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Tipos de eventos sismicos

1. Natural:

 Terremoto causado puramente por esfuerzos tectonicos.

2. Antropogenico:

 Disparado (Triggered): terremoto causado por esfuerzos tectonicos
iniciados por la actividad humana.

* Inducido (induced): terremoto causado por esfuerzos relacionados
directamente con la actividad humana.
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Sismicidad Natural
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SISMICIDAD DE LA PENINSULA IBERICA Y ZONAS

SEISMICITY OF THE [BERIAN PENINSULA AND NEIGHBORING ZONES
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Uncertainties/errors in epicenter and depthin the IGN catalog:
1983-1997
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Gonzalez, J. Seismol. (2016)



Uncertainties/errors in epicenter and depthin the IGN catalog:
1997-2013
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Epicentral error (90%, km)
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Sismicidad Inducida
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Mecanismos propuestos de la sismicidad inducida por inyeccion de fluidos
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Injection-Induced Earthquakes

William L. Elkwerth

Earthquakes in Junusval locations have become an inportant topic of discussion in both North
America and Eurepz, owing to the concern that industrial activity ccud cause dameging
parthquakes It has lang been understacd that parrhquakes can % nduced hy imprundment of
reservoirs, surface and underground mining, withdrawal of fluids and gas from 1he subsurface,
and injection of fluids inte urderground forrrations. Injection-induczd earthquakes have, in
particular, bacom2 a foc.u¢ of discussion as the application of hydraulic fracturing te tight shale
farmations 15 2rabfing the procucton of oil and gas fram previously unproductive fo matiors.
Earthquakes can be induced &s part of the Jrocess to stimulate the production from tight shale
fermations, or by dispesal of wastewater zssociatad with stimulation and production. Here, |
review recent seismic activity that may be associatec with industrial artivity, with a facus an
the dispusal v wasteweter by njection in Ceep wells; asszss e sciendific understending ol inducald
earthguakes; and discuss the key scientific challenges to be met for assessing this hazard,

cally active regions such as along platc Coast awd within fic intcrmountan West (Fig. 1).
soundaries ar within dist-ibuted zones of  Withm such actively deforming zomes, ¢lastic
deformation. Kecert sasmic aclivity across the st-ainererpy accumulates in fie crust, Someimes
cotermunmus United States, for exapple, coneen-  [or centuries, before being released in carth-
quakes, The potential for carthquases also exiss

Emhquakw ere eapected within rectoni-  rates alcng the plare boundarizs of e West

Earthquike Science Carter, U.S. Gaclogial Surey, Merlo  Withm eaniiental rtenois, desprie very low de-
formation ranes (f). This is because shear stress
levels within the interior of slates or near plac

Park, €A 93(25, USA
C-mail: ellworthiduesgs gov

-120 110 <100 -30
Longlude

boundaries ae commonly found 0 be near e
strength kmait of the arust (2], Under hese core
dittong, smll serturbations tat effect fanlt stz-
bility can and do meger 2ertaquakes [3-0). For
exmmiple, Ui imjection of water uielar high pre-
sure into impenmeable baserment rocks beneath
Besel. Switzetland. 1o develop an enhanced geother-
nml svskan bereuth die cty indocxd our imament
magnitude (M) 3 carthquakes in 2)06 and 2(07
(71 learhquabe maenitides mezsungd 1sng afer
scales are denoixC by A . These sall ecanlquakes
ked 0 the abandenment of the project, hoss of the
mvestment. and ongoing litigation over »cmper-
saticn for camage. The extracton of naura gas
from shallow deposits in the Netherlands also
causes cathquakes (£). A woent M 3.4 event nesr
Lopoersim damaped <omes of bomes in e asea,
rautng 0k losses e e propaty owies 19).

Within the central and castern Uniled Staes,
the cartaquake count has increased dramatically
over the past 12w veass (Fiz. 2). Mcre than 300
cathquakes with 4f = 3 occurred in the 5 yeas
from 2010 through 2012, compared with an av-
erage rate cf 21 eventsvear abserved from 1967
10 2000. Saies expericwing clevated levels of
secemue adiviry irciuded Arkansas. Calorade, Now
Maveo, Oy Oklahoma, Texas and Vigmia The
greaest rise in activity occured in 2011 when 188
M = 3 canthquekes cocumed Although certhquaske

-£0 70

Fig. 1. Seismicity of the cotesminous United States and surrounding re-  probability of pesk cround acceleration with e 2% probability of exceedance in
gions, 2009-2012. Badk dets denoe sesmic even's. Only eathquaces with M = 3 50 years, from the US. National S=icrric kazard Map (20, Red = 1g; orange, 0.3
am shown; [amer symbols cenote avenk ath M > 4 Radgrmand rdos gw the  to g0 welew, 0.1 40 0 33; light green, (L0 te 0.1g dakar green, .05 th 0.14.
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Changes in solid stress
due to fluid extraction or injection
(poro-thermoelastic effects,
changes in gravitational loading)

v Aby

Volume and/or mass change

Direct fluid pressure
effects of injection
(fluid pressure
diffusion)

Y

Permeable
reservoir/aquifer

Well

(= »"h.
Fault

Increase In pore
pressure along
fault (requires
high-permeability
pathway)

Change in loading
conditions on fault
(no direct hydrologic
connection required)

Permeable
reservoir/
aquifer

Ellsworth, Science (2013)
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Earthquake triggering and large-scale geologic st
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Despite its anormaus cost, large-scale carbon capture and storage (CCS) is considerad a viable strateqy for significantly re
assodated with coal-based electrical power generation and other industrial sources of CO; [Intergovernmental Panel @

(2005) WPCC Spedial Report an Carbon Dioxide Capture and Storage. Prepared by Working Group 1l of the Intergavert
Climate Change, eds Metz B, et al. (Cambridge Univ Press, Cambridge, UK), Szulczewski ML, et al. {2012) Proc Natl Aca
5189]. We argue here that there is a high probability that earthquakes will be triggered by injection of large volumes o
rocks cammonly found in cantinental interlors. Because aven small. to modaratesized carthquakes thrasten the seal

repositories, in this conteat, large-scale CCS is a risky, and likely unsuccessful, strategy for significantly reducing green

rarhon swequestration | cimate change | triggered rarthquakes

he combustion of coal for clec-
trical powwer generation in the
United Slates gencrales approx-
irmately 2.1 billion metric lons of
€O, per vear, ~36% of all TI§ emissians.
In 2011, Chmna generated more than three
Limes that much CO; by buming voal lor
clectriciry, which accounted for ~80%
ol its Lotal crnissions. (According Lo the
Energy Infonmation Agency of the US
Department of Eacrgy, total OO, emis-
sons i Ching were 8,33 billion metric
tonnes in 2011, with 6.95 billion wns bom
cal hurning, nearly all of which is used
clectrical power gencration.) From
a plobal perspective, il large-scale carbon
capture and sorage (CCS) s W
significantty contribute to reducing the
aceumulation of greenhouse gases, il must
nperate at a massive scale, on the order
of 3.5 billion tons {1) of CO; per year.
a volumme roughly equivalent {2) o the
~27 hillion harrels of ail currentlv pro-
duced annually around the world. (Under
reservolr conditions, voe billion lons of
CO- vecupies a volume of ~1.3 billion
cubic merers, equivalent to S.18 hilliom
barrels. Thus, 3.5 billion tons of carbon
dioxide would correspond 1o a volume of
approximately 24.6 ballion barrels. There
are curreatly ~830,000 wells produving vil
around the warld.) Moreover, a leak rate
from undergraund (1) storape rescrvmirs
ol less than 1% per lhousand years is 1e-
yutred for CCS Lo wchieve the same climaie
henefits as renewable energy sources (3).
Betore embarking on projects to inject
envrmous volumes of CO» 4l numerous
sites around the world, it is important ta
nnte that over time periads of just a few
decades, modern seismie nelworks huve
shown Wiat carthguakes owcur nearly ¢v-
erywhere in continenral interiors. Fig. |,
Upper shows instrumentally recorded
varthquakes in the central and eastern
United States and southeastern Canada.
Fig 1, Lower shows instrumentally re-
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corded intraplate earthquakes in south
and cast Asia {d). The scismicity catalogs
are vomplele W mugnitude (M) 3. The
oeurrence ol these carthquabes means
Ut nearly everywhere m confinentul in-
teriors i subsel of the preexisting Gulls in
the crust is potentizlly active in rhe current
stress field (5. ). This is samectimes re-
lerred 10 as the cntically siressed nalure of
the brittle crust (7). It should also be noled
that despite the averall low rate of carth-
quuke vcrurrence in continental interiors,
some of the most devasluting carthquakes
in history nccurred in rhese regions. In
castern (China, the M 7.8, 1970 ‘I'anpshan
carthguake. approximately 200 ki vast of
Beijing, killed several hundred thousand
people. In the ventral Umited Stales,
three M 7+ varthyuakes in 1811 and 1812
occurred in the New Madrid scismic zone
in southeast Missours,

Because of the critically stressed nature
of the crust, fluid injection in deep well<can
trigger carthquakes when the injecrion
IxXTeases pore pressure i Lhe vicimty of
preexisling polenlially sclive Gaults, The
increased pore pressure reduces the fric-
tional resistance to fault slip, allowing
elastic energy already stored in the
surrounding racks to be released in
carthquakes that would ncour someday as
the result ol natural geologic processes (8).
‘T'his cffect was first documented m the
1%6Us 1n Denver. Colorado when injection
il a I-km-deep well wt the nearby Rocky
Mountain Arsenal triggered carthquakes
(17). Soon thercafter 1t was shown cxperi-
mentally (10} at the Rangely oil lield in
westarn Colorada that earthquakes could
be turncd on and off hy vanying the rare at
winch waler was ipected and Lhus modu-
Lating reservoir pressure, In 2011 alone, o
numher of small to moderate earthquakes
in the United States scem to have been
riggered by injection of wastewaler {11).
‘These include carthquakes near Guy,
Arkansas that oceurred in February and

March, where the large
M 4.7. Tn the Trinidad,
Lhe border uf Coloru
imjection of produced
wilh coalbed methane
o have tigeered a ou
quakex, the largest bei
that accurred m Augnus
seem Lo bave been Lrigy
meclion near Youngst
Christmas Fve and N
lurgest of which wus ¥
risks assuctated with w
are minimal and can b
turther with praper pl
situation would be Lar
similar-sized carthgus
in formations intended
tor hundreds to tho
Deep borehole stres
confirm the cricically st
crust m continental 1nrg
Cases al siles directly 1
sibility of large-scale C
deep borchole stress
Mountaineer coal-burn
the Ohiv River in Wes
a severe limitation on f
(), could be mjected
ing pressure build-up i
precxsting faules (13).
low permeuability ol the
deplhy, pure pressuce i
expected to trigger slip
taults it CO; injection
approximately 19 of 1]
CO; emirted hy tha M;
cach vear. Similarly, st
ul Teapol Dome, Wy
ernmenl-uwned il liel
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No geologic evidence that seismicity
causes fault leekage that would
render large-scale carbon capture
and storage unsuccessful

In a recent Perspectve (1), Zoback and Carelick zrgned ~hat
carbon cepture and storage (CCS) is likely not a viable strategy
for reducng CO,; emissions te the atmosphere. They argued that
maps of carthquake cpicenters porray carthquakes ozcurring
almost everywhere, suggesting that Earth's crust is nedr a critical
state, so that Increments in fluid pressure from njecting CO,
at 1 to 3 km depth will likely trigger earthqaakes within the
1eservoir and caprock that wouald be expected to result in ‘eakage
of CO, fram the reservoirs to the surface.

Yast Majorily of Earthquakes Are Much Deeper Than CO,
Storage Reserveirs

Zohzck and Gorelics (1) artienlated an important, albeit well-
kncewn, coacern: CCS may irduce seismicity (e g, ref. 2), as
can other subsurface technologies (3], However, the:r charac
terization of scismic activity misrepresented its relevance tc
CC3. What is unportent is not cpicenters (2D location on

a map). but hypocen:ers (2D location. including depth). In fact,
mnst Fypncentars in the oamtimental crast are 11 hasement
rocz at 8 to 16 km cepth [e.g., ref. 4), witk only a very small
fraction of thcm occurring ir scdimentary cover at deoths
shallower than & km, where CO; would be stored, The rheo-
luzical prupertes of shiallow sedimentary formations usually
allow them to uadergo substantial deformzticn without estab-
lishing Jea<mg pathways or loczlized taul's, o contrast with
brittle basement rocks.

Hydrocarbon Reservoirs Have Existed for Millions of Years in
Regions of Intanse Seismic Activity

Zobacg and Gorelick (1) stated that seismic activity would
compromise contzinment of the €O, and result in €O, ‘eakage
to the sarface. For justifization, they referred to laboratory
studias on grenitic rocks  conditions that are not relevant for
CCS. In reality, large volumes of buoyant fluids kave remaincd
stable in geologic taps over millennia moegions esper.encing
streng and frequen: carthquakes, like southe:t California, even

WA DNAs. Org/audan/ T 1 3'N%E5. 1215025704

urder substential overazessures. If ubiquitous earthcuaxe-
induced leakage occurred, there would no: be large quantities
of ratura. gas still present in the subsurface.

Site Selection Is Key

Although thare are gedlogic settings in which induced earth
cuakes and ‘eakage rick could compremise a CCS project (they
wicution the Mountaines. project), this savs nothug abou: lic
many geologlic formations that exhiblt excellent promise for
Soring COx. Zobact and Garelick (1) presentad their conclhision
that CLN will Ikely be nnsuceesstn’ wthout an analvsis of the
many suitable peologc formatiors availeble. In contrast, a recent
study suggests that deep saline aquifers exist throughout tac
United States that can accommodate the COD» migration and
pressure increases associated with Jarge-scale injection ac the
cen-ury time scae (5).

Summary

The facts that sedimentary cover carely is the scurce regicn

for earthquakss and that shallow nverpressured hydrocarbon
reservolrs coexist wmith ceep basemernt seismucity de aot support
Zoback and Gorelick’s conclusion that moderateszz earth-
cuakes necessarily threaten scel intcgrity to the poirt of ren-
dering CCS unsuecessful (1), We do not argue that [he ssucs
they caised are immatenial, but, rether, thet more work on the
pEysics of induced scismicity, faull activation, anc geclogic
character zarion in the eontext of CCN is reeded
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Geologic carbon storage is unlikely to trigger large
earthquakes and reactivate faults through which CO,

could leak

Victor Vilarrasa®™™' and Jesus Carrera®

*Earth Sclences Divslon, Lawreace Berkeley Natienal Laboratory, Berkeley, CA 94720, "Soll Mechanics Laboratery, Ecele Polytecrnigue Fédérale de
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Edited by M. Granger Margan, Carnegie Mellan University, Pittsaurgn, PA, and apoeaved March 25, 2075 jreceived for raview luly 14, 2014)

Zaback and Garelick [(2012) Proc Nat! Acad Sel USA 109(26):10164-
10168] have claimed that geologic carbon storage in deep saline
formations Is very likely to trigger large induced seismicity, which
may damage the caprock and ruin the objective of keeping CO;
stored deep underground. We argue that feltinduced earthquakes
due to geologic CO; storage are unlikely because (/) sedimentary
formations, which are softer than the crystalline basement, are
rarely critically stressed; (#} the least stable situation occurs at
the beginning of injection, which makes it easy ta control; (W]} CO;
dissolution into brine may help In reducing averpressure; and
{iv) CO; will not flow across the caprock because of capillarity,
but brine will, which will reduce overpressure further. The latter
twa mechanisms ensure that overpressures caused by CO, injection
will dissipate in a moderate time after injection stops, hindering the
occurrence of pastinjection Induced seismidty. Furthermare, even if
microseismicity were induced, CO; leakage through fault reactivation
would be unlikely because the high clay content of caprodks ensuresa
reduced permeability and inaeased entry pressure along the localized
deformation zone. For these reasons, we contend that properly sited
and managed geologic carban storage in deep saline formations re-
mains a safe option to mitigate anthropogenic dimate change.

carhon sequestration | inducas aismicity | overprasure | dimate change |
CC, leakage

ohack and Gorelick (1) claim thar genlogic carban storage in

Jeep suline [ormations is very likely lo tngger induced seis-
mucily capable of damapmg the caprock, which could ruin the
objective of keeping CO; stored deep underground. According
to them, the main reason for this is that averpressure will be
exeessively lugh and falure conditions will be resched because
the upper crust is critically stressed, Le., close W [udlure. It s tue
that an excessive averpressure mav induce micraseismicity and
cven felt scismiciry (2). It 18 alsa truc that a felr seismic event
could slop OOy seyuestration projects, as happencd with the
geolhermal project Busel Deep Ileat Mining Project in Swil-
rerland (3). However, there is no evidence from the existing CO-
storage projects that CO, has the potential of casily mducing
large carthyushes (4).

No felt seismic event has been reported to date ar either pilot
or industnial (X, storage projects (4-8). Fven at In Salah,
Alpena, where a hupe overpressure was mduaed, no el seismic
evenl has been mduced (7, 9}, CO: sorage i depleted gas Lields
has also been proven to be a safe option both at Otway, Australia
{6} and at Lacg, France (5, 8). Actually. CO-: storage operates under
coaditions similar W natural gas storsge, which has oot induced [elt
seismicity for decades (1012}, The recent induced seismic events at
Castor, Spam (13) appears to be the anly exception. However. tao
Litle is konown aboal this site 1o exirsd uny lesson. [n foet, the very
gnerance aboul whist happeoed al Cuslor suggesls thal sile ur
derstanding and management may be the critical issues.

We argue that large induced carthquakes related to CO;
imjection in deep suline [ormalions are unlikely because (i)

5938-5843 FIVAS May 12, 2015 v 177 nn 19

sedimentary formarions are rarely critically stressad; (i) the least
stahle conditions necur at the begmming of injection: () €Oy
may dissolve ul o signilicanl rate, reducing overpressure; and
{&v) bring will Jow across the caprock, lowering uverpressure in
the reservair. For these reasons we helieve that genlogic carbon
storage in decp saline formations remains a sate option for
miligating climate change.

It Is Not True That the Whale Upper Crust Is Critically
Stressed

It 1s penerally acoepted that the ervstalling basement is critically
stressed at some deplh mtervals (14-16). However, CO» will be
injected in shallow (13 km deep) sedimentary formarions, which
are much sefter than the hrictle and stiff ervstalline hasement. As
such, stress ertalitly, Le.. mebilized ietonyl coellivients, p, in
the range ol 0.6 1.0 (17), is oot wsually vbserved al shallow
depths within sedimentary formarions (16, 18 21). We have
compiled ellective stress Jdala of sedimenlary [ormations and
they fall within values of mabilized frictional crefficients around
0.4, 1.¢., the actual deviatoric stress 18 Iower than the critical anc
{lig. 1), This value is moderately low compared with U [ric-
tional coefficients arcund 0.6 0.8 of the critically stressed <rys-
talline hasement. In particular, the mohilized friction cocfficients
ol sedimentary rocks where CO, s being, has been or is planned
lo be mjected is always lower than the cridcal value of 0.6, This
means that there is a wide margin before C0); injection might
induce failure conditions and therefore, trigger a seismic cvenr.

1o dlustrate that sedimentacy [ormations are unlikely 0 be
critically stressed, we have builc a simple model of the upper

Significance

Geaolagic carbon storage remains a safe aption to mitigate
anthropogenic climate dhange. Properly sited and managed
storage sites are unlikely ta Induce felt seismicity because
(i) sedimentary formations, which are softer than the crystalline
basement, are rarcly cntically stressed; (i) the least stable sit-
uatian ocours at the beginning of injection, which makes it easy
to control; (V) CO, will dissolve Inte brine at 3 significant rate,
redudng averpressure; and (&) €O, will not flow across the
caprock because of capillarity, but brine will, which will reduce
overpressure further. Furthermore, CO; leakage through fault
reactivation is unlikely because the high day content of ap-
rocks ensures a reduced permeability and increased entry
pressure along localized deformation zones.
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Earthquake hazard and risk analysis for natural and induced
selsmiclty: towards objactive assessments In the face
of uncertainty

Julian . Rommear'
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@ Tha Author(s) 2022

Abstract

The fundamentzl objective of earthquake enginzering is to protect lives and livelihoods
tirough the reduction of seismic risk. Direcly or indirectly. this generaly requires quan-
tfication of the risk, for which guant fication of the seismic haza-d is required as a basic
input. Over the last several decades, the practice of scismic hezard anelysis kas cvalved
enormously. frstly with the ‘nfroduction of a raticnal framework for handling the appar-
ent randomness in earthquake processes, wkich also erabled risk assessments (o consider
Lot te severity and likelilwod of carthyquake effects. The meat nigjor evolutiosary step
was the identification of epistemic uncertainties relaied to incomplee knowlkdze. énd the
formulztion of frameworks for both their quantification and their incorporation ‘nto hzz

ard assessments. Despite these alvances in the practice of seismic hazard analysis, it is
rot uncommon for the acceptance of seismic hazard estimates to be hindered by invalid
comparisons, resistance to new informetion that challenges prevailing vicws, and attach-
ment to previous estmates of the hazard. The challenge of acheving impartial acceptance
of seismic hazard and risk estimstes hecomes even more acnle in the rae o earthquakes
attributed to fuman activitics. A more rational cvaluation of scismic harzard and risk duc
to ‘:nduced eartkquakes may be facili;ated by acopting, with appropriate adap:ations, the
advances in risk quantificaiion and risk mitigaticn developed for ratural seismicity. While
such practices may provide an imparal stating point (or decision making weganding risk
mitigation measures. te most promising avenue to achieve broad societal ecceptance of
thc risks associated with induced carthquekes is through cffective regulation, which needs
1o be transparent, independent, and infcrmed by risk consideranons baszd on doth sound
sismological scienc: and rliable earthquake engineering.

Keywords Earthquake hazards - Seismic hazard analysis - Seismuc nisk - Epsstemic

ineertainty - Indinced seismicity - Seismic risk mitigation

(4 Julian). Bommer
J bommer@imperial ac nk

' Cvil and Ervirormental Engineeriag Departmeat, Imperial College London, Scuth Eensington
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Sedimentary rocks at < ~2,5 km depth not critically stressed
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Fig. 1. Maximum versus minimum effective stress measured in wellbores at
depth in both crystalline (black squares) and sedimentary rocks (hollow circles).
Sedimentary rocks where CO, is being, has been or is planned to be injected
are marked with black circles. The lines corresponding to several mobilized
friction coefficients, p, are included as a reference. Note that whereas crys-
talline rocks are critically stressed, sedimentary rocks are usually not.

Overpressures do not increase with CO2 injection
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Fig. 3. Caprock stability and overpressure evolution in the reservoir at the
injection well when injecting a constant mass flow rate of CO, (2 Mtty)
through a vertical well. The shadowed region in the inlet indicates the range
of overpressures calculated by varying hydromechanical properties. Note
that, initially, the stress state is far from failure conditions and that the less
stable conditions occur at the beginning of injection.
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The susceptibility to seismic reactivation
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Fig. 4 | Depth distribution of seismic stability and earthquakes in

Oklahoma. a, Seismic stability of Oklahoma basement samples as Kolawole et al., (Nature Geos. 2019)
represented by the rate- and state-friction parameter (a-b). The symbol

shows the average of the velocity steps tested, and the error bars show

the range of values for each experimental sample and depth. Gold and

black dashed lines represent projection of data for pure calcite®* and

Westerly granite®, respectively. b, Histogram and cumulative moment*
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Proyectos de Inyeccion de CO,; en formaciones salinas

Proyecto Masa Mt/duracion Sismicidad inducida
Quest, Canada 4 (2015-presente) -0.9t0 0.2

llinois Basin Decatur Project, USA 1 (2011-2014) 1110 1.3

linois Industrial CCUS Project, USA 1.7 (2017-presente) > 1© 0-80

Sleipner, Norway 17.8 (1996-presente) No red local/No sismicidad
Snghvit, Norway 5.8 (2008-presente) No red local/No sismicidad
In Salah, Algeria 3.8 (2004-2011) 0.05t0 1.7

Cranfield Saline Storage, USA 0.5 (2009-2010) No red local/No sismicidad
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Current challenges in monitoring, discrimination,
and management of induced seismicity related
to underground industrial activities:

A European perspective

Francesco Grigoli' ~, Simone Cesca?, Enrico Priolo® ', Antonio Pio Rinaldi'"
JohnF, Clinton'" ', Tony A. Stabile* ,Bernard Dost®>, Mariano Garcia Fernandez®,
Stefan Wiemer'" ', and Torsten Dahm?

1Swiss Seismalogical Service, ETH Zurich, Zurich, Swilzerland, 2German Research Cenlre for Geosciences (GFZ), Potsdarm,
Germany, 2Naticnal institute of Qceanography and Experimental Geophysics (OGS), Trieste, Italy, “Italian National
Research Council (CNRAMAA), Tito, Italy, {Royal Netherlands Meteorological Institute (KNMI), De Bilt, Netherlands,
55panish National Research Council (CSIC), Madrid, Spain

Abstract Duetothe deep sccioeconomic implications, induced seismicity is a timely and increasingly
relevant topic of interast far the general public. Cases of induced seismicity have a glabal distribution
and invalve a large number of industrial operations, with many documented cases from as far back to the
beginning of the twentiath century. Hawever, the sparse and fragmented documentation available makes
it difficult to have a dear picture on our understanding of the physical phenomenon and consequently

in our ability to mitigate the risk associated with induced seismicity. This review presents a unified and
cancise summary of the still open questions related to monitaring, discrimination, and management of
induced seismicity in the European context and, when possible, provides potential answers. We further
discuss selected critical Furopean cases of induced seismicity, which led to the suspensian or reduction
of the related industrial activities.

1. Introduction

In recent years, seismicity induced by industrial operations has become an important topic of interest to the
general public. In many cases, 2arthquakes occurring in the vicinity of industrial facilities camrying under-
ground aperations were felt by the papulation, caused damages ta private buildings, and increased the public
concern aocutthe development of these industrial activities. The increasing number of reported cases of such
“man-rmade” sarthquakes and their strong socioeconomic impact has raised intense public debates and the
interest of the nonscientific community on this topic. Although seismic events close to certain industrial facil-
ities often raise cancems armang the local communities, attributing the cause of an earthquake to an existing
human activity and discriminating between anthropogenic and natural seismicity is not trivial; the Emilia,
Italy, 2012 earthquake sequence is an illuminating example. In this case, a few manths after the occurrence
of the earthquake sequence that culminated with a magnitude 5.9 (M) event on 20 May 2012 and a magni-
tude 5.8 (M) event 9 days later, there was an intense public discussion concerning the possible relatianship
between these carthquakes and the hydrecarbon production operations in the epicentral area. The public
cancerns prampted the Italian government to charge an international expert panel ta investigate the rela-
tionship between hydrocarbon extraction operations in Emilia and the 2012 earthquake sequence [Juanes
etal, 2016]. In numeraus ather cases, the possible relatianship between reportad earthquakes and human
operations remained debated for years, even at scientific level. Qne of these casesis the May 2011 M, 5.5 Lorca
(Spain) earthquake, which has beenlinked to groundwater exploitation by some authors [Gonzalezet al, 2012]
while it was considered natural by others [Martinez-Diaz et af,, 2012,

Due to the steady growth of various underground industrial cperations in highly populatad reqions, in the
recent years the amount of felt earthquakes suspected (or considered) ta be related with human activities
has increased. Such activities include water impoundment, mining, fluid subsurface resulting from opera-
tions related to hydrocarbon extraction, hydraulic fracturing for shale gas exploitation, wastewater injection,
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Thereis growing concern about seismicity triggered by human activities, whereby
small increases instress bring tectanically loaded faults to failure. | xamples of such

activities include mining. impoundment of water, stimulation of geothermal ficlds,
extraction ol hydrocarbons and water, and the injection ol water, CO, and methane
into subsurface reservoirs'. Inthe absence of sufficient information to understand and
control the processes that trigger earthquakes, authorities have set upempirical
regulatory monitoring-based frameworks with varying degrees of success*’. Field
experiments in the early 1970s at the Rangely, Colorado (USA) vil lield* suggested that
seismicity might be turned on or off by cycling subsurface fluid pressure above or
hclawathreshold. Here we report the development, testing and implemenratian
ofamultidisciplinary methodclogy for managing triggered seismicity using
comprehensive and detailed information about the subsurface to calibrate
geamechanical and earthquake source physics models. We then validate these
models by comparing their predictions to subsequentobservarions made after
calibration. We use our approach inthe Val d'Agri vil field in seismically active
southern Italy, demonstrating the successful management of triggered seismicity
using a process-based methad applied to a producing hvdracarbon field. Applying
our approach elsewhere could help to manage and mitigate triggered seismicity.

The Val d’Agri field in southern Italy is the largest onshore oil Feld in
western Europe and lies within a region of ongoing tectonic activity
(Methods). Management of field operationsis complicated by the need
todispase of the formationwater thatis associated with hydrecarhan
production without triggering hazardaus seismic activity.
Reinjection of co produced formation water into the Costa Molina
2(CM2) well to the southeast of the fleld commenced on1)unc 2006.
Although seismic events were almost absent near the ChM2 well before
injection, the Eni netwurk iMethods) began detecting microsgismicity
withinafewhoursafterinjectionstarted, recording 69 events within 10
davs(ExtendedDataFig.1) and around 300 very smallevents {maximum
local magnitude (M,) 2.2; o0 smallto be felt) within 3 kmof the well until
the end ofourstudyin June 2014. Thisseismicity, which cisplays alternat-
ing intervals of activity and quiescence, developed along a previously
unidentified minorfault that we now callthe Costa Nolina fault (CME),
withnearly all of the events locared within the Apulian carbonates.
The clear association between the beginning of injection into
the CM2 well and the onset of seismicity llluminacing the CMF Indl-
cates that this seismicity is triggered. This raises both scientific and
reservoir-manazement guestions, including whal rates of injection
are safe and whecher earthquakes are likely to be triggered on major
faults. The unusually good knowledge ofbackground tectonic stress,
surfacedeformation, subsurface structure, Auid prassure, and forcing

by knownvolumes of produced and injected fTuids make the val d’Agri
field aunique natural laboratory, far surpassing what was available for
the seminal Rangely study® and offering the porential for substantial
advancesin earthquake science and field management.

Qur approach tounderstanding and managing thistriggered seismic-
ity is process based, with inputs from geology, gcodcsy, scismalogy,
coupled flow and geomechanlcs models, and models of earthguake
source physics. We calibrate these models based on vbservations up
until 2016, arriving—from multiple moudelling approaches—aL pre-
dictions of injection rates that prevent pressures on the CMF from
exceeding previous maxima. Microseismic monitoring after these
predictionsweremade enables us to validate our approach. What sets
this study apartis the use of aphysics-based approachinahigh-fidelity
three-dimensional representation of the subsurfzce, first toreproduce
ohserved se:smicity rates and moment release caused by fluidinjection,
and secand to farecast and successfully manage injection-induced
scismicity, androdosoinanectiveoil ficldinascismicallyactive region.

TheVald'Agrifield

The Val d’Agri oil field in the southern Apennines lies beneath a
Quaternaryv-period basin bounded by the Monti dellaMaddalena and
Eastern Agrifault systems(Fig.1). During the Mesczoiceratotheearly
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A risk-based approach for managing hydraulic
fracturing-induced seismicity

Ryan Schultz”, Gregory C. Beroza, William L Elisworth

Risks from induced eerthquakes are a growing concern that needs effective management. For hydraulic
fracturing of the Eagle Ford shale in southemn Texas, we developed a risk-informed strategy for choosing
red-light thresholds that require immediate well shut-in. We used a combination of datasets to simulate
spatizlly heterogeneous nuisance and damage impacts. Simulated impacts are greater in the northeast
of the play and smaller in the southwest, This heterogeneity is driven by concentrations of population
density. Spatially varying red light thresholds normalized on these impacts [moment magnitude

(M) 2.0 Lo 5.0] are fairer and saler than a single threshold applied over a broad area. Sensilivily Llesls
indicate that the forecast maximum magnitude Is the most influential parameter. Our method provides a
guideline for traffic light protocols and managing induced seismicity risks.

he injection of fluids into the subsur-
face has the potential to reactivate crit-
ically stressed faults (7). In particular,
hydraulic fracturing has heen recog-
nized as a source of induced earthquakes
(2), with potentially induced events as large
as local magnitude (M: ) 5.7 causing substan-
tlial damage (3). Although these earthquakes
are rare (4), the perceived risks of hydraulic
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fracturing have both caused public concern
and impeded industry development (5, 6).
Often, traffic light protocols have been used
to manage the risks of induced earthquakes
(table S1) (7, 8). Many unresolved questions
remain about the efficacy of thesa protocols.
Recent work has better defined traffic light
protocols (9-74), some within a risk-based
framework (15). We define the red light as the

Science 2021

thresholCé reguiring immediate shut-in of the
well that is causing the earthquakes. ‘The red-
light magnitude is thus chosen to minimize
the rsks of unacceptable shaking from post-
shul-in seismicity (or conlinued operalions).
A magnitude threshold for the red light i3
simple to implement, and forecast modeling
can tie those thresholds to risk-based targets
of consequence (J5). [Tazards related to ground-
motion nuisance and building damage are
important considerations, particularly when
hydraulic fracturing occurs in low-seismicity
regions, where the population may be un-
familiar with or unprepared for earthquake
shaking (2).

On the hasis of this mtionale, we developed
a risk-based, red-light-ireshold approach for
the Eagle Ford shalc play in Tcxas (26). The
Lagle l'orc formation has hosted some of the
largest confirmed cases of hydraulic fracturing-
induced earthquakes in the United States (17,
albeit somewhat complicated by also having
substantial extraction-related seismicity (13).
Many of the requisite seismological datasets

Depalmen! of Geoplysics, Stanford Univarsity, Siaford
CA. USA,
*Corresparding suthor. Emalk rjslOfsanferd edu
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Continuous monitoring system
for safe managements of CO,
storage and geothermal reservoirs

Takeshi Tsuji*?**, Tatsunori lkeda™’, Ryosuke Matsuura', Kota Mukumoto’,
Fernanda Lawrens Hutapeal®*, Tsunehisa Kimura®, Koshun Yamaoka® &
Masanao Shinohara’

We have developed a new continuous monitoring system based on small seismic sources and
distributed acoustic sensing (DAS). The source system generates continuous waveforms with a

wide frequency range. Because the signal timing is accurately controlled, stacking the continuous
waveforms enhances the signal-to-noise ratio, allowing the use of a small seismic source to monitor
extensive areas (multi-reservoir). Our field experiments demonstrated that the monitoring signal
was detected at a distance of ~80 km, and temporal variations of the monitoring signal (i.e., seismic
velodty) were identified with an error of < 0.01%. Through the menitoring, we identified pore
pressure variations due to geothermal operations and rains. When we used seafloor cable for DAS
measurements, we identified the monitaring signals at>10 km far from the source in high-spatial
resolution. This study demonstrates that multi-reservairin an extensive area can be continuously
monitored at a relatively low cost by combining our seismic source and DAS.

Carbon capture and stcorage {CCS) enables us to recuce a large amount of CO, in the near future. and it costs less
than many CO, reduction technologies'™. Especially to achieve negative emissions {i.e.. CO, reduction from
the atmosphere), the sequestration of the captured CO, into the earth’s geclogical formation is a key approach®.
However, reducing a large amaount of CO,, by CCS to achieve the IEA 1.5 °C scenano (i.e, - 15% of the cumula-
tive reduction in CO2 emissinns by CCS)’ requires thousands of large-scale CO, storage sites (= 1 million tons/
year] in the world. To achieve such a large number of CQ, storage sites, we shoulé manage mulki CO, storage
reservolrs i exlensive areas using an innovative monitering system for the stored CO,. Moenitoring inpected CO,
in its reservolr is crucial for predicling the risk of CO, leakage, increasing efliciency, reducing the cost of CO,
storage, and reducing the risk of induced seismicity®, Also, the information derived from monitoring is vital o
obtain public acceptance for the projects,

Geothermal power [s another main approach to reduce CO, emission using the earth system. [n geothermal
operations, the elevated pore fluid pressure due t fluid injection often increases seismicity®, and reductions in
reservoir pressure due to production are monitored to help maintain geothermal operations. Since production
and reduction wells in geothermal fields are also widely distributed in the geothermal field, 2 monitoring system
for the multi geothermal reservoirs is crucial for sustainable geothermal power generation” Monitoring, in sum,
provides key information for effective and safe reservoir menagement for CO, reduction. In addition to the CO,
storage and geothermal power, the earth manitoring over & spatial range from small reservoirs to the crustal
domain 15 a central technology for energy exploration (eg., petroleum exploration} ', environmental projects
(.. aquiter wilization)", and disaster prevention (e.g,, earthquake faull and volcano monitoring)

In monitoring subsurface reservoirs, we oflen use elastic properties constrained mainly by seismic velogity™,
Actve-source time-lapse (4D) seisinic surveys are successiully used for monitoring reservoirs™, The emporal
and spatial varlations of pore pressure or fluid saturation are detected mainly based on variations (n seismic
velocity: For example, because a P-wave velocity dramatically decreases as CO, replaces brine in the pore spaces
of reservoir rocks *, changes with time in the reflection characteristics of seismic data evaluate the distribution
of mjected CO),'". Because of its cost, however, conventianal time-lapse seismic manitoring is typically done at
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A Project Lifetime Approach to the
Management of Induced Seismicity Risk at
Geologic Carbon Storage Sites
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Yves Guglielmi?, Kayla A. Kroll', Jeffrey A. Burghardt**, Robert Dilmore>™, and Joshua A. White'

Abstract

The geologic storage of carbon dioxide (CO,) is one method that can help reduce atmos-

pheric CO, by sequestering it into the subsurface. Large-scale deployment of geologic

carbon storage, however, may be accompanied by induced seismicity. We present a

project lifetime approach to address the induced seismicity risk at these geologic stor-

age sites. This approach encompasses both technical and nontechnical stakeholder

issues related to induced seismicity and spans the time period from the initial consid-

eration phase to postclosure. These recommendations are envisioned to serve as gen-

eral guidelines, setting expectations for operators, regulators, and the public. They M. Schoenball, C. E. Layland-Bachmann,
contain a set of seven actionable focus areas, the purpose of which are to deal proac- W. Foxall, Y. Guglielmi, K. A. Kroll,

tively with induced seismicity issues. Although each geologic carbon storage site will be

Cite this article as Templeton, D. C,,

J. A. Burghardt, R. Dilmore, and J. A. White
(2022). A Project Lifetime Approach to the

unique and will require a custom approach, these general best practice recommenda- Management of Induced Seismicity Risk at

tions can be used as a starting point to any site-specific plan for how to systematically

Geologic Carbon Storage Sites, Seismol.
Res. Lett. XX, 1-10, doi: 10.1785/

evaluate, communicate about, and mitigate induced seismicity at a particular reservoir. 0220210284

Introduction

Geologic carbon storage (GCS) is one technology that can
reduce CO,greenhouse gas emissions to the atmosphere by
utilizing favorable hydrogeologic conditions to sequester
CO, into the subsurface. However, increased subsurface fluid
injection activity has led to an uptick of seismicity at some fluid
injection sites, including near wastewater disposal sites,
hydraulic fracturing sites, and engineered geothermal systems
(EGS; Ellsworth, 2013; Keranen and Weingarten, 2018;
Templeton et al., 2020). This induced seismicity has raised
concerns about the scalability of GCS considering the seismic
hazard and risk associated with far-reaching subsurface pres-
surization and adjacent basement rocks (Zoback and Gorelick,
2012; White and Foxall, 2016).

Few commercial scale GCS sites exist that can be used as
prototypes to study the induced seismic response. Two well-
studied examples are the Illinois basin-Decatur (IDBP) project
and the associated Illinois Industrial Carbon Capture and
Sequestration Sources (IL-ICCS) project. To date, combined
they have injected 2.8 million tons of CO, into the Mt.
Simon saline sandstone reservoir and have detected nearly
20,000 seismic events with magnitudes between -2.1 and
1.2, although none have been felt at the surface (Williams-
Stroud et al., 2020). The IL-ICCS project moved the injection
to a shallower zone in which a higher injection rate could be
sustained with substantially lower seismic activity.

Volume XX '« Number XX « —2022 « www.srl-online.org
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Although those two projects have been a success story in
terms of induced seismicity management, a systematic strategy
for dealing with induced seismicity is needed to be able to scale
up, both in number and in injection volumes. This strategy
should additionally be able to incorporate the fact that several
GCS sites may be operating simultaneously within the same
basin for extended periods of time, thus potentially posing a
hazard to a much larger region. Zhou et al. (2010) modeled
a scenario for 20 injection sites in the Illinois basin spaced
approximately 30 km apart, each injecting about 5 Mt/yr over
50 yr. The modeled pressure behavior is observed to have an
early stage in which individual injection well pressurizations do
not interfere. This is followed by an intermediate phase in
which transient pressure interference is observed between
the injection sites and is followed by a final phase in which
a continuous pressure buildup is driven by the combined
behavior of all injection sites within the basin.
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Monitorizacion Sismica: OBLIGATORIA en proyectos de inyeccion o extraccion de fluidos del subsuelo
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Recomendaciones (Regulatorias?)

- Almacenes en zonas de bajo riesgo: Mar afuera, si es posible, para minimizar impacto sismicidad inducida.

- Estudio Sismicidad Linea de Base: Revision de los registros originales (NO usar directamente catalogo existente).

- Monitorizacion del almacen y alrededores con red sismologica

« Empezar anos antes de comenzar el almacenamiento.
 Definir un Sistema de alerta de semaforos.
 Preparar un Plan de Gestion del Riesgo (respuesta ante la actividad sismica).

 Monitorizar el movimiento de la pluma del fluido inyectado (integridad almaceén).
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Sistema de semaforos

Real-time Rapid Rapid
° @ q o —'» ° o
monitoring hazard analysis risk analysis

' ' '

Threshold criteria: list of observations or results to increase level
Actions: further modification of operation and communications

Threshold criteria: list of observations or results to increase level
Actions: modification of operation and communications

Observations: list of acceptable baseline observations and trends
Actions: normal operation and communications

Figure 1. Example adaptive traffic light system. Real time seismic,
hydraulic, and operational monitoring can either directly increase
the response level or indirectly help inform rapid hazard and risk
analyses that may prompt a change in response level due to
updated results. The color version of this figure is available only in

the electronic edition.
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Estudios de Sismicidad Local:

v

Definir Sismicidad de base
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Elementos de la monitorizacion sismica

Diseno de la red (humero de sensores, estudio de la geometria)
Sistema de adquisicion en tiempo real para la deteccion y localizacion
Determinacion de las magnitudes y mecanismos focales

Sistema de alerta (semaforos)

Plan de gestion del riesgo (respuesta ante la actividad sismica)

Seguimiento del movimiento de la pluma inyectada (integridad almaceén)
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Monitorizacion submarina

Sismometros de fondo marino Tecnologia de Sensado Acustico Distribuido (DAS)

Seismometer @
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Figure 10. Schematic image of continuous monitoring systems and seismometer networks, including a D.
array. We manage the multi-reservoir using our continuous monitoring system.
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Sistemas de Semaforos
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Sistema de semaforos en uso

Magnitude-based traffic light system

Canada United Kingdom

4.0M,

> cease operations,
inform the AER

2.0 Ml ritude level (13 0.5

> inform the AER,
invoke response plan

< 2.0 ML Injection proceeds Injection proceeds Injection suspended
. as planned with caution, possibly iImmediately for a
no action required at reduced rate. minimum of 18 hours

m Monitoring intensified
Source: Oil and Gas Authority
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Conclusiones - Sismicidad Inducida

- Comparativamente riesqgo controlable: Profundidad de injeccion de CO2 en rocas poco
consolidadas resultando en sismicidad de pequena M.

- Regulaciones posiblemente comunes a todas las actividades de almacenamiento

- Eleccion y monitorizacion del almacén: Estudio Sismicidad de Base, Monitorizacion tiempo real,
Sistema de Semaforos, Plan de Gestion de Riesgo.

- Nuevas Tecnologias de monitorizacion: bajo impacto ambiental, coste moderado, alta
resolucion.
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