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Range of seismicity

INTRODUCTION
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A large range adeismicevents

Naturaland human activity related

Seismic Waves Radiate from the
Focus of an Earthquake

A Natural sgismicevents:
I Sumatra2004: magnitude 9.19.3
I Coast of Honshu (Japan) 2011 : magnitude 9.0
I Fukushima aftershock 2011 : magnitude 7
i Aquila (taly) 2009: magnitude 6.3
I Kefalonia(Greecg 2014: magnitude 6.4
~14,450 earthquakes with magnitudes above 4fe measured globally every year

Thisnumber increase$o more thanl.4 million earthquakes greater tham 2.0 (very small
events most of which are only detected bgstruments).

A Bvenisreefated ({orsuspecied to-he|relatpd) {otsubsiutfacerhunanastivity

I LacgF(GasProduction 2013:magnitude 4

I Basel CHEhancedseothermalSystem) 2009: magnitude 3

I Prague Oklahoma US (Water injection) magnituée/

I Blackpool UK GasShale)2011: magnitude2.3

I Castor Spain (Offshor@asstorage) 2013: magnitude 4.2

However most of the inducedseismicityare related to eventmagnitudebelow 1

Industry has successfully dealt with induced seismicity issues for almost 100 yearsr{g)
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Anthropogenic Seismicity

Induced / Triggered Seismicity

Two types of anthropogenicevents:

Mechanismdor inducing triggering Earthquakes

Induced Micro-seismiic events, corresponding to an
inherent part of the injection/production process These

are very small events consideredas minor, not harmful
and require very sensitive monitoring equipment to be
detected. In this context, microseismic surveys are
considered as means to understand the reservoir
stimulated volume and/or the shearenhanced

Volume and/or mass change
g

permeability. ! Increase n
H HP. gr‘o:gmum Change in loading
Seismicitycanbe usefulasaresourcemanagementool Gqoles high conditons on faul

permeability (no direct hydrologic
pathway) connection required)

Tri earthgqu resulting from injection or

Jowce (athguske Soms Cmtm, 0558

prOdUCtion of fluids interaCting with eXiSting geological Schematidiagram of mechanisms for induciagrthquakes (B. Ellsworth)
faults. These lead to more significant ground

accelerations,potentially felt by humans at the ground In addition to the subsurfacestresses,fluid volume and
surface The unintended events are connected to pressureplaya keyrolein causingseismicity
cwcumsta_nges _that C_OU|d be avoided thr_ough site Thus inducedseismicitycan be causedby injecting fluid into
selectlon,lnjectlon deS|gnand permanentmonitoring. the subsurfaceor by extracting fluids at a rate that causes

subsidenceand/or slippagealong planesof weaknessin the

Seismicitymust be addressedasa risk mangementtool. earth.

IGU WOC 2 Meeting. Pau, Marct2014 |} B



Induced/Triggered seismicity

A few features

A Aninducedoor triggered\everitke amaturakearthquiake;ceurshwienractiaeture or
fault planermoves ane:releases«epergy

A Inducetiseismicitysgenerallycteleases daelativelyasmalbamaetintefenergy, not
entailing human pereeption i(this explainshyhysuech: events ofien go-undetected
when net monttoredys aisitepspeciiicroseismianonitoring metwotk) Howtiin
some casesmayigger a higher|tevebofistress keleasedandfbe feltiby the
neighibotingccommunities.

A A significant faulb planerand spécific:peristingseismotectonic conilitions:are
necessarydggenerate larlarge: pragnitudet Earthquakea Eora ggi@motectonic
context, armaximum mnatuialearthguakedikelydo-occur bandesassessed. The
characteftistics ofthisnmaxinau s earthejuakepdepend:on shesstressigonditions
(compressionaleextensiond) @i thd eysRncdioKoStenS E'dhdtiie Sayit® Sre-2 T
existing cgeologitault alongwhichtitdsrmechanically-steasilble fodsudden (skp (i.e.,
earth motion) tto c@ccuriduringhtheflifetimef of @ roject imndmEmsiteration).

A Aninducedor triggered eanhguakecannot be Hiigher than thermaximum arataral
earthquakeocouniing on ttwe-capalklétautsfahtheradea.
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Seismicity& Microseismicity

Feedback from few field experiments

e

Inducedevents Triggeredeventson Naturalseismicity
Injection/production process mappablefaults Tectoniccontext
(Stimulationscalg (Reservoirscalg (Regionakcalg
HydraulicFracturing
GasShale US [-3;-1.5] Mw 2,3 Blackpool NA
UG CCS
Cerrela-ronde & Germigny(F)- UGS Aquifer) [-2.5 ;-1.5] NA NA
Manosque (Fx UGS (Saltaverng [-2; 0.5] NA 3.5
Weyburn (CDN) CCS [-3;-0.8] ?? NA
Rousse (R CCS [-3;-0.8] [-1; 1] >5
In-Salah (Algeria} CSS ?7? [-1; 1]
Castor (S) UGS @epletedfield) ?? 4.2 NA
Depleted fieldg EOR
Lacq(F)¢ Withdrawal [-3; 0] Upto 4 >5
Bergemeei(NL)¢ Withdrawal [-2.5; 0] Upto 3.5 NA
Groningen (NL) Withdrawal [-2.5; 0] Upto 3 NA
Ekofisk(North Sea UK)¢ Secondary Recovery [-2.5; 0] Upto 4 NA

e
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Earthqguake& MicroseismidDomains

Seismological

scaling

law

Induced

Microseismicity

Domain

Magnitude range Microseismiacomain

—

I

Magnitude Class Length Scale | Displacement
range Scale
8—10 Great 100-1000km 4-40m

6—38 Large 10-100km 0.4-4m
4-6 Moderate 1-10km 4-40cm
2-4 Small 0.1-1km 4-40mm
0-2 Micro** 10-100m 0.4-4mm
-2-0 Nano 1-10m 40-400pm
-4 —-2 Pico 0.1-1m 4-40pm
-6—-4 Femto [-10cm 0.4-4pm
-8 —-6 Atto I-10mm 0.04-0.4pm

Bohnhoff et al., ILP, 202Qength and displacement approx.

Earthquake
Seismic Hazard
Domain

Accoustic Emission (AE)
Lab Test Domain

Most of the negative aspects associated with induced seisnaigtassociateavith the impact ofEarthquake
on the surroundingommunity (Seismic hazard domain with magnitude > 2 & vibration felt on surface).

Positive effects of inducedicroseismicitysuch ashearenhanced permeabilitgharacterization or monitoring
of the reservoir performance, have not yet significantly impactecctistbenefitratio of industrialoperations.
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Human induced, - triggered or natural Seismicity?

BACKGROUND INFORMATION
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Anthropogenic Earthquake

7 questions to assess whether an Earthguake as:an anthropogenic origin

Sincel 993, seven: geneaiallycacpepiedicnienauntust bemetdeférelfault

reactivation is considereddm haveraimanibpopegenie@rigin
(*Daviszand-rohlich 1993 under discussion /aevision

=

Are these @events lthdifirst kmownzearthguakestofthis: charactehin the
region?

Isthere adlearccorrelationdeiween jimnjectiomand seismicity?

Are epicemntersrieathe wells(within 5 lkim)?

Do some earthguakes @cecur at oeneardnjectiormdepths?

If not, are tiherekknowin:geologia siructtiresatnatmay channel flowites sites

of eanthguakes?

6. Arechangesnifluid pressures atelltbotiomsfsufficientitocenegrrage
seismicity”?

7. Arechangesnnfluid pressures mypocenttdldistances:stifticientdo

encoutagesseismicity?

a s wnN
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Whatisd L Y RdzO S

General definition LBNL

A Inducetiseismisity is;earhguake activityresulting floman activity: that-easses
a rate of enengydelease  oriseismicity; which,would-hpe exp éeigoind:thenetma
level ©f historical seismie-activitizor @xampleififthere isralieady acentaincleyvel |of
seisnicoactivity befere human activitiesdoe ging one/ Would e@xpect tirat this
ME B Edsma actsvidpwduld codfANt &Chdshpmerateliv $pVyture. 3 §Z o U

A If howewer humaractivity causes acconeunenttinereasednseismiciactivity, this
ihvre€Ee ineseidvic wctivitv]woulSHeAY S QerAdy W@luced.” }ve] & Av o ]

v

Asdefinedby «Lawrence Berkeley Natione&boratory»

Inducedseismicityis the more colloquialterm, but triggered seismicityis the more
accurateterm for earthquakesinadvertently causeby anthropogenicactivities
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