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Long lasting seismic swarm and pore pressure decrease
(conventional gas productioihiacq SW France (1962016)
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Long lasting seismic swarm and pore pressure decrease
(conventional gas productiomiacq SW France (1962016)

Data base :
- completeness, robustness over time and space
- null hypothesis to compare with

Observation :
- production, pore pressure change
- Induced seismicity= f(Nbs, Magnitude, time, space)
E- Regional Tectonic seismicity : endo- exo- genous
interactions

Mean field analysis:
- <average> patterns
- susceptibility to forcing (field operation and earthquake)

- seismicity onset
- seismicity history
- seismicity size

Possible Models and open queFons :

f(oil-gas field operation) ?

ToTAL i EC-EPOS (2015-2019)-IP EP S
COMMITTED TO BETTER ENERGY %trol WP14 Anthropogenic seismicity :




Seismicity Data: completeness and robustness over time

Lacq and Pyrenee seismicity
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Seismicity Data: normalizetistances

M=5,1980 (Magnitudial length)
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Pressure rate

Yearly numbers of seismicity(M>2.5)
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Yearly pressure rate MPa
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Pressure rate
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Threshold response to stressing rate:
max stress rate e onset of seismicity ?

Seismicity rates and stressing rate :
(DN, Dp) / Dt(1985-1995) > (DN, Dp) / Dt(2000-2010)

Peak value Dp/Dt 3.5 Mpalyrs

Y (D $Dt),., 0.01 Mpalyrs (due to poro-

elastic stress tranfer)

(Segall, 1989, Grasso, 1992, Segall et al 1994)

Dp/ Dt(1985-1995) | Dpl Dt(2000-2010) =5

<DN> 19851905/ <DN> (3000.2010) = 2




Observationpore pressure drop, productioseismicity

Cum.Numbers .. - «=> seismicity rates = f( stressing rate)

Cum.Production

Cum.Pressure _ dN/dt = f([p/Dt)

seismic energy = f(?) |
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Observationpore pressure dro@eismicity

Threshold response tporo-elastic stressing rate:

(Dplyr9).x € onsetof seismicity
Seismicity e non-deterministiccascadingystem?

Impossible to understand/predid¥l,, . ~f(time) ?

Poro-elastic model
-succeed to prediatgslocation i.ethe volume
where stress change® s~ 0.1MP3g)

- failed to control timesize patterns (M(t) and
Mmax?

Yearly cumulative energy 1L(M>2.2)

930
Time(years)

Yearly pressure change Mpa

Samecontextastectonicearthquake

we know thedrivingforce (platetectonia) X Thiust (o, verticel, s Na'E)

But we fail to predicttime size location oéarthquakes 5; .
B
E "
Lacq Poro-elasticity model E "
(Segall, Grasso, Mossop 1994) Db g s, “I
Y 90% of triggered seismicity within volum2 §)

Y Area,., = control parameter for location similarly tol
mainshock aftershock triggering
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Complexnterrelationships:
production, pressure drop, injected volumeéA,.,

o

o

Yearly cumulative energy 1L(M>2.2)
Yearly pressure change Mpa

o

o0 o
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Injection was neglected/rejected a
major driving theLacgseismicity on
the basis of too small pressure an
volume changes and lack of

comprehensive injection history.

(e.g., Grasso and/ittlinger BBSA90, Maury et aEG1992Segall
et al. 1994 | ahaieand Grasso 199%ardainneet al. 2008)
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Complexnterrelationships:
production, pressure drop, injected volume / seismicity

Wastewater disposal history.
Shallowinjection

Pressure in the oil reservoir at Lacq
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Complexnterrelationships:
production, pressure drop, injected volume / seismicity

LACQ sup: huile| - i

Wastewater disposal history. S
deepinjection
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Complexnterrelationships:
production, pressure drop, injected volume / seismicity

Wastewater disposal history.
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Complexnterrelationships:

production, pressure drop, injected volume / seismicity
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Trigger mechanics (conceptual)

—©— Pressure drop

= = = Elastic model
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a) 1969: first earthquake as signaturg
of departure from elastic response
= Onset of (seismic) brittle damage
- 1967 injection peak value

- 19609: reservoir
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-1969 —peak value ofP/[x
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b) 1975: onset of deep waste water
injection, and change in depletion rate
=>seismcityrate change
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Tectonicsand Anthropogenicseismic instabilitiesM
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Tectonic earthquake framework |
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cumulative distribution
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INDUCED SEISMICITY

Injection Extraction Loading

§

= / Alteration of pore

pressure, chemical or Alteration of regional
thermal properties subsurface stresses

schatzalpl7 Anthropogenic earthquake framework




Production, pressure drop, injected volumeéw__.

Lacq Seismicity(16km) and exploitation

= Seismicity

e Production volume
Pressure drop

w— |njected volume
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M

M5* : Asderivedfrom injectedvolume
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Time

= Lacq Seismicity(15km) and exploitation 0 Scientific
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M, ox distribution from conventional cifjas extraction (world wide pictuye

M.« frequency distribution
This is not a @R distribution

. Mmax slope (Mmaxon different site)
04

_' G-R distribution:

G-R slope ! :
P all earthquakes on given are
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Oil-gas extraction ' Mo distribution:
1957-2011,N=33 samplingM,,., on different site

(e.qg. record distribution,
Anderson et al. 2004, Krug 2007

Magnitude

Y (Power law) distribution of M.,
- Possible time independent M., size prediction (before production starts)
- which control parameters for such a distribution (work in progress)




M, distribution and geeresource production types

Normalized frequency distributions Impacted Area (D S)

for reservoir: 100 km?

Impacted Area (D s)
for mining (and injection)
< 0.01-0.001 km? + fluid diffusion

Area ¢ controls M, ratherthanD s value
(smilarly to tectonic earthquake)

water height (hm)

and Mz2.5 RIS

Grasso a
JGR99




Long lasting seismic swarm and pore pressure decrease
(conventional gas productiohiacq SW France (1962016)

UNIVERSITE
' Grenoble

( 2

24 Alpes

Production start : 1959

INDUCED SEISMICITY

Injection Extraction Loading

Seismicity Onset : 1969
peak value of (- [p/[2) extraction
peak value of (+ [p/[) injection

Production rate - depletion rate - seismicity : 1990-2010
N(t) decreases as production-pressure decreases
(-DpID) € <ON/D>

Eqgs location: predicted by poro-elastic D s

M 2013-2016 M4, M4 é&drived)nj ect i @n

max-*

Aftershocks at the reservoir scale only:
L eser = Ly 1-€. reservoir depletion as a slow MS)
Induced Rate / Tectonic rate => classification for IS

- M, distribution bounded by perturbated volume size)

Data available on

ToTAL - EC-EPOS (2015-2019)-P EP S
coﬁmn TO BETTER ENERGY %étrol WP14 Anthropogenic seismicity
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L exploitation du gaz de Lacq provoquerait des min
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Les etranges tremblements

de terre des Landes

Plus de 800 secousses, certaimmgiz_thortante& ont ébranlé la région depuis 20 ans,
Une enquéte, restée secréte depuis 1982 met en cause Iexploitation du gisement de gaz.

Le 24 novembre 1969, une
premidre secousse Sismique
ébranle Ja région de Lacq (Py
rénées-Allantiques), Magni-
tude enlre 3 ¢ 4 sur {'échelle
de Richter {1). Un an passe
avant un second séisme, Cefle
lois-c1, magnitude 4.2, Puls les
5RCOUSSES BIsmIques se mulli-
plient. une en 1971, une la
veille du jour de lan 1972
nguidlude au ministere de 'ln-
dusiirie  1a petite ville de Lacg
dod sa nolordté au gar du
mime nom. explofé par 1a
sompagnie Elb-Aquitaine, pas
ik emblements de terre. On

rasienne. Cette faille est une
des plus actives de France,
quand en 1967 un petit village
proche de Lacq @ tremblé, on a
complé un mort, une quinzaing
de blessés, el soixante-deux

des al § on!

4

m«iﬁm 1980, le ministere
ge l'industrie el Elf-Aquitaine
onl appris que ces lremble-
menls de terre élaient « arlifi-
ciels », c'esl-a-dire en relation
directe avec I'exploitation du

L4
ressenti la secousse

Mals sl & la surface un
remblemenl de lerre crée du
désordre, Ie travall des failles
répond en profondeur & des
lois géophysiques précises
Or, en ce qui concerne Lacq,
les géophysiciens sont d'abord
restés perplexes, rien n'expli-
quail gue la ville soil ainsl

TP

] 1, el qu'a I'époque per-
sonne ne pouvail prévolr I'évo-
lution du probléme, aucune In-
lormalion publique n'a lllfré
pour autant. Aujourd‘hul en-
core, la direction générale
d'Ell-Aquitaine ne désavoue
pas |'élude, mais « ne souhaite
pas s'exprimer publiquement
sur lo sufel ».

Les phénomeénes de trams

'Onﬁfoz

')!’:a
iolation
nruq,u

on . YR TR R
ing carthquakes and liability deal almost exclusively with two
s whether the damage resulted from faulty construction or
r the damage was covered by insurance. The parties do not
on the “cause” of the earthquake.
here are a few reported federal cases that mention the possibili-
rihquakes being caused by reservoirs, waste injection wells or
jons. In these cases the courts were reviewing nuclear power
plant licensing procedures and the adequacy of environmental impact
watements for dams and nuclear weapons tests. The Oklahoma
fupreme Court also once reviewed the permit for a ul'l water
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M, distribution and geeresource production type

M. frequency distributions

Log(Cumulative number)

Oil-gas extraction
1957-2011

P e
' miing-quarrying
Magnitude ; . Oil-gas extraction
"™ . : . : ; {
05 1 1.

LOg(Sizegeo-prod )

- M.« driven by the size of perturbated area (D 9 , rather than D s, value

- The larger the area where the stress changes,
=> the larger the triggered earthquake rate
=> the largest the possible M.,
- Anthropogenic events as aftershocks of geo-resource production

(in the same framework as tectonics eqs (€.g. Nge= 10 M. M__. = M, .- cte))
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M, ., for induced seismicity:
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M = -4
M = -
=0
= 2
= 4
=6
M = -4
M = -2
M= 0
M= 2
M= 4
M= 6

rupture/ gli ssi

glissement sur la faille et magnitude (M) :

. glissement de 0,003 mm
. glissement de 0,03 mm

. glissement de 0,3 mm

. glissement de 3 mm

. glissement de 30 mm

. glissement de 300 mm

longueur de la faille et magnitude (M) :

. faille de 10 cm de long
. faille de 1 m de long

. faille de 10 m de long
. faille de 100 m de long
. faille de 1 km de long
. faille de 10 km de long

schatzalpl7



Trigger mechanics (conceptual)

Strachan field (Canada)

Poro-elasticity model
(Segall, Grasso, Mossop 1994)

Y <Dp(reservo,r)m|n> 20-30 MPa
Y <D Scaprocks) MN> = 0.01-0.5 MPa

=

li
60
50
40
30
20

Y Dp/dt esenvoin Max = 5 MPa/yr (Lacq)
Y D $dt caprocksy Max = 0.01 MPalyr (Lacq)

Number of M23 Ea > kes

[(I-2n)/2p(1-n)] Dp F,,(a/D),

D $ax=
=-0.1 (T/D) Dp F,,.,(a/D)

o1

a, T, D : radius, thickness, Depth of reservoir
(segall1989,grass01992)

Number of M22.5 E (O akes




Complexity of Anthropogengeismic instabilitiessusceptibilityto forcing

‘Blue-before 60days
Red-after 60 days

M=5,1980 (Magnitudial length) response to exogenous stressing rate

M5 1980

(distance),.; 10L to M5

Y Lackof dynamictriggeringon
Lacdfield by regionalM5

A F

Latitude(Mall)
g b
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I
=]

IS
o
=]

S S No evidence for exogenous M5
e triggering pattern
Y low susceptibilityto high
frequency
Y (LahaieGrassalGR99)
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. _ . Fault length
M5 1980, distance= 1-3L -4:-10 cm s

Regular aftershock sequence -2:1m
:10m
2100 m
:1km
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Complexity of Anthropogengeismic instabilitiessusceptibilityto forcing

Stack on 23 M=3 aftershock sequences
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Deficit of Lacq aftershock productivity for M3 (1_3L)
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Complexity of Anthropogengeismic instabilitiessusceptibilityto forcing
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Complexity of Anthropogengrismic instabilitieanduced/tectonicegsrate

Lacq seismicity
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Complexity of seismic instabilitiesduced/tectonieqsrate

Induced seismicity rate: IR
Tectonic seismicity rate: TR
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