and effective stress decrease driven by waste-
water disposal (e.g., NRC, 2013; Dieterich et al., 2015;
Mutendam-Bos et al., 2015; Chang and Segall, 2016a; Maurer
and Segall, 2018). This article’s key target and result acknowledge
the possible role of injection on seismicity. It is of key importance

Figure 8. Continued
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because the earthquakes related to wastewater disposal are
reported to overpass the one related to pure extraction (e.g.,
Suckale, 2009; NRC, 2013; McGarr, 2014; Foulger et al., 2018).
From hazard assessment, this implies the possible earthquake on
the Lacq area to be larger than the one expected from gas
depletion processes solely. A larger and possibly shallowest
earthquake relative to the tectonic earthquakes may induce local
groundmotion in the Lacq area that are not included when using
tectonic earthquake rule (e.g., higher frequencies content in the

near field evidenced by Fourmaintraux et al., 1997; Klose, 2010;
Bommer et al., 2016; Crowley et al., 2019). Next step studies need
to improve the knowledge of the geological structure in the
neighborhood of the injection wells, with a detailed knowledge
of injection operations (e.g., Buttinelli et al., 2016; Vadacca
et al., 2021).

Conceptual model for Lacq seismic deformation
Following Volant et al. (1992), we tentatively map the seismic-
ity and deformation patterns we record on the Lacq field on a
stress–strain path diagram that is used at the laboratory scale to
characterize rock rheology (Fig. 9). As a first-order macro-
scopic diagram, the strain values for the Lacq anticline are
directly estimated from the subsidence values as normalized
by the reservoir depth (Segall, 1989; Grasso, 1992; Maury et al.,
1992; Segall et al., 1994). Surface subsidence is used as proxy
for strain as subsidence over reservoir depth. Gas pressure drop
works for stress outside the reservoir rocks as predicted by
poroelasticity, Δσ � α ΔP� � (e.g., Segall, 1989); α is a function
of reservoir rock properties of the order of 3 × 10−2 for Lacq gas
field (e.g., Grasso, 1992; Grasso and Sornette, 1998). The cor-
responding stress changes are controlled by the pore-pressure
drop within the reservoir rock that transfers poroelastic shear
stresses outside the reservoir rocks (Segall et al., 1994) and by
the pore-pressure increase due to wastewater disposal. Both
fluid perturbations correspond to effective stress changes out-
side the gas reservoir rocks that are of the same few 0.1 MPa
magnitude order. In Figure 9, the first-order proportionality
between the gas pressure drop and strain supports the poroe-
lastic stress transfers that reproduce the gross deformation of
the area (Segall et al., 1994). On the 1976–1986 period,

Figure 9. Conceptual stress–strain diagram for brittle and total deformation
on the Lacq gas field. Step (gray) curve is the cumulative number of
earthquakes. Diagonal (blue) line is the gas pressure drop as a function of
surface subsidence on Lacq field, as normalized to convert to strain and
stress outside the reservoir rocks (see Conceptual Model for Lacq Seismic
Deformation section for details). Diamond denotes the 2016 seismicity level.
The color version of this figure is available only in the electronic edition.

TABLE 2
Changepoint Detection for Seismicity and Fluid Manipulation History

Timing for Changepoint Analysis (RSMCPM)

Seismicity
(Observation) Seismicity

Gas Production
(Differenced)

Injection
(Shallow)

Injection
(Deep) Injection Phase

1961− Shallow injection, 1955–1974 (phase I)
1969 Mw 3 (onset) 1970− Shallow injection, 1955–1974 (phase I)
1977+ 1977+ 1977− 1976− 1974+ Shallow injection, 1955–1974 (phase I)

Deep injection, 1974–2006 (phase II)
Deep injection, 1974–2006 (phase II)

1987− Deep injection, 1974–2006 (phase II)
1988+ Deep injection, 1974–2006 (phase II)

1997− 1996− Deep injection, 1974–2006 (phase II)
2001+ Deep injection, 1974–2006 (phase II)

2006+ Deep + shallow injection 2006–2012 (phase III)
2011− Deep + shallow injection 2006–2012 (phase III)

2013 Mw 3.2 Deep injection, 2013–2016 (phase IV)
2016Mw 3.9 (largest) Deep injection, 2013–2016 (phase IV)

Plus and minus items are changepoints that correspond to increase or decrease in time series, respectively. The latest changepoints we detect on fluid manipulation series are
2001, 2006, and 2011 that all point toward changes on deep and shallow injected volumes, respectively (Figs. 7 and 8). These changepoints are not resolved on seismicity series.
RSMCPM, rank-sum multiple change-point method.
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Grasso and Feignier (1990) estimated the brittle seismic defor-
mation to account for only a few percent of the global sub-
sidence. The Mw 3.9 occurrence in 2016 does not change
this ratio. Since 1969, the second-order deviation from the
global elastic response may be tracked (Fig. 9). Such a depar-
ture from elasticity matches the onset of the Lacq seismic
sequence. It corresponds to the onset of the brittle damage
within a global elastic response (e.g., Grasso and Feignier,
1990; Grasso, 1992; Volant et al., 1992). These patterns are
similar to the ones observed from lab scale acoustic emission
(AE) during compression tests on rock samples (e.g., for Lacq
deep rock samples; Fabre et al., 1991). At the lab scale, such an
increase in AE counts maps the divergence of brittle failure rate
before macroscopic failure (e.g., Scholtz, 1990; Amitrano and
Helmstetter, 2006; Davidsen et al., 2007). These paths toward
failure are further enhanced when the coupling between poroe-
lastic stress and fluid pressure increase exists (e.g., Amitrano
and Girard, 2016; Chang and Segall, 2016a). On such a basis,
there is evidence for the Lacq seismicity to be neither determin-
istically predictable in duration nor in size for the Mmax value,
that is, the maximum expected magnitude for macrofailure.
For now, we failed to identify relationships that would help
anticipate the seismicity rate or the seismic energy release over
time as a function of the local fluid manipulations, including
the future development of this seismic swarm over space
(Fig. 8). There is no French seismic regulation for oil and
gas operations, except the use of a seismic network to monitor
the earthquake activity. No traffic-light system either for the
earthquake rate or for the magnitude is used. For Lacq case,
the possible largest earthquake when related to waste disposal
is larger than the one related to pure extraction operation (e.g.,
NRC, 2013; Foulger et al., 2018). It implies that the possible
largest earthquake on the Lacq area to overpass an Mw 4.5–
5 event as previously expected from pure gas depletion hazard
(e.g., Grasso, 1992; Fourmaintraux et al., 1997).

Possible lessons for fluid-triggered seismic swarms
One important output of the analysis of the Lacq seismic
swarm as a function of the fluid manipulations is its unex-
pected duration. When the sequence started in 1969, 15 yr of
gas reservoir depletion and shallow wastewater injection had
built up stresses that allow a long-lasting cascading process.
These stresses build on through a slow anthropogenic loading
rate. We estimate the stress rate of the order of 0:01 MPa=yr, as
deduced from the peak value of the poroelastic stressing rate in
1969 (Fig. 2). An estimate for the strain rate derives from the
few mm/yr value of the subsidence rate (e.g., Grasso and
Feignier, 1990; Segall et al., 1994). This slow loading relatively
to earthquake slip velocity favors the seismicity to self-organize
as slip instabilities (Grasso and Sornette, 1998; Vespignani and
Zapperi, 1998). Even when such a critical state, in term of
phase transition, is reached, the stressed volume around the
Lacq reservoirs remain insensitive to dynamic triggering by

a nearby Mw 5 earthquake (Fig. A2). The forecast of the
Lacq swarm duration and how it depends on changes in fluid
manipulations remain an open challenge. It questions the
long-term pattern of seismicity around other depleted gas res-
ervoirs (e.g., Groningen case study; Vlek, 2018). Even when we
observe a short-term correlation of seismicity rate with gas
production rate (e.g., for Lacq field, Lahaie and Grasso,
1999; Groningen field, Bourne and Oates, 2017; Bourne et al.,
2018; Vlek, 2018), our study points on the large uncertainties
that rely on the occurrence and size of the maximum expected
event magnitude (Fig. 8). Furthermore, here we evidence that
the fluid injection cannot be rejected as a control parameter of
the Lacq seismicity pattern. This result supports to not use the
Lacq seismic swarm as a benchmark case for a pure depletion-
induced seismicity.

Alternatively, the seismicity patterns we observe during the
controlled fluid history around Lacq fields may help under-
stand tectonic earthquake swarms in nonvolcanic context
(e.g., Vidale and Shearer, 2006; Fischer et al., 2014; De
Barros et al., 2019). We learn from Lacq case study that leak
off from overpressured lenses (as an analog, the Lacq gas res-
ervoir onset of production) and fluid transfer can trigger seis-
micity with a decennial time lag (onset of Lacq seismicity 15 yr
after production started). Multiple interactions between reser-
voir pressure changes and fluid flows (Fig. 8) possibly explain
the complex pattern of either tectonic or anthropogenic seis-
mic swarm, far beyond a simplistic hydraulic diffusion pattern
(e.g., Vidale and Shearer, 2006; Fischer et al., 2014; Schoenball
and Ellsworth, 2017; Goebel and Brodsky, 2018; De Barros
et al., 2019). Similar to the aftershock zone size, our study sup-
ports that most of the triggered earthquakes remain in the
near-field distance of the fluid reservoir. It may be used to size
up the tectonic reservoir equivalent that drives seismic swarms
in nonvolcano context worldwide.

CONCLUSION
In the 1969–2016 period, the Lacq seismicity has developed as
a long-lasting seismic swarm. Revisiting the seismicity patterns
and the fluid manipulations on Lacq site, we use seismicity rate
and seismic energy forMw > 2:5 events. We propose that three
processes may combine to trigger the Lacq seismicity onset.
First, the 1955–1969 gas reservoir depletion builds stress in
the rockmass above and below the gas reservoir. This phase
appears as a nonbrittle (aseismic) deformation, that is, no
Mw > 2:5 earthquake recorded. In the same period, the stress
change induced by the gas reservoir depletion is reinforced,
above the gas reservoir, by 1955–1974 phase (I) injections
in the shallow oil field. The 1969 onset of seismicity coincides
with peak values of stress rate changes, as estimated by both the
depletion rate of the gas reservoir and the shallow wastewater
injection rate. The shift from shallow to deep injection in 1975
precedes by 2 yr the sharp increase in Lacq seismicity, these
latter being also deeper than in the previous period. The
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interrelation between injection and extraction is the most
probable cause of the Lacq seismicity onset and sustained
activity. The same cumulative effects of fluid extraction and
injection apply to trigger the late occurrence of the (2016
Mw 3.9) largest (up to 2020) Lacq event. This earthquake
occurred 5 yr after the largest injected volume rate on the past
30 yr. Our study points to the large uncertainties that rely on
the occurrence and size of the maximum expected magnitude
on the Lacq field. Primarily, our study points toward the
underestimation of the possible impact of injection on the
Lacq seismicity. In the context of reported magnitude–volume
pairs for wastewater-induced seismicity, the amount of injected
volumes on the Lacq site may substantiate triggering distances
to the reservoir and maximum expected magnitude (Mmax) to
be larger than the ones estimated from the history of gas res-
ervoir depletion solely.

Because of the possible role of injection on the current seis-
micity, we suggest that further studies need to improve the
knowledge of the geological structure in the neighborhood
of the injection wells, with a detailed knowledge of injection
operations in parallel with warning system criterion to
calibrate the occurrence of large events.

DATA AND RESOURCES
All the fluid manipulation data we report and the seismicity catalogs we
used are open access data at Induced Seismicicity - European Plate
Observing System (IS-EPOS) (2018), from Implementation Phase -
European Plate Observing System (IP-EPOS) Platform as https://tcs
.ah-epos.eu/#episode:LGF. Data should be cited as IS EPOS (2018),
Episode: LACQ GAS FIELD, available at https://tcs.ah-epos.eu/
#episode:LGF (last accessed December 2019). Report on local seismicity
is available at CLSIC4000, 2013, Comité local du suivi des injections
Cretacé 4000, rapport quinquenal, 2007-2012, Octobre 2013, 241
pp., available at https://www.pyrenees-atlantiques.gouv.fr/content/
download/32173/207549/file/Rapport_quinquennal2007-2012.pdf (last
accessed September 2020). Data from local “industrial” network, 2013–
2016 are available at CLSIC4000, 2019, Comité local du suivi des injec-
tions Cretacé 4000, rapport quinquenal, 2013-2018, Mai 2019, 51 pp.,
available at http://www.pyrenees-atlantiques.gouv.fr/content/download
/32169/207505/file/Rapport%20quinquennal%20C4000%202013-2018
%20v%20finale.pdf (last accessed September 2020). The rank-sum
multiple change-point method (RSMCPM) algorithm and software
for changepoint detection are fully available in the ACA R package
(ACA: Abrupt Change-Point or Aberration Detection in Point
Series), R package version 1.1, available at https://CRAN.R-project
.org/package=ACA (last accessed September 2020).
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APPENDIX
Figure A1 is the changepoints we identify when testing our
method on the same seismicity data (Oklahoma, 1980–
2018), as Fiedler et al. (2018).

Figure A2 is a map view for aftershock pattern of regional
Mw 5 earthquake. It allows comparison between Figures A2
and 3 to highlight triggering similarity.

Figure A1. Pattern recognition for changepoint in fluid manipulations and
seismicity yearly time series, Oklahoma. (a) Yearly seismicity rate for Mw >
3 event; (b) yearly injection rate ×109 m3. For (a,b), each panel reports the
changepoint time, the signal-to-noise ratio (SNR), and the corresponding p-
value for confidence level (p-value for the Wilcoxon–Mann–Whitney test,
e.g., Amorese et al., 2018). The color version of this figure is available only
in the electronic edition.
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Figure A2. Lacq reservoir seismicity response to exogenous mainshock (Mw 5
regional tectonic seismicity). Stars are Mw 5.2 and 5.0 earthquakes that
occurred in 1967 and 1980, respectively. Squares and circles are Mw 2.5
aftershocks within 60 days from the mainshock for 1967 and 1980 events,
respectively. Crosses are Mw 2.5 events within 60 days before the main-
shock for 1967 and 1980 events, respectively. Note that there is no
triggering within the Lacq area after the two Mw 5 Pyrenean earthquakes.
Light gray squares and circles are earthquakes within 3L distance from each
mainshock. Lacq reservoir contour line is gray (red). Boxes around Mw 5
mainshocks are 1L and 3L distances from mainshock using M � f�L� (Wells
and Coppersmith, 1994). The color version of this figure is available only in
the electronic edition.
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