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1. Natural: 


• Terremoto causado puramente por esfuerzos tectónicos.


2. Antropogénico:


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


• Inducido (induced): terremoto causado por esfuerzos relacionados 
directamente con la actividad humana. 

Tipos de eventos sísmicos 



Sismicidad Natural
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IGN	catálogo:	1900-2015

Número	de	terremotos:	103.831	



González,	J.	Seismol.	(2016)

ERH ERZ

Uncertainties/errors	in	epicenter	and	depthin	the	IGN	catalog:	

1983-1997



Uncertainties/errors	in	epicenter	and	depthin	the	IGN	catalog:	

1997-2013

González,	J.	Seismol.	(2016)



Sismicidad Inducida



Ellsworth,	Science	(2013)

Mecanismos propuestos de la sismicidad inducida por inyección de fluidos



Proceedings of the national Academy of Sciences (2012) Proceedings of the national Academy of Sciences (2015)



Yearly number of scientific papers on induced seismicity

(2017)



Scientific Papers on Seismic Risk



Vilarrasa and Carrera (PNAS 2021) 

Sedimentary rocks at < ~2,5 km depth not critically stressed Overpressures do not increase with CO2 injection



Kolawole et al., (Nature Geos. 2019) 

The susceptibility to seismic reactivation 



Proyectos de Inyección de CO2 en formaciones salinas

Proyecto Masa Mt/duración Sismicidad inducida

Quest, Canada 4 (2015-presente)	 -0.9 to 0.2 	

Illinois Basin Decatur Project, USA 1 (2011-2014) 	 -1.1 to 1.3 	


Illinois Industrial CCUS Project, USA 1.7 (2017-presente) 	 -2.1 to 0.80 	 


Sleipner, Norway 17.8 (1996-presente) 	 No red local/No sismicidad	

Snøhvit, Norway 	 5.8 (2008-presente) 	 No red local/No sismicidad	

In Salah, Algeria 	 3.8 (2004-2011) 	 0.05 to 1.7 	

Cranfield Saline Storage, USA 0.5 (2009-2010) 	 No red local/No sismicidad	



La evolución de la visión académica



(2017)



Nature 2021 Science 2021



(2021)
A Project Lifetime Approach to the
Management of Induced Seismicity Risk at
Geologic Carbon Storage Sites
Dennise C. Templeton*1, Martin Schoenball2,3, Corinne E. Layland-Bachmann2, William Foxall2 ,
Yves Guglielmi2, Kayla A. Kroll1, Jeffrey A. Burghardt4 , Robert Dilmore5 , and Joshua A. White1

Abstract

Cite this article as Templeton, D. C.,
M. Schoenball, C. E. Layland-Bachmann,
W. Foxall, Y. Guglielmi, K. A. Kroll,
J. A. Burghardt, R. Dilmore, and J. A. White
(2022). A Project Lifetime Approach to the
Management of Induced Seismicity Risk at
Geologic Carbon Storage Sites, Seismol.
Res. Lett. XX, 1–10, doi: 10.1785/
0220210284.

The geologic storage of carbon dioxide (CO2) is onemethod that can help reduce atmos-
pheric CO2 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
contain a set of seven actionable focus areas, the purpose of which are to deal proac-
tively with induced seismicity issues. Although each geologic carbon storage site will be
unique and will require a custom approach, these general best practice recommenda-
tions can be used as a starting point to any site-specific plan for how to systematically
evaluate, communicate about, and mitigate induced seismicity at a particular reservoir.

Introduction
Geologic carbon storage (GCS) is one technology that can
reduce CO2greenhouse gas emissions to the atmosphere by
utilizing favorable hydrogeologic conditions to sequester
CO2 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 CO2 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.

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.

1. Lawrence Livermore National Laboratory, Livermore, California, U.S.A.; 2. Lawrence
Berkeley National Laboratory, Berkeley, California, U.S.A., https://orcid.org/0000-
0002-1613-2935 (WF); 3. Nagra, National Cooperative for the Disposal of Radioactive
Waste, Wettingen, Switzerland; 4. Pacific Northwest National Laboratory, Richland,
Washington, U.S.A., https://orcid.org/0000-0002-1226-9782 (JAB); 5. U.S.
Department of Energy, National Energy Technology Laboratory, Pittsburgh,
Pennsylvania, U.S.A., https://orcid.org/0000-0001-9217-2122 (RD)
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Monitorizacion Sísmica: OBLIGATORIA en proyectos de inyección o extracción de fluidos del subsuelo 
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CO2  injection

Enhanced oil recovery
Fracking

Underground gas or hydrogen storage



Recomendaciones (Regulatorias?)

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


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


- Monitorización del almacen y alrededores con red sismológica


• Empezar años antes de comenzar el almacenamiento.


• Definir un Sistema de alerta de semáforos.


• Preparar un Plan de Gestión del Riesgo (respuesta ante la actividad sísmica).


• Monitorizar el movimiento de la pluma del fluido inyectado (integridad almacén).



Seismological Research Letters 2022

Step 7—Operational management of induced
seismicity risks
A site-specific, real-time plan to monitor, assess, control, and
mitigate the risks associated with induced seismicity during
and after fluid injection is necessary. The framework of the
risk-based mitigation plan should be based on a traffic light sys-
tem (TLS), which can provide clear and direct actions to take in
response to given situations according to predetermined criteria.

Induced seismicity mitigation plan. An induced seismic-
ity mitigation plan should be in place before any injection oper-
ations begin. The framework of the plan should be based on a
TLS protocol with at least three or more response levels corre-
sponding to a continuation of operations as planned (green);
heightened awareness and revisiting of injection operations
due to concerning observed seismicity or trends (yellow); and
stopping of injection due to an unacceptable level of induced
seismicity (red) (NRC, 2012). Although a traditional TLS typ-
ically defines the actions to be taken solely in response to the
occurrence of certain observed criteria (e.g., the occurrence of
a seismic event above a certain magnitude or a level of surface
ground shaking above a certain threshold), an adaptive traffic
light systems (ATLS) with physics-based forecasting methods,
can help to inform operation decisions, such that elevated risk
levels might not be reached in the first place (Fig. 1). An ATLS is
fully probabilistic, incorporates new data automatically as much
as possible, and naturally integrates hazard, exposure, and
vulnerability into the system (Wiemer et al., 2014; Mignan et al.,
2017; Langenbruch et al., 2020). In this way the hazard and risk
calculations originally produced in steps 5 and 6 can be auto-
matically updated as new data and models becomes available.

Expert panel. An expert panel should be formed to provide
evidence-based information and recommendations pertaining to
the induced seismicity risk posed by the project. The panel
should serve as a forum in which the operator, the regulatory
agency, other stakeholders, and independent subject matter
experts will be able to monitor and assess the induced seismicity
and develop recommendations for necessary operational
responses, increased seismic monitoring, more detailed analyses,
and other mitigation measures. Expert panels and expert elicita-
tions have proven successful particularly in the presence of sub-
stantial epistemic uncertainties, such as at a greenfield site and
investigating the potential for induced seismicity (Trutnevyte
and Azevedo, 2018). Because the ROC may be extensive, it
may overlap with other uses of the subsurface or with the
ROC of another GCS project or other injection operations. If
several ROCs overlap, the probability of inducing seismicity is
determined by the sum of individual projects contributions
(Dempsey and Riffault, 2019). Therefore, the task of managing
induced seismicity should be addressed by a larger group of
stakeholders including representatives from all subsurface proj-
ects for which ROCs may overlap.

Early evaluation period. The first year of injection
operations should be considered an early evaluation period.
During the early evaluation period, the seismogenic and hydro-
logic behavior of the target reservoir and underlying basements
units should be continually analyzed to calibrate, verify, and/or
update the preinjection models and parameters. Forecasts of the
level of induced seismicity derived from preinjection assessment
using estimated values are likely to be of limited value without
this calibration and verification step.

Late evaluation period. After operations cease at the site,
seismic monitoring, the O&C plan, and the induced seismicity
mitigation plan should continue until the pressure stabilizes,
stress perturbations achieve steady-state values, and it is estab-
lished that the seismic frequency–magnitude behavior is
approaching baseline tectonic conditions, as measured in step 4.

Liability and insurance. Liability and compensation cover-
age for damages cause by GCS-induced earthquakes should be
included in the induced seismicity mitigation plan as a last
means of indirect mitigation. Such indirect mitigation has been
used in EGS contexts in the past (Giardini, 2009). Operators
should be sufficiently covered or demonstrate sufficient assets
to self-insure against damages from induced seismicity. In
areas where several GCS operators are active, an induced event
may occur because of the sum of all activity in the vicinity (e.g.,
Dempsey and Riffault, 2019). Therefore, it may be sensible for
operators to pay contributions to an insurance fund that would
then compensate for any damages resulting from induced seis-
micity in a shared ROC.

Conclusions
GCS is a technology that promises to remove greenhouse gas
emissions from the atmosphere by injecting captured CO2 into

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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Sistema de semáforos



Definir	Sísmicidad	de	base

Estudios	de	Sismicidad	Local:



Elementos de la monitorización sísmica

• Diseño de la red (número de sensores, estudio de la geometría)


• Sistema de adquisición en tiempo real para la detección y localización


• Determinación de las magnitudes y mecanismos focales


• Sistema de alerta (semáforos)


• Plan de gestión del riesgo (respuesta ante la actividad sísmica)


• Seguimiento del movimiento de la pluma inyectada (integridad almacén)
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Sismómetros de fondo marino
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Tecnología de Sensado Acústico Distribuido (DAS)

Monitorizacion	submarina

Tsuji et al., (Sci. Rep. 2021)



Sistemas	de	Semaforos



Sistema de semáforos en uso

Canada

Magnitude-based traffic light system

United Kingdom



Conclusiones - Sismicidad Inducida

- Comparativamente riesgo controlable: Profundidad de injección de CO2 en rocas poco 
consolidadas resultando en sismicidad de pequeña M. 


- Regulaciones posiblemente comunes a todas las actividades de almacenamiento


- Elección y monitorización del almacén: Estudio Sismicidad de Base, Monitorización tiempo real, 
Sistema de Semaforos, Plan de Gestion de Riesgo.


- Nuevas Tecnologías de monitorización: bajo impacto ambiental, coste moderado, alta 
resolución.



END


