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EXECUTIVE SUMMARY

The geologic storage of carbon dioxide (CO.) is one method to help reduce or eliminate
atmospheric CO2 emissions. The sequestered CO» is originally captured from the atmosphere or
from a stationary industrial source and subsequently injected into a deep subsurface porous rock
formation. To facilitate the successful deployment of field scale carbon storage projects, the U.S.
Department of Energy (DOE) is developing tools and protocols for defensible, science-based
frameworks to quantify and mitigate risks associated with the long-term storage of CO,.

This protocol specifically addresses the risk of induced seismicity due to injection in a geologic
carbon storage (GCS) site. This integrated and risk-based protocol is a product of the U.S. DOE
Fossil Energy’s National Risk Assessment Partnership (NRAP), a multi-year collaborative
research effort of Los Alamos National Laboratory (LANL), Lawrence Berkeley National
Laboratory (LBNL), Lawrence Livermore National Laboratory (LLNL), National Energy
Technology Laboratory (NETL), and Pacific Northwest National Laboratory (PNNL).

These recommended practices describe a set of 7 steps to evaluate, manage, communicate, and
mitigate the risk of induced seismicity at GCS sites. The base methodology of the recommended
practices follows a framework similar to the Protocol for Addressing Induced Seismicity
Associated with Enhanced Geothermal Systems (Majer et al., 2012), developed for the
Geothermal Technology Office of the U.S. DOE.

These recommended practices present a framework to systematically assess the induced
seismicity risk and quantify the associated uncertainties. These recommendations are based on
current research and are sufficiently general to allow for modification and application to a variety
of different types of sites. The substance of the recommended practices contained herein includes
both technical and non-technical issues, and covers all operational stages of the GCS project
lifecycle. They start at the preliminary risk assessment phase, continue through site assessment
and characterization, include best practice communication and seismic monitoring plan
methodologies, discuss the evaluation and mitigation of seismic hazard and risk, and closes with
an exploration of operational management plans, which conclude when the induced seismicity
risk abates back to background level.

The focus of these recommendations is on actively managing the risks associated with induced
seismicity by developing an actionable risk management plan that starts at the project proposal
stage and continues through site closure through an iterative assessment and improvement
process. The audience of this document is expected to include all interested stakeholders (e.g.,
operators, project developers, regulators, and the general public) and is expressly written to be
accessible to this broad range of partners.

This document is intended to disseminate knowledge gained through recent advances in the
science of induced seismicity hazard and risk assessments, to provide updates based on recent
experience gained by similar corollary injection-induced seismicity cases, and most importantly
to establish a uniform framework to carry out a successful induced seismicity risk management
plan for carbon storage projects in the future. These recommendations do not directly address
any domestic or international regulations or standards. A complementary NRAP report makes
recommendations for the assessment and management of environmental subsurface risks
associated with unwanted fluid migration at GCS sites (Thomas et al., 2021) and should be
referred to in order to address those additional GCS site risks.
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INTRODUCTION

Geologic carbon storage (GCS) is a technology promising negative greenhouse gas emissions by
injecting captured carbon dioxide (CO.) into deep subsurface rock formations for long-term
storage, thereby removing CO; from the atmosphere and sequestering it in underground
reservoirs of porous rock. GCS is one cutting edge climate solution that can help address the
global climate crisis. An inherent risk associated with this technology, however, is induced
seismicity. Injection operations can modify the existing subsurface conditions thereby creating
the potential for induced seismic events. Risks associated with that potential induced seismicity
must be appropriately assessed and managed for GCS to be successful (White and Foxall, 2016).
The goal of this document is to provide a suite of recommended practices to effectively evaluate,
manage, communicate, and mitigate the induced seismicity hazard and risks associated with GCS
projects. These recommended practices will serve as general guidelines to proactively deal with
induced seismicity issues, setting expectations for operators, regulators, and the general public.
While each carbon storage project will be unique and will require a custom approach, these
general science-based recommended practices can be used as a starting point for any site-specific
induced seismicity risk management plan.

These recommended practices follow general risk management approaches and apply them to the
induced seismicity problem (Fischhoff, 2015). The general risk management process involves:

e Preliminary risk analysis to identify and assess potential hazards

e Complete risk analysis for a more formal estimation of the magnitude of the risks

e Complete risk assessment to evaluate the acceptability of the risks

e Consideration of control mechanisms to mitigate risks

e Monitoring to assess if actual observations follow expected behavior

e Effective risk communication with potentially affected stakeholders across all project
stages

A similar base methodology is followed in the Protocol for Addressing Induced Seismicity
Associated with Enhanced Geothermal Systems (Majer et al., 2012; 2016), developed for the
Geothermal Technology Office of the U.S. Department of Energy (DOE) to address each of
these areas. Here, the geothermal protocol is adapted to include insights from recent scientific
developments in state-of-the-art evaluation, mitigation strategies, and modify the focus to
highlight issues specific to GCS. The recommended practices for addressing induced seismicity
associated with subsurface injection can be subdivided into the following 7 steps:

Step 1: Preliminary Seismic Risk Screening Evaluation

Step 2: Outreach and Communication

Step 3: Ground Motion Thresholds

Step 4: Collection of Seismicity Data

Step 5: Hazard Evaluation of Natural and Induced Seismic Events
Step 6: Risk-Informed Decision Analysis

Step 7: Operational Management of Induced Seismicity Risks
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This document is structured such that each of the seven steps includes: a) a Purpose section, b) a
Recommended Practices section, and ¢) a Supporting Information section. While the Purpose
section briefly describes the role of each step in the overall induced seismicity management plan,
the Recommended Practices section serves as a list of actionable items to fulfill in order to
successfully address the induced seismicity risk. Finally, the Supporting Information section
describes the reasoning behind the recommendations in detail and includes references to the
pertinent scientific literature.

While this document strives to be as quantitative as possible and outline actions, methods, and
procedures that represent the application of current state-of-the-art best practices, it is recognized
that additional approaches and methods will be developed in the future and that these
recommended practices will inevitably evolve. Additionally, this document attempts to take a
policy-neutral position such that the recommendations do not attempt to specifically address
current policies or regulations. Specific tools and methods are not prescribed here and are,
therefore, left to the discretion of the user of this recommended practice guide.
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1. STEP 1: PRELIMINARY SEISMIC RISK SCREENING EVALUATION

1.1 PURPOSE

The purpose of this step is to determine an initial probability of success of candidate sites before
investment of substantial resources, here initial success is defined as the ability to inject and
sequester the supercritical CO; into a deep geologic formation without inducing significant
seismic activity of concern for the operators and other stakeholders. The preliminary seismic risk
screening evaluation is based on simple methods and acceptability criteria with the goal of
determining a go/no-go decision for future planning. Investigations should focus on any issues
that could impede a candidate site’s licensing or acceptance by local stakeholders due to seismic
risk factors. The preliminary evaluation should be conducted with sufficient rigor to allow the
operator to make an informed decision as to whether a site is a good candidate for further study
and potential development. Information resulting from this preliminary evaluation can also be
used to support early technical communications with local stakeholders. This step assumes that
an overall candidate site selection screening—based on geology, hydrology, and other physical
considerations—has already been completed.

1.2 RECOMMENDED PRACTICES

1.2.1 Preliminary Classification of Site-Specific Seismic Risk

1.2.1.1 A preliminary site-specific seismic risk assessment should be completed to qualitatively
classify potential seismic risk into one of four general categories: (I) Very Low, (II) Low, (III)
Medium, or (IV) High (Table 1). This assessment should include, but is not limited to:

a) A review of local, state, and federal laws and regulations relevant to seismicity

b) A review of prior cases of injection-induced seismicity in comparable operational and
geological settings

c) An initial estimate of the Region of Concern

d) A listing of the potential impacts to the local community within the Region of Concern
e) An estimation of the magnitude of the potential impacts

f) An assessment of local stakeholder risk tolerance

g) An integrated assessment of the overall preliminary seismic risk of the planned operation,
based on a weighted combination of factors (a)—(f)

Table 1: Overall Preliminary Seismic Risk Categories with Recommended Go/No-Go
Decisions (Modified from Majer et al., 2012)

l. Very Low: Il. Low lll. Medium
Proceed with planning Can proceed with Probably should not Do not proceed.
planning, but may proceed at this site, but
require additional additional analysis might
analysis to confirm. support proceeding.
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1.3 SUPPORTING INFORMATION

1.3.1 Preliminary Classification of Site-Specific Seismic Risk

Seismic risk is formally evaluated based on a combination of the seismic hazard, the level of
exposure of the population and built environment to the seismic hazard, and the vulnerability to
shaking of the buildings and infrastructure within the risk area (McGuire, 2004). However, Step
1 is not intended to require extensive calculations, comprehensive research, or the development
of extensive databases on seismicity and building vulnerabilities. It is instead a qualitative
assessment of seismic risk, providing an informed but subjective evaluation based on simple
bounding methods to determine if a project may have some obvious flaws that may prevent
success in the short or long term.

The screening analysis for some projects may be quite clear. For example, a planned low-volume
injection at a remote site with no active hazardous faults or local seismicity, and broad
stakeholder approval, could be categorized as a clear Level I, while fluid injection at a heavily
populated site with multiple mapped active faults and little public support could be a clear Level
IV (Table 1). For those projects in all but category Level IV, which should be discarded after
initial screening, this process will also highlight the aspects contributing to risk that will need to
be addressed if the project were to move forward. If a candidate site is ultimately selected, a
more detailed and complete seismic risk analysis will need to be subsequently performed. Each
site is individual and will require customized treatment.

(a) Review of Local, State, and Federal Laws and Regulations

The relevant local, state, and federal laws and regulations should be assessed to determine if any
effects of induced seismicity, however minor or unlikely, are barred. An assessment of damage
liability requirements should also be made. At a minimum, documentation should include a list
of the laws and regulations reviewed.

(b) Review of Prior Injection-Induced Seismicity Cases

To obtain a broad qualitative evaluation of the susceptibility of the site to induced seismicity, a
review of prior cases of GCS injection-induced seismicity should be completed. This assessment
should include a review of previous GCS sites with injection-induced seismicity, suspected
induced seismicity, or no measured seismicity, ideally in a similar geologic province and
reservoir size as that of the project. If no relevant GCS cases can be identified, the assessment
should also include a review of studies investigating induced seismicity associated with other
types of fluid injection operations in similar hydro-mechanical settings, such as at gas injection
projects for example (Cesca et al., 2014; van Thienen-Visser and Breunese, 2015). In these
cases, a description of how the operation and/or fluid mechanics are different from GCS should
be included.

The purpose of this review is to attempt to incorporate regional-scale and operational trends
associated with induced seismicity (Skoumal et al., 2018; Weingarten et al., 2015; Scanlon et al.,
2019). Examples of observed trends can include the abundant induced seismicity in Oklahoma
connected to wide-spread wastewater disposal in the Arbuckle group and the lack of injection-
induced seismicity in the Williston Basin in north-central United States where large-scale fluid
disposal is also occurring (Skoumal et al., 2018). Similarly, operational trends that influence the
likelihood of injection-induced seismicity should be documented (Weingarten et al., 2015;
Scanlon et al., 2019). This evaluation will allow the operators to incorporate general trends into
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the decision-making process since the causative mechanisms of induced seismicity and the
geomechanical conditions at injection sites are diverse and involve many poorly constrained or
unknown parameters. Significant uncertainties as to the likelihood of inducing seismicity can
persist even after careful characterization as it may not be fully understood why some operations
can cause significant induced seismicity while others do not. A matrix approach, where a variety
of factors (e.g., injected volumes, depth, reservoir formations, level of natural tectonic
seismicity, etc.) are identified and compared may be able to provide a structured mechanism by
which to view and organize the information for this qualitative assessment (e.g., Trutnevyte and
Wiemer, 2017).

Documentation should include an overview description of the sites used for comparison
including a justification for why the selected sites are suitable for comparison to the project site
(e.g., geologic setting, population density, building stock, etc.). Furthermore, operational
parameters (e.g., injection duration, total injected fluid volume, maximum injection pressure,
nature of injected fluid, etc.) and a description of previously observed induced seismicity should
also be provided from those sites. Induced seismicity at comparative sites should also be
quantified by the rate and cumulative number of earthquakes above a given minimum magnitude
of completeness (Mc) as well as the maximum observed earthquake magnitude. The frequency
magnitude distribution, which describes the occurrence rate of earthquakes across a range of
magnitudes, of the observed seismicity should also be described to understand the productivity
(i.e., the rate of seismic activity in a pre-defined spatio-temporal volume) and the potential of the
seismicity. For reference, the M. is the minimum magnitude above which all earthquakes in a
certain area are expected to be reliably detected and located. M. can depend on many factors
including subsurface attenuation, site noise, and the distribution of the seismic monitoring
network. M. can also have a time-varying component, since M. is progressively reduced as the
density of a seismic monitoring network is increased over time. The spatial and temporal
evolution of M,, and the uncertainties associated with the M. estimate, should be noted to add
context to the evaluation of historical observations and to describe the propagation of these
uncertainties when calculating seismicity parameters, such as the b-value in Gutenberg-Richter
distributions (Woessner and Wiemer, 2005; Hutton et al., 2010).

(c) Region of Concern of Potential Seismic Events

An estimate of the Region of Concern (ROC) should be prepared. The ROC defines the ground
surface area that could be negatively impacted by induced seismic events occurring at depth
throughout the lifetime of the project. In practice, the ROC can be governed by many factors,
such as the reservoir size, local geology/hydrology, distance to known faults, natural background
seismicity, the in-situ state of stress, potential induced seismicity magnitudes and locations, and
expected fluid injection rates, volumes, and injection pressure. In practice, the ground surface
area that could be negatively impacted by these seismic events would be expected to expand as
the fluid injection program progresses and the CO> migrates away from the wellbore. The ROC
however describes the total area of concern over the lifetime of the project, but may still be
updated over time as new data becomes available. In this Step however, the goal is to obtain only
a first order approximation of the ROC. An estimate of the potential maximum magnitude
induced seismic event, the location of such an event, the ground motions associated with such an
event, and an estimate of the ground motion threshold above which negative impacts would
occur are critical to estimating the ROC.
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To produce a first order estimate of the maximum magnitude injection-induced seismic event, it
is necessary to make simplifying assumptions. One assumption that can be made is that the
induced event would be spatially limited by the extent of the pore pressure perturbation zone,
thus scaling with the total volume of fluid injected (McGarr, 2014; Shapiro et al., 2011; Yeck et
al., 2015). This assumption would produce a lower bound on the actual potential maximum
magnitude induced seismic event, since it ignores site-specific stress conditions and tectonic
factors that have been shown to be important at other locations (Bhattacharya and Viesca, 2019).
Other maximum magnitude models attempt to incorporate tectonic constraints on maximum
earthquake size (van der Elst et al., 2016; Galis et al., 2017; Norbeck and Horne, 2018). These
tectonic constraints attempt to incorporate the observation that subsurface stress changes
propagate much further out than subsurface pore-pressure changes and that these stress changes
would then be interacting with the pre-stressed crust around the reservoir. Observations from
hydraulic fracturing projects, for example, using relatively small fluid volumes have been linked
to a Mw4.6 earthquake in Canada (Atkinson et al., 2016). Similarly, injection of a rather modest
fluid volume associated with an enhanced geothermal system (EGS) has been connected to a
My5.4 earthquake in Pohang, South Korea (Kim et al., 2018; Lee et al., 2019; Yeo et al., 2020).
The largest induced earthquake to date attributed to fluid injection activities documented in the
scientific literature is a M,5.8 event in central Oklahoma (Barbour et al., 2017).

An alternative method to estimate the size of potential injection-induced events at the sites under
consideration at this early stage would be to use comparable fluid injection scenarios from
similar geological conditions. An operator may also consider a series of scenario earthquakes
(e.g., an M3.5, My4.5, and My5.5 at reservoir or basement depth) to assess how the ROC may
vary with the often significant uncertainty associated with the maximum event size.

The hypothetical location of the maximum magnitude event, or scenario events, should be
assumed for this estimate. For example, it may be appropriate to assume that early in the
injection program, induced events would only occur near the injection zone. A discussion of
where induced events may occur later in the injection program should be included. For example,
some induced earthquakes due to fluid injection in the central U.S. appear to be connected to
injection areas located tens of kilometers away, but along trends consistent with regional
basement structures (Peterie et al., 2018).

Ground motion estimation for the assumed maximum magnitude event sizes at the assumed
locations using general empirical relationships or comparable events is also acceptable at this
stage. Broadly applicable empirical ground motion relationships between key parameters
(magnitude, distance, surface shear wave velocity, etc.) and earthquake ground motions (peak or
spectral acceleration, velocity, displacement, Mercalli intensity, etc.) are available for both
tectonic events and more recently for induced events (for example, see Petersen et al. (2018) for
a list of commonly used ground motion models (GMM) included in the creation of the U.S.
national seismic hazard maps or McNamara et al. (2018) for an evaluation of GMMs for induced
and tectonic events in the Central and Eastern U.S.). GMMs specifically developed for induced
events should be preferentially chosen or developed when possible (Bommer et al., 2016). Also,
whenever possible, site-specific parameters that consider local characteristics and geology
should be included within the simplified scope of this step. Applying several potentially
appropriate GMMs to this calculation would also be advisable to attempt to account for
uncertainties within the models. Augmenting an existing seismic network could also be
considered in order to help inform these preliminary analyses.
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After the expected ground motions are calculated for an area, an estimate of the ground motion
threshold above which negative impacts would occur in the region, such as where ground
motions are expected to be recorded above the background noise level, would define the
preliminary ROC. The ROC would subsequently be modified as new information is collected in
this and later steps.

At a minimum, documentation for this Step should include: 1) an estimate of one or more
potential maximum magnitude seismic events that could be induced by fluid injection in the
reservoir; 2) an estimate of the locations where these events could occur; 3) an estimate of the
ground shaking that could be associated with such events along with a description of how the
shaking was calculated; 4) an estimate of the ground motion threshold above which negative
impacts would be expected to occur; and 5) a description and estimate of the key uncertainties in
the above preliminary analyses (e.g., GMMs, M, maximum magnitude event size, etc.).

(d) Potential Impacts to the Local Community Within the Region of Concern

Potential impacts to the local communities located within the ROC should be identified. These
should include physical damages, social disturbances, nuisance, economic disruption, and the
effects of secondary environmental hazards (landslides, liquefaction, seiches, etc.). This
assessment should be carried out with early input from local stakeholders to ensure it includes all
impacts that are of concern, thus building consensus and trust between all parties. Impacts of
concern may vary depending on if the region’s population has previously been exposed to some
level of natural seismicity and if the buildings and infrastructure have been built using
earthquake resistant designs.

Preliminary estimates of the population distribution and building/infrastructure inventories
within the ROC should be determined. A crude order of magnitude estimate of the building
inventory within the ROC is acceptable at this stage. Inventory data can include the number of
residential buildings, commercial buildings, government facilities, schools, historical buildings,
religious facilities, essential facilities (fire stations, police stations, hospitals, emergency
operation centers, etc.), transportation lifelines (highways, airports, rail, ports, bridges, etc.),
utilities (water, electricity, sewage, etc.), and potentially hazardous facilities (tank farms,
refineries, dams, levees, liquefied natural gas plants or storage areas, chemical plants, nuclear
plants, pipelines containing hazardous materials, unreinforced masonry buildings, etc.) (NRC,
1989).

At a minimum, documentation should include: 1) a description of potential impacts; and 2) an
estimate of the number of people, structures, and industries that might be exposed to impacts of
concern within the ROC. Particularly fragile or high-consequence infrastructure should be
highlighted.

(e) Estimation of Potential Impact Magnitudes

A description of the potential impacts due to at least two induced events of different magnitudes,
including a representative average induced seismicity magnitude event and the estimated worst-
case scenario maximum magnitude event, should be included. Potential impacts can include a
description of the number of people and structures that would reasonably be expected to be
affected by each of the scenario events and the type of impact that would be reasonably
expected. This can be based on the estimated ground motions that would be produced by the
events, the population and preliminary building inventory estimates, and potential event
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locations. For the estimated worse-case scenario event, a general scenario loss model, providing
estimates of economic losses and fatalities using general global models and databases, should
also be performed (e.g., Jaiswal and Wald, 2011). There are various methodologies available for
the estimation of losses due to larger earthquakes, including those focused on rapid estimations
for large global earthquakes, based on differing factors of increasing complexity. All methods
require some engineering and seismological expertise in order to interpret the results. Framing
the comparison in terms of the impact due to a series of scenario events of increasing magnitude
can provide a structured way to present the information.

Additionally, a preliminary comparison between potential impacts due to natural tectonic events
and potential induced events should be conducted. An assessment or literature search should
identify any tectonic events that may have occurred in the region and a map and catalog should
be created for seismic events which have occurred within at least 200 km from the reservoir.
This should include a description of their locations, mechanisms, and a description of the
network and catalog quality. Baseline expected ground motions from one or more representative
natural (tectonic) seismicity can be estimated using available data and simplified methods
reliable enough to give an order of magnitude estimate. These potential ground motions and
potential impacts can be estimated similar to the induced events and subsequently compared. The
definition of what level of ground shaking could potentially cause a negative impact should be
clearly stated (e.g., peak ground acceleration = 0.01 g, Modified Mercalli Intensity > III, etc.).
This preliminary analysis could also start to illuminate if natural tectonic seismicity may be of
concern for the site’s infrastructure or reservoir as well.

Alternatively, the long-term probabilistic seismic hazard across the U.S. can be obtained from
the regularly updated national hazard maps (USGS, 2019; Petersen et al., 2018; Petersen et al.,
2014). In the past United States Geological Survey (USGS) hazard maps also included short-
term probabilistic seismic hazard forecasts for the central and eastern U.S., but no new maps
have been published since 2018. These baseline estimates could then be qualitatively compared
with the induced seismicity ground motion estimates, recognizing that this is not a like-for-like
comparison, but rather a general comparison of the two.

Documentation should include, at a minimum: 1) a description (map, tables, etc.) of the number
of people and the number and type of structures that might be affected by each of the events; 2)
the type of impact (nuisance, possible cosmetic building damage, possible minor or significant
structural damage, etc.) to be expected based on ground motion estimates; 3) a qualitative
comparison between the baseline hazard/ground motions from natural seismicity and the
expected ground motions from the induced seismic events and, if applicable, expected ground
motions from scenario natural tectonic events; 4) a description (time, location, and magnitude) of
any nearby seismic events up to at least 200 km from the reservoir along with a description of the
network and catalog quality; and 5) a description and estimate of the key uncertainties in the
above preliminary analyses.

(f) Assessment of Local Stakeholder Risk Tolerance

The level of stakeholder concern regarding the project, used to calibrate the risk scale to an
individual location, should be assessed with the understanding that different communities may
have different risk acceptance levels. Incorporation of stakeholder input allows for a more robust
socio-technical approach to risk governance, even at this early stage. It should be noted that the
process of soliciting input regarding risk can itself change how people perceive risk (e.g., by
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raising concerns about a risk they were not previously aware of or alleviating concerns by
knowing that competent personnel are looking into the issue). Therefore, the solicitation process
should be planned and carried out with care, ideally by an individual or team with experience in
this specialist area (e.g., social scientists). The solicitation process should also highlight the
positive impacts of the project, such as the benefits of releasing less greenhouse gases into the
atmosphere and any local benefits.

Documentation should include a determination of the level of impact perceived to be acceptable
by all stakeholders (regulators, community, operator, etc.) for each of the risk factors.

(g) Overall Seismic Risk of the Planned Operation

An integrated assessment of the seismic risk of the planned operation is developed by combining
the information from the technical and social factors. Outreach and transparency play an
important role in the determination of overall seismic risk. The threshold for unacceptable risk is
project- and operator-specific and is dependent upon a host of factors.

There are many methods by which the overall seismic risk related to an individual site may be
assigned to the broad seismic risk categories specified in Table 1: (I) Very Low, (II) Low, (I1I)
Medium, or (IV) High. Individual risks can be categorized and ranked in terms of the likelihood
of occurrence and the severity of the consequence. Acceptability criteria needs to be clearly
defined for the various risk factors in each of the categories. The more specific the criteria, the
easier it will be to communicate the risks to all stakeholders. One such method is to create a grid
and define what each category of risk would entail for each of the potential impacts, similar to
the Geothermal Risk of Induced seismicity Diagnosis (GRID) method proposed for Switzerland
(Trutnevyte and Wiemer, 2017).

Documentation should include a summary of the project and of the dominant risk issues, the
preliminary seismic risk category for the project and a description of the factors that went into
determining the risk category, the final decision regarding whether or not to pursue the project,
and a brief discussion of the factors which influenced the decision-making process. Key
uncertainties that would substantially alter the current assessment should be noted.

10
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2. STEP 2: OUTREACH AND COMMUNICATION

2.1 PURPOSE

The purpose of this step is to develop an induced seismicity component to a project’s general
Outreach and Communication (O&C) program to facilitate communication and maintain positive
relationships with stakeholders (e.g., community leaders, governmental agencies, tribal
governments, regulators, public safety officials, non-governmental organizations, the general
local community, etc.). Across all stages of project planning, operation, and decommission, it is
critical that stakeholders are kept informed and that their input is considered and acted upon in a
timely and meaningful way. Stakeholder acceptance is a necessary component of any project. A
successful O&C program will help facilitate that goal. Each O&C program will be site-specific
and will require a custom approach. This section describes a general set of principles and
engagement options founded on both the theory of stakeholder engagement as well as informed
by previous experience with siting major energy and non-energy projects.

2.2 RECOMMENDED PRACTICES

2.2.1 Site-Specific Outreach and Communication Program

2.2.1.1 A site-specific O&C program should be implemented and reviewed annually. The
program should include an induced seismicity component based on the following principles:

a) Institution of a broad-based participatory process

b) Broad agreement that the project is an improvement over the status quo

c) Broad stakeholder consensus regarding the project plan

d) Communication with stakeholders that stringent safety standards are being met

e) Commitment to fully address negative aspects of the project with stakeholders

f) Commitment to develop and maintain stakeholder trust

2.3 SUPPORTING INFORMATION

2.3.1 Site-Specific Outreach and Communication Program

There is no one size fits all approach to O&C. It is expected that each project dealing with the
potential for induced seismicity will need to prepare an individualized O&C plan that addresses
the specific local issues associated with the project site (GWPC and IOGCC, 2017) and the
requirements within the Risk-Based Mitigation Plan (Step 7). It is expected that the effort
expended on this step may vary significantly from site to site. Any O&C program should strive
to adhere to the general working principles associated with the theory of stakeholder engagement
and to build on previous experience associated with siting major energy and non-energy projects
to achieve fair and efficient consensus building amongst all stakeholders (Kunreuther and
Suskind, 1991). The O&C program should also integrate concepts of relationship management
theory between organizations and the public so as to establish and maintain a positive and
mutually beneficial relationship with the local community and other stakeholders (Ledingham
and Bruning, 1998; Ledingham, 2003). The induced seismicity component described herein is
expected to be part of the general outreach, communication, and education plan for GCS projects
(NETL, 2017). The O&C plan should be reviewed in its entirely at least annually to ensure that it

11
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is meeting stakeholder needs. The O&C plan should also be periodically evaluated. This
evaluation could include developing surveys, semi-structured ethnographic interviews, and/or
media and social media analyses to help determine the success of the plan amongst the local
community and other stakeholders.

(a) Institution of a Broad-Based Participatory Process

Stakeholder groups (e.g., local communities, governmental agencies, tribal governments,
regulators, public safety officials, non-governmental organizations, etc.) who may be impacted
by injection-induced seismicity associated with the project should be identified early in the
process and preliminary discussions should be held to explain the project and determine
stakeholder concerns. In particular, people and organizations who have the trust of the
community at large should be engaged in these early discussions. These early-stage discussions
could focus on communicating with elected and other local officials, and with various local civic
organizations. At later stages, representatives from all stakeholder groups, including the
community at large, should be invited to participate in the project at the appropriate level.
Evaluating opinions and concerns in the early stages of the project will ensure that the outreach
is responsive to the stakeholder community.

(b) Broad Agreement that the Project is an Improvement Over the Status Quo

General stakeholder acceptance of a project typically starts with an agreement that the project is
needed (Meller et al., 2018). Public education and outreach efforts can include information
regarding the consequences of not moving forward with the project (i.e., maintaining the status
quo), in particular emphasizing the impact to the community’s citizens. Discussions should
include the relevant policies and context, including how the project could meet broader societal
goals in addition to meeting local stakeholder needs as well.

(c) Stakeholder Consensus Regarding the Project Plan

All stakeholders should have the opportunity to communicate their comments and concerns to
ensure that the project plan is ultimately beneficial to the local community. Technical expertise
should be augmented with local knowledge. Alternative approaches, along with their short-term
and long-term implications should be included in public discussions and framed in both technical
and non-technical language, depending on the audience involved. Vigorous public debate about
the pros and cons of the project also should be supported. Gaining an in-depth understanding of
the diverse concerns of the community will allow the project proponents to gain better insights
into how the project can support the community. This information exchange will also help
provide context into the reasons behind the underlying views of the community about the project
risks and benefits.

Information that should be disseminated to stakeholders over the course of the project includes: a
general overview of the project, the motivation for conducting the project, what potential surface
structures might look like, how the project was funded, and who is on the team. It might be
desirable to include public institutions (e.g., USGS, public universities) and private organizations
(e.g., consulting companies) selected to provide third-party assessments or peer-reviews in the
discussions. This information should be disseminated during all phases of the project.

Specific seismic related information to include in stakeholder interactions should include
explanations about:

a) Why induced seismicity may occur

12
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b) The history of induced seismicity in other applications

c) The similarities and differences between induced seismicity and natural earthquakes (e.g.,
frequency, location, etc.)

d) The potential risks to the community

e) The risk mitigation strategies, including a description of the thresholds that will be used
for triggering mitigation strategies

f) The monitoring systems (e.g., seismic monitoring and fluid injection monitoring) and
associated analyses to be performed

g) Where to obtain more information about seismicity data gathered by the operator (e.g.,
frequently updated website with earthquake catalog information)

Even early communications should clearly distinguish the differences between potential induced
seismicity associated with GCS and other types of subsurface fluid injection projects, such as
wastewater injection and hydraulic fracturing. From the beginning, local communities and other
stakeholders should be kept informed about induced seismicity in general and about what they
could expect in particular.

(d) Communication with Stakeholders that Stringent Safety Standards are Being Met

Stakeholders should be informed of all best practice safety standards with respect to induced
seismicity mitigation that will be implemented at the project site. This should include all
mandated actions and best practice recommendations, as detailed in the Risk-Based Mitigation
Plan (Step 7), and responsibilities of the local safety officials. Moreover, the communication
team should ensure that robust communication mechanisms exist between the project and local
safety officials both prior to and during any potential seismic event of concern to help the local
communities mitigate, prepare, and respond to any potential felt seismic events. Stakeholders
should also have an opportunity to recommend additional safety standards that would be of
importance to the local host community.

(e) Commitment to Fully Address Negative Aspects of the Project with Stakeholders

To prepare for potential future negative impacts (e.g., nuisance vibrations, property damage,
etc.), stakeholders should be fully informed of all potential negative impacts and come to an
agreement as to how to report potential negative impacts (e.g., a call-in phone line, webpage,
etc.) and the forms of compensation and mitigation measures that would be acceptable if such an
event were to occur. This will ultimately be documented in the Risk-Based Mitigation Plan (Step
7). Any discussion of induced seismicity risks should be framed in the proper context, potentially
through a comparison with the local natural seismicity or other common risks.

(f) Commitment to Develop and Maintain Stakeholder Trust

Lack of trust between groups can become a barrier to reaching consensus and acceptance of a
project. Project proponents should address potential sources of mistrust (e.g., lack of local
support, previous negative experiences, general suspicions toward government, industry and
other institutions, etc.) through a vigorous and open O&C plan that is started early in the process.
This process should be ongoing throughout the lifetime of the project.

Communication with stakeholders should occur on a regular basis at a frequency that is
acceptable to the stakeholders. Special meetings may need to be arranged to specifically address
time-sensitive community concerns outside of regularly scheduled meetings. Meetings should be
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accessible to all stakeholders, with some held outside of regular working hours to accommodate
members of the general public. Additionally, communication between technical and non-
technical parties should be inclusionary and open to the greatest extent possible, avoiding the
creation of opaque communication environments ladened with detailed technical language. The
communication language and style should be periodically evaluated with key stakeholders
providing feedback. Lastly, third-party monitoring of seismicity (e.g., by the USGS or other
institutions) or a commitment to ensure that all data will be publicly available could assure
stakeholders of unbiased and reliable results. This information can be documented in the
Collection of Seismicity Data (Step 4).

The communications delivered to the public, particularly concerning real or perceived risks,
should be coordinated by a central team to maintain consistent messaging, especially if the
project developer is made up of several operators, agencies, and sub-contractors. The
communication team should have clearly defined roles and responsibilities. Communication
strategies that address specific potential scenarios should be created prior to operations to
decrease response time following an event or activity of concern. The effectiveness of
communication campaigns that support the Risk-Based Mitigation Plan (Step 7) and their impact
on different target groups should be carefully reviewed and evaluated (Marti et al., 2020). The
communication team should be able to call upon a multi-disciplinary group of people who are
involved in key decision-making aspects of the project. These individuals could include project
managers, scientists, government officials, company spokespersons, safety personnel, and
technical service providers. The communications team should ensure that requests for
information are fulfilled in a timely manner, including drafting and maintaining responses to
frequently asked questions.

Local stakeholders should feel that there are easy methods in which to communicate their
concerns and that their concerns are being addressed. This can include having a local project
office or visitor center open to the community, engaging in various social media campaigns to
inform the local populations about the project, holding public meetings and site visits to discuss
both technical and non-technical issues, and having regularly updated open communication
pathways (e.g., website, newsletters, articles in local newspapers with updates, email list, phone
hotline, etc.) to advise stakeholders as to the state of current operations at the site and to solicit
feedback.

Outreach activities should focus on educating the public about the facts of the project and
technology involved. Outreach activities should also include aspects of earthquake awareness,
education, and preparedness, especially in areas that may not typically experience natural
seismicity. In areas where large historic earthquakes may have produced felt ground motions,
outreach should particularly include those aspects in the earthquake education and risk
discussions. In areas where natural earthquakes are not part of the region’s background
knowledge, earthquake education would be particularly important (e.g., discussing the
importance of securing water heaters and heavy furniture to the walls, discussing actions to take
if shaking were to start, highlighting the fact that people in different buildings or doing different
types of activities may experience different levels of ground shaking even for the same event,
etc.) Ideally, public meetings and site visits should be held before operations start at the site,
before injection begins, and periodically during the injection program.

Documentation associated with the O&C program should be annually reviewed and should
include: 1) a list of relevant stakeholders; 2) an archive of official documentation associated with
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the program, including letters of endorsement from different stakeholder groups; and 3) a
description of the O&C plan, including a list of individual team members.

15



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

3. STEP 3: GROUND MOTION THRESHOLDS

3.1 PURPOSE

The purpose of this step is to determine site-specific ground motion thresholds to minimize
nuisance and damage risks. These threshold levels should be determined after careful assessment
of the local conditions and stakeholder risk tolerance. Existing standards specifying ground
motion criteria for nuisance and damage risks should be evaluated so as to comply with any
pertinent regulations instituted by other industries, such as mining and construction. Information
from this Step will be used for the design of a seismic monitoring program (Step 4), and as a site-
specific baseline against which subsequent induced seismicity hazard and risk analyses results
(Steps 5 and 6) can be juxtaposed. Additionally, a subset of the threshold levels identified in this
Step may be used to inform the “traffic light” threshold levels within the risk-based induced
seismicity mitigation plan (Step 7).

3.2 RECOMMENDED PRACTICES

3.2.1 Review of Existing Standards and Criteria

3.2.1.1 A review of international, federal, state, and local ground motion standards and criteria
relating to nuisance and damage due to ground shaking should be conducted. This review should
include, but should not be limited to:

a) Reviewing local, state, and federal ordinances applicable within the ROC relating to
ground motions.

b) Reviewing existing standards and criteria for ground motions developed for other
industrial activities so as to ensure conformance with any pertinent standards and
regulations.

¢) Reviewing ground motion thresholds typically associated with both cosmetic damage and
structural damage for buildings and infrastructure, typically stated in terms of peak
ground accelerations (PGA), peak ground velocity (PGV), or spectral acceleration (SA).

3.2.1.2 A review of the standards and criteria relating to the limits of human perception of ground
motions should be conducted.

3.2.2 Assessment of Site-Specific Conditions

3.2.2.1 A site-specific assessment of the existing environmental conditions within the ROC
should be conducted to determine a baseline level of ground vibrations due to existing local
activities and industries.

3.2.2.2 A site-specific assessment of the building stock within the ROC should be conducted.
This assessment should include, but should not be limited to, the number and type of residential

buildings, commercial buildings, fragile or historical buildings, and general infrastructure within
the ROC.

3.2.2.3 An assessment of the level of ground shaking that could potentially interfere with
industrial and institutional land uses within the ROC should be conducted. This assessment
should include, but should not be limited to, sensitive industrial and commercial activities,
research activities, medical activities, and wildlife habitats.

16



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

3.2.3 Designation of Site-Specific Ground Motion Thresholds

3.2.3.1 At a minimum, four types of ground motion threshold levels should be designated. They
should include

a) The ground motion threshold for reaching an unacceptable nuisance risk level, based on
the human perception of ground shaking within the ROC

b) The ground motion thresholds associated with both cosmetic and structural damage of
infrastructure and building stock within the ROC

c) The ground motion thresholds for sensitive equipment (e.g., industrial, commercial,
medical, etc.) and institutional land uses

d) The ground motion thresholds stipulated in federal, state, or local regulations applicable
within the ROC

33 SUPPORTING INFORMATION

3.3.1 Review of Existing Standards and Criteria

Federal, state, and local standards regarding ground motions should be reviewed to determine if
any regulatory criteria are applicable within the ROC. Ground motions from injection-induced
seismicity at shallow depths could be of similar frequency and vibration content as those
associated with construction, mining, mass transit, and other similar industries. To a first order,
the experience and criteria developed for these industries could also be applied to the induced
seismicity case and should be investigated.

A review of the human limits to the perception of ground vibrations should also be conducted.
To describe events that do not cause damage but disrupt the local public, the nuisance risk
concept has been introduced for induced seismicity (i.e., Foulger et al., 2018). Even small events
might cause felt ground shaking that may pose a nuisance and cause anxiety to the local
population, and potentially generate resistance to the project. This may be particularly true in
areas that do not experience relatively frequent natural seismicity. Human perception of ground
motion can vary with the individual, the physical setting, and the type of ground motion. The
nuisance risk due to small events should be evaluated based on site-specific information and
stakeholder input. Guidelines for assessing the human response to vibration have to a certain
extent been explored in the induced seismicity context (Bommer et al., 2006; Douglas and
Aochi, 2014; Schultz et al., 2021b). They have also been more rigorously, although more
generally explored by American National Standard Institute (ANSI) S2.71-1983 (ANSI, 2020)
Guide to the Evaluation of Human Exposure to Vibration in Buildings. This standard
corresponds to International Organization for Standardization (ISO) 2631, parts 1 and 2 (ISO
2003). Similarly, the Federal Transit Administration (FTA, 2006) and the California Department
of Transportation (Caltrans, 2020) have also established relevant standards and recommendations
for both transient sources (e.g., single isolated vibration events) and frequent intermittent sources
(e.g., events with frequent interrupted periods of continuous vibration) (Table 2).

Lastly, a review of threshold ground motion levels which may cause cosmetic damage or
structural damage to different types of buildings and infrastructure should be reviewed. For
example, although it has been observed that vibrations between 125 mm/sec to 250 mm/sec PGV
will not cause damage to reinforced concrete structures, vibrations between 150 mm/sec and 275
mm/sec can cause cracking of free-standing masonry walls and could therefore be included as a
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potential ground motion threshold level (Dowding, 1996; Siskind et al., 1980; Siskind, 2000).
Threshold ground motion levels can also be inferred from field observations; however, care
should be taken to exclude field observations of damage due to medium-to-large magnitude
earthquakes since these may not be reliable indicators of damage due to smaller magnitude
events as the durations, number of cycles of motion, and energy content would all be lower.
Ground motion thresholds associated with potential soil settlement which may disrupt structure
foundations should also be reviewed. It is to be expected that the levels of ground shaking
associated with cosmetic or structural damage would be significantly higher than the levels of
ground shaking that would constitute only a nuisance to the local population. Additionally, it
should be noted that these damage threshold values by themselves would not automatically mean
that damage will ensue, just that the necessary conditions have been met.

Table 2: Potential Guideline Vibration Annoyance Criteria for Transient and Frequent
Intermittent Sources (Caltrans, 2020)

Human Maximum PGV Maximum PGV
Response Transient Source Frequent Intermittent Source
Barely . .
perceptible 0.04 in./sec [1.02 mm/sec] 0.01 in./sec [0.25 mm/sec]
Distinctly . .
perceptible 0.25 in./sec [6.35 mm/sec] 0.04 in./sec [1.02 mm/sec]
p:;czz;tgilgle 0.90 in./sec [22.86 mm/sec] 0.10in./sec [2.54 mm/sec]
Severe 2.00 in./sec [50.80 mm/sec] 0.40in./sec [10.16 mm/sec]

Documentation should include: 1) a list of any relevant federal, state, or local standards
regarding ground motions that are applicable within the ROC; 2) a list of any standards or
criteria relating to ground motions in similar industries; 3) a list of the ground motion thresholds
relating to human perception; and 4) a catalog of ground motion threshold levels for which
cosmetic and structural damage could potentially occur for a range of building and infrastructure

types.

3.3.2 Assessment of Site-Specific Conditions

An assessment of the existing environmental conditions within the ROC should be conducted to
determine the existing baseline level of ground motions associated with existing local activities
and industries, such as vibrations associated with mass transit.

An assessment of the building and structure types within the ROC should also be conducted,
with particular attention paid to identifying fragile structures, historical structures, and other
structures of particular importance to the local community. Particularly in regions of low natural
seismic hazard, the building stock may not be engineered to withstand ground shaking and so
even moderate earthquakes may lead to significant damage. These structures should be identified
and grouped by their construction attributes, physical condition, age, and any other factors which
may affect their behavior during a seismic event. Several general building classification
frameworks have been developed, for example by Hazus, Prompt Assessment of Global
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Earthquakes for Response (PAGER), and Global Earthquake Model (GEM) (NIBS, 2003; Porter,
2005; Gallagher et al., 2013); however, site-specific classifications are strongly encouraged.

Lastly, an assessment of sensitive local industrial equipment, activities, and institutional land use
areas which may be impacted by elevated levels of ground shaking should be conducted within
the ROC. For example, medical equipment such as magnetic resonance imaging (MRI) machines
or other hospital equipment have stringent requirements on the levels of acceptable vibrations,
which can be below the level of felt ground shaking.

Documentation should include: 1) a report on the existing baseline level of ground motions
associated with existing local activities and industries; 2) a listing of the building and structure
types within the ROC categorized in the same manner as the building and infrastructure ground
motion threshold catalog; and 3) a listing of the sensitive local industrial equipment, activities,
and institutional land use areas that may be impacted by elevated levels of ground shaking, along
with the maximum acceptable ground shaking threshold levels of each.

3.3.3 Designation of Site-Specific Ground Motion Thresholds

At a minimum, four ground motion threshold levels should be quantified in this step. They are
(in no particular order): 1) the threshold for humans to perceive ground shaking; 2) cosmetic and
structural damage to each type of building and infrastructure within the ROC; 3) ground motions
that may affect local industrial and institutional land uses within the ROC; and 4) ground
motions that are stipulated in federal, state, or local regulations that are applicable within the
ROC. These ground motion levels should be determined after careful assessment of the
regulations, local conditions, and careful evaluation of stakeholder risk tolerance. Additionally,
when designating nuisance levels of ground shaking, these can depend on the amplitude of the
shaking, the duration of shaking, and the number of shaking episodes.

Documentation for this step should include: 1) a description of the type of threshold levels, 2) the
maximum ground shaking value or range of values for each threshold level, and 3) the
supporting documentation used to determine the threshold.
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4. STEP 4: COLLECTION OF SEISMICITY DATA

4.1 PURPOSE

The purpose of this step is to gather seismicity data that will be used for three related but
different needs. The first need is to accurately assess and periodically re-assess the natural and
induced seismic hazard and risk associated with the project. The second is to aid in the effective
and rapid detection and characterization of induced seismicity occurring in the Perturbed Stress
Zone (PSZ). The final need is to provide accurate data for input into induced seismicity
mitigation plans (e.g., conventional or adaptive traffic light systems). In short, observed
seismicity will be used not only to estimate and mitigate the hazard and risk at the site, but also
to aid in reservoir characterization and management. Not included in this step is the collection or
analysis of active seismic and other data required to characterize the subsurface reservoir system
and its surroundings. However, the results of those efforts would certainly be necessary when
estimating the seismic hazards (as described in Step 5).

4.2 RECOMMENDED PRACTICES

4.2.1 Seismic Activity Before Operations

4.2.1.1 Previous seismic activity should be characterized within a region of at least 200 km
radius around planned injection operations. Elements of the seismicity characterization should
include, but are not limited to, collecting existing information from:

a) Catalogs of instrumentally recorded earthquakes from national, state, or regional agencies

b) Historical records of earthquakes and observed fault ruptures, including but not limited
to, historical earthquake catalogs, and newspaper and other contemporary records, and
published reports of field geological investigations

c) Fault maps and fault characterizations, including but not limited to, scientific maps and
publications

d) Paleoseismic fault displacement data, including but not limited to, published trenching
studies

e) Previous induced earthquake activity, including but not limited to, earthquake catalogs
and scientific publications investigating possible induced activity

4.2.1.2 Prior to commencing injection operations, a seismic monitoring network (as described in
Section 4.2.2) should be operated for preferably 1 year or longer, but at least for 6 months.

4.2.2 Seismic Monitoring Network Design

4.2.2.1 A local seismic monitoring network should be installed and should have the following
minimum requirements:

a) The seismic network should include a combination of weak-motion seismometers and
strong-motion accelerometers

b) Each seismic station should consist of 3 orthogonal sensor components and record with a
timing accuracy of 1 ms or better
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c) The network should be able to record and locate seismicity in the PSZ with at least a 2-
sigma location accuracy of 0.5 km in the horizontal direction and 1.0 km in the vertical
direction

d) Seismic monitoring networks should be designed, and stations located such that ground
velocities of 600 nm/s can be recorded with a signal-to-noise ratio of at least 6 in the
frequency range 5—40 Hz within the ROC

e) The velocity model used to locate earthquakes should be calibrated using calibration
shots or similar methods

4.2.3 Seismic Monitoring Network Operation and Reporting

4.2.3.1 The seismic monitoring network operation should be set up so that:
a) Seismic waveform data should be analyzed in near-real time to detect, associate, locate,
and determine magnitudes of seismic events

b) The seismic monitoring network should continuously operate during the operational
phase of the project and throughout the seismic post-injection site care (PISC) period

c) The operator should ensure that raw seismic data waveform, associated metadata, and
event catalogs are archived throughout the lifetime of the project

4.2.4 Public Reporting and Engagement

4.2.4.1 The operator should provide a summary report on observed induced seismicity at least
annually. This report should be made publicly available.

4.2.4.2 Earthquake catalogs should be made available in near-real time to the public through a
web interface. The web interface should:

a) Provide information on each event including, but not limited to, the event origin date and
time, 3D location, magnitude, number of stations used to compute the location, maximum
azimuthal gap, distance of closest station to the event, root-mean-square (RMS) travel
time residual, location uncertainty, and whether the event has been reviewed by a
seismologist

b) Allow automatic queries to retrieve event information by computer systems of third
parties

c) Include implementation of standard seismological data formats such as miniSEED, and
data request and transfer schemas, such as FDSN StationXML and ArcLink

4.2.4.3 Continuous raw seismic data waveforms should be transmitted to a public data
repository, such as the Incorporated Research Institutions for Seismology Data Management
Center (IRIS-DMC), in near-real time.

4.2.4.4 The waveform data should be accessible to the public from an online data repository
without limitations, excepting for a reasonable embargo period to ensure quality control.

4.2.4.5 The operator should supply additional seismic network metadata including, but not
limited to, instrument locations, instrument data sheets, and instrument response functions.
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4.2.4.6 The operator should supply additional related information including, but not limited to,
the seismic velocity model and the seismic phase picks used for computation of the event
locations.

4.3 SUPPORTING INFORMATION

4.3.1 Seismic Activity Before Operations

The first step in understanding the potential for induced seismicity from a new project is to
identify any nearby past and present seismicity and the faults on which it originates. These data
will be needed to: 1) perform the induced seismic hazard and risk analyses (Steps 5 and 6)
initiated during the planning stage of the project; and 2) compare to any potential induced
seismicity observed during the operation stage. A region much larger than the ROC (minimum of
200 km radius) is chosen to ensure that wider regional trends are considered in the seismic
hazard assessment. This consideration reduces the possibility of overlooking infrequent but
possibly large events that could still impact the local hazard.

Seismic monitoring networks operated by national, state, or regional entities can provide
information on larger events occurring in a region. The National Earthquake Information Center
(NEIC) for example, has a goal of detecting and locating events in the U.S. that are greater than
M,2.5-My3.0, depending on the geographic region. However, processing of smaller events may
take up to several weeks, or information on them may not be reported due to poor data quality or
their signal can be masked by larger events. In general, this level of monitoring is not sufficient
for monitoring induced seismicity. Routine detection of small events in the immediate vicinity of
the injection site is necessary to detect problematic developments as early as possible.

Historic reports of significant earthquakes can provide important information on time periods
that predate instrumental recording. For rare events that occur once every few hundred to
thousands of years, this may be the only evidence of seismic activity. Of course, the absence of
historic reports of significant earthquakes does not necessarily indicate that no faults exist, that
no earthquakes occurred in the past in the region, or that induced seismicity would not occur in
the future. Geologic characterization of faults active in the Quaternary and paleoseismic studies
of known faults enables inclusion of prehistoric earthquakes and complements the
characterization of historical seismicity.

Evidence of anthropogenic earthquake activity should also be investigated. If the targeted region
has a history of induced seismicity, this would be a strong indication of a critically stressed crust,
i.e., relatively small perturbations to the subsurface stress field may be sufficient to induce
seismicity. Such cases would need to be carefully scrutinized.

As indicated above, national, state or regional seismic networks are typically not sensitive
enough to detect the level of seismic activity that should be recorded at local sites. Therefore,
installing or augmenting an existing local monitoring network may be required in order to
understand the response of the project site to injection operations. It is important to quantify the
level of seismic activity before operations commence at the same detection level as will be used
during injection operations. Recognizing that natural seismicity rates can vary over time, the
local seismic network should begin operating as early as possible. One year or longer is
recommended, but a minimum of 6 months of pre-injection monitoring is suggested.
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4.3.2 Seismic Monitoring Network Design

The seismic monitoring network should be designed to detect and characterize seismicity
occurring in the PSZ volume, down to at least M1, and should be able to record all expected felt
ground motions due to those events effectively and rapidly. The PSZ is the three-dimensional
(3D) subsurface region originating at the injection wells with perturbed pressure and stress in
which seismicity could occur in a critically stressed crust. The PSZ could be estimated, for
example, by creating a hydro-mechanical model of the reservoir injection scenarios and
determining where the Mohr-Coulomb stress changes would exceed a pre-determined critical
stress threshold (Figueiredo et al., 2015). The PSZ will also be expected to expand over time as
the fluid migrates. As such, it would be expected that stations could be added to the seismic
network over time to expand the network to adequately cover the evolving PSZ. Collecting and
analyzing the necessary seismic data requires the appropriate sensors, electronics, network
design, and computational capability. With regard to the sensors, local monitoring networks
should include a combination of high-gain sensors, which can optimally record weak ground
motions from small local earthquakes, and low-gain accelerometers, which can optimally record
strong ground motions from nearby larger earthquakes. Two common types of high-gain sensors
include broadband seismometers and geophones (Trnkoczy et al., 2002). Broadband
seismometers typically have a wider frequency passband than geophones, can record lower
frequency ground motion, and can therefore more accurately measure event magnitudes and peak
ground velocities of induced seismic events (Yenier et al., 2016). Broadband seismometers are,
therefore, the preferred high-gain instrument for monitoring induced seismicity. Strong ground
motion instruments (i.e., accelerometers) more accurately measure the forces associated with
larger earthquakes. Accelerometers can be located near sensitive structures to monitor for
potential large ground motions at critical locations and should be able to measure strong ground
motions up to at least 1 g.

Each seismic station should measure ground motion in three orthogonal directions (e.g., up-
down, north-south, and east-west) to fully capture the movement of the seismic waves as they
travel through the earth. The data should be recorded using at least a 24-bit digital data
acquisition system and a global positioning system (GPS)-based field timing system to achieve
the required timing accuracy of at least 1 ms. The instruments should be able to record the
dominant frequencies of the earthquakes.

When designing the seismic network, it is best to strive for as much sensitivity and accuracy as is
economically possible for optimal earthquake detection, association, location, and magnitude
determination of both small microseismic events and the largest potential events that may occur
due to injection activities. Azimuthal gaps between the seismic stations greater than or equal to
120 degrees should be avoided. To record seismicity within the PSZ, it is expected that the
footprint of the seismic network would need to extend beyond the PSZ. The network should be
designed to record and locate seismicity in the PSZ with at least a 2-sigma (i.e., 2 standard
deviation) location accuracy of 0.5 km in the horizontal direction and 1.0 km in the vertical
direction. These uncertainty values include the formal location uncertainty given by the location
software and also any unmodeled uncertainties of the velocity model. The precision of locations
in any subsequently relocated earthquake catalog, assuming that the original catalog was not
systematically biased, may be significantly smaller, allowing for identification of fault structures.

The seismic network should be designed to clearly record events that originate in the PSZ
subsurface volume. Wiemer et al. (2017) suggest that for sedimentary basins this would require
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measurement of ground velocity amplitudes as small as 600 nm/s with a signal-to-noise ratio
(SNR) of at least 6 within the frequency range of 5—40 Hz; i.e., the noise level at each recording
site should not exceed 100 nm/s. This criterion should enable a magnitude of completeness on
the order of M1 to be achieved. To ensure the desired maximum noise level, Groos and Ritter
(2010) recommend that background noise should be measured at each candidate recording site
for least 7 days and a noise analysis be carried out prior to the installation of permanent
instrumentation. The noise level should also be continuously assessed during the operational
phase of the project and throughout the PISC period.

Seismic stations should be sited using commonly accepted procedures (e.g., Trnkoczy et al.,
2002; Plenkers et al., 2015) to assure good mechanical contact with the ground and adequate
protection of the equipment. If possible, the sensor should be installed below the weathered and
alluvial layers in bedrock geology. If high-quality surface sites are not available, the use of
shallow borehole installations (80—150 m depth) would be necessary to minimize background
noise.

Velocity model uncertainties can lead to major uncertainties in earthquake locations, particularly
in depth. These uncertainties can be reduced by calibrating the velocity model using one or more
calibration shots (e.g., small explosions in a wellbore at target depth) (Akram and Eaton, 2013),
or similar methods. Additionally, if available, subsurface velocity information from active
seismic surveys or borehole sonic logs should be integrated into the seismic velocity model used
for event location.

4.3.3 Seismic Monitoring Network Operation and Reporting

Making the monitoring effort transparent to regulators and the public by providing seismic
waveform and earthquake catalog data to the public in near-real time is an important step to
maintain the support of the local community, facilitate project oversight, and allow scientists to
further analyze the data. While there may be legitimate operational reasons to briefly embargo
data to ensure quality control and accuracy of interpretation, it is highly recommended that an
open-access data approach be taken when engaging with the public. This will improve
community trust and also improve the overall state-of-knowledge in the induced seismicity
research community. The seismic monitoring network should be operating continuously during
the pre-operational background assessment phase, during the operational phase of the project and
throughout the seismic PISC period. Additionally, the operator should ensure that the continuous
raw seismic data and event catalogs are archived throughout the life of the project and until the
end of the seismic PISC. Magnitudes in event catalogs should preferably be calculated as
moment magnitudes, although it is acknowledged that this is not always straightforward,
particularly in areas that have not historically had earthquakes (Edwards and Douglas, 2014). In
these cases, the reporting of local magnitudes may be necessary.

4.3.4 Public Reporting and Engagement

The operator should provide a summary report on observed induced seismicity at least annually.
This report should be made publicly available. Additionally, earthquake catalogs should be made
available in near-real time to the public through a web interface. This waveform data should be
accessible to the public without limitations, excepting for a reasonable embargo period to ensure
quality control (e.g., Salvage et al., 2021).
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Archiving raw waveform data in near-real time at data centers, such as IRIS-DMC, can help with
long-term storage and facilitate easy access by third parties. In particular, the IRIS-DMC has
been certified as a trusted repository by the International Council for Science World Data System
and is a common repository for seismic waveform data and station metadata information in the
U.S. Additionally, seismic data protocols such as SEEDLink for real time seismic waveform data
transfer or ArcLink for waveform data and station metadata transfer are highly recommended.
Standard seismic data formats, such as miniSEED, are also recommended. The use of standard
data schemas, such as FDSN StationXML for station metadata and QuakeML for event and
phase data, and standard coordinate reference systems is strongly recommended. Sensor and
station metadata documentation should include, but may not be limited to, instrument
coordinates, instrument response functions, compression type, sampling rate, gain factors, etc.
The operator should also supply any related information (such as the seismic velocity model,
magnitude calculation method and if applicable the relationship to My, instrument data sheets,
changes to the processing routine, replacement of any equipment, equipment failures, etc.) in the
seismic summary report that is produced at least annually. Pertinent changes to the seismic
network and processing routine should also be updated on the online web interface as changes
occur, including reporting when, or if, the catalog is recalculated due to new information. If
significant new information were to be obtained, such as a new velocity model, it would be
recommended to retroactively correct the earthquake catalog.

Beyond standard seismic processing techniques, advanced data processing can often prove
useful. This may include earthquake relocations using more advanced techniques, such as the
double-difference relocation method, which reduces the uncertainty introduced by the velocity
model between sources and receivers and utilizes only the relative travel times between
neighboring events (Waldhauser and Ellsworth, 2000; Trugman and Shearer, 2017). Earthquake
relocation can provide improved understanding of what drives the local seismicity and its
relation, if any, to fluid injection. Examples of other advanced analyses include the determination
of focal mechanisms or moment tensors, which describe the orientation and sense of slip on the
earthquake source plane that provide additional constraints on the sources of the seismicity.
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5. STEP S: HAZARD EVALUATION OF NATURAL AND INDUCED SEISMIC
EVENTS

5.1 PURPOSE

The purpose of this step is to estimate the ground shaking hazard at the proposed site and within
the ROC due to natural tectonic seismicity and the additional hazard due to induced seismicity
using probabilistic seismic hazard analysis (PSHA). Assessing the ground shaking hazard from
natural seismicity will provide a baseline from which to evaluate the additional hazard from
induced seismicity. Once the surface ground shaking hazard is quantified, associated secondary
hazards such as liquefaction, slope failure, caprock integrity, or the potential opening of fault
leakage pathways, can be subsequently evaluated in separate procedures. This step should be
performed before any operations are initiated at the site. Results from this seismic hazard
evaluation will be input into the subsequent Risk-Informed Decision Analysis (Step 6).
Additionally, these seismic hazard analyses will need to be updated as new information and
model enhancements become available, especially during the early evaluation period of the
project, as described in the Risk-Based Mitigation Plan (Step 7).

5.2 RECOMMENDED PRACTICES

5.2.1 Baseline Hazard from Natural Seismicity

5.2.1.1 A site-specific PSHA should be conducted in accordance with current practice of
earthquake hazard estimation to evaluate the baseline hazard from natural tectonic seismicity.
Input into the PSHA should include, but should not be limited to, the following:

a) A database of potentially damaging earthquake sources that may impact the ROC, that
experienced activity during the Quaternary Period, including fault-specific sources and
areal sources where appropriate

b) Spatial, temporal, and frequency-magnitude distribution models for each seismic source

c) Region appropriate GMMs for tectonic earthquakes as a function of at least earthquake
magnitude and travel path

d) Information from geological, geophysical, and topographical studies within the PSZ
should be included to incorporate local site responses

5.2.1.2 Results from the PSHA should include multiple hazard curves and hazard maps to report
the results from the baseline seismic hazard analysis due to natural seismicity before injection
operations commence.

5.2.1.3 A seismic hazard report should be prepared, if required by the regulatory agency, by a
licensed professional having demonstrated competence in the field of seismic hazard assessment.
The seismic hazard report should contain site-specific assessments of the seismic hazard
affecting the project and relevant sites within the ROC. The report should identify any known
seismic hazards that could adversely affect relevant sites within the ROC in the event of an
earthquake. The contents of the seismic hazard report should include, but should not be limited
to, the following:

a) A project description
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b) A description of the geologic, geotechnical, and geophysical conditions within the ROC,
including an appropriate site location map

¢) An evaluation of site-specific seismic hazards based on geological and geotechnical
conditions in accordance with current standards of practice

d) The name(s) and qualifications of the report preparer(s)
5.2.1.4 Prior to approving the project, the appropriate regulatory agency should independently
review the seismic hazard report to determine the adequacy of the hazard evaluation. The

reviews should be conducted by a licensed professional having demonstrated competence in the
field of seismic hazard assessment.

5.2.1.5 The site-specific PSHA should be updated and re-submitted for approval to the
appropriate regulatory agency as needed if significant new information pertinent to the hazard
evaluation becomes available.

5.2.2 Additional Hazard from Induced Seismicity

5.2.2.1 Site-specific short-term 1-year probabilistic seismic hazard forecasts (PSHF) should be
conducted in accordance with current practice to evaluate the hazard from induced and natural
seismicity. Information gathered for the PSHF should include, but should not be limited to:

a) Input originally obtained for the PSHA (5.1.1)

b) Site-specific reservoir and caprock properties and operation parameters such as: the
initial geometrical features of the subsurface reservoir; thermal and chemical properties
of the reservoir and fluids; hydraulic and mechanical properties of the reservoir and
caprock; stress and pressure state of the reservoir and caprock; and planned injection and
pressure build rates

5.2.2.2 Results from the short-term PSHF should include multiple hazard curves and hazard
maps to report the results from the additional seismic hazard due to potential induced seismicity.

5.2.2.3 The site-specific short-term 1-year seismic hazard forecast report should be prepared by a
licensed professional having demonstrated competence in the field of seismic hazard evaluation
(if required by the regulatory agency). The short-term seismic hazard forecast report should
contain site-specific evaluations of the short-term seismic hazards affecting the site from both
induced and natural earthquakes. This is in contrast to the report called for in Section 5.2.1.3,
which includes only natural events. The short-term seismic hazard forecast report should also
identify any known seismic hazards sources that could adversely affect relevant sites within the
ROC in the event of an earthquake. The contents of the short-term seismic hazard forecast report
should include the same items as those listed under 5.1.3.

5.2.2.4 Prior to approving the project, the appropriate regulatory agency should independently
review the short-term seismic hazard forecast report to determine the adequacy of the hazard
evaluation. The review should be conducted by a licensed professional having demonstrated
competence in the field of seismic hazard assessment.

5.2.2.5 The short-term PSHF should be updated and re-submitted for approval to the appropriate
regulatory agency annually, or more frequently as needed.
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5.3 SUPPORTING INFORMATION

5.3.1 Baseline Hazard from Natural Seismicity
5.3.1.1 Overview

Although there could be many sources of potential seismic hazards at a particular site (e.g.,
ground shaking, fault offsets, soil liquefaction, landslides, etc.), for this purpose the baseline
seismic hazard will focus exclusively on ground shaking hazards associated with natural tectonic
seismic events that could impact the site infrastructure (to inform any hazard mitigation
procedures) and the local population (to allow for ease of comparison of the hazard and risk
associated with existing natural seismicity and any induced seismicity). Additional hazards can
be incorporated at a later time, if needed (NRC, 1988).

Two general approaches have been developed for analyzing the seismic ground shaking hazard
at a particular site: deterministic, which focuses on specific earthquake scenarios without
considering their likelihood to reoccur; and probabilistic, which incorporates all seismic events
that may impact a site and includes information on their recurrence times and uncertainties in
source characterization and recurrence. A deterministic seismic hazard analysis (DSHA) may be
useful when describing potential effects to stakeholders due to its more straightforward
formulation. A PSHA allows for a broader understanding of the overall seismic hazard and can
be input into subsequent seismic risk analyses (Cornell, 1968; McGuire, 2004). As such, PSHA
is recommended when calculating the baseline seismic hazard at a particular GCS site due to
natural tectonic seismicity.

PSHA involves obtaining, through a formal mathematical process, the level of a selected ground
motion parameter (e.g., PGA, PGV, etc.) that has a selected probability of being exceeded (e.g.,
0.01% probability, 10% probability, etc.) during a specified time interval (e.g., 50 years, 5,000
years, etc.) at a particular location due to future earthquakes. In practice, several different ground
motion parameters over a range of different probabilities and time intervals can be calculated for
a particular site. Hazard curves visualize those exceedance probabilities and allow for different
sites to be easily compared.

A variety of computer programs are publicly available which can be used to perform site-specific
PSHA, such as the free and open-source software OpenQuake Engine (Pagani et al., 2014).
Several others have also been validated by the Pacific Earthquake Engineering Research Center,
including the OpenSHA program (an open-source program originally conceived by Ned Field of
the USGS), the HAZ program (a free program originally developed by Norman Abrahamson at
UC Berkeley), and EZ-FRISK (a licensed program available through Risk Engineering Inc.)
(Hale et al., 2018). Some available codes do not convert the rate of exceeding a given ground
motion intensity to the probability of exceeding a given ground motion intensity within the code
itself, so this step must be conducted in post-processing (Hale et al., 2018). This last step requires
estimating the probability distribution of time between earthquake occurrences and, to date, is
almost always assumed to be Poissonian.

The hazard and risk analyses in Steps 5 and 6 will help better define the ROC. The ROC was
preliminarily estimated in Step 1. The ROC defines the ground surface area that could be
negatively impacted by seismic events occurring at depth throughout the lifetime of the project.
Throughout the lifetime of the project, it is also expected that the PSHA analysis will need to be
updated if future geological, seismological, or geophysical investigations reveal significantly
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new and different information than that used in the original analysis. The ROC may also expand
or contract due to new information. Additionally, since some parameters of the natural and
induced seismic hazard analyses should be similarly aligned to ensure consistency, those
performing the two analyses should either be the same entity or they should be in frequent
communication.

5.3.1.2 PSHA Inputs

Information from three general input categories are required for PSHA. They are a) earthquake
source locations and geometry, b) spatial, temporal, and frequency-magnitude (recurrence)
models for each of the earthquake sources, and c¢) source-site-appropriate earthquake GMMs,
with adjustments for local site response conditions.

(a) Earthquake seismic sources that could constitute a ground motion hazard to the local
communities, operational infrastructure, or to the subsurface reservoir itself should be
identified and incorporated in the PSHA. PSHA seismic sources fall into two general
categories: fault-specific sources and areal sources (SSHAC, 1997).

29 ¢

For fault-specific sources, the current criteria for defining an “active”, “potentially
active”, or “capable” fault varies between different U.S. government regulatory agencies
(Jennings and Bryant, 2010). For this purpose, at a minimum, faults that have exhibited
coseismic surface deformation within the past 1.6 million years, (i.e., the Quaternary time
period as defined by the 1983 Geologic Time Scale) should be included as a fault-specific
source. The USGS maintains a U.S. Quaternary Fault and Fold Database, which is a
source for faults used in the National Seismic Hazard Maps, and which could serve as a
starting point for the PSHA analysis (USGS, 2006). Surface fault location, fault length,
strike, dip direction and dip angle, slip rate, and slip sense (strike-slip, normal, or
reverse/thrust) are included in this database, although the quality and level of
completeness of information available for each source varies. Information should be
closely scrutinized and augmented with additional geological, geomorphological,
geodetic, geophysical, and seismological data, including review of recent literature when
available. Supplementary information from regional investigations, such as the Unified
California Earthquake Rupture Forecast (UCERF) project for California or the Central
and Eastern United States — Seismic Source Characterization (CEUS-SSC) project for the
CEUS, have developed region-specific databases that can be important sources of more
detailed information (CEUS-SSC, 2012; Field et al., 2013). Nevertheless, site specific
studies will most likely be necessary. Additional information for fault-specific sources,
particularly within the PSZ, that will be needed for a site-specific PSHA would be: 1) the
down-dip length and subsurface geometry of the fault; 2) the identification of any blind
faults (i.e., faults that do not have a surface expression); and 3) an indication of any of
fault segmentation, which may pose a limit on the rupture length (e.g., Field et al., 2013;
SSHAC, 1997).

Areal seismic sources are distinct volumes within the Earth’s crust that encompass
concentrated zones of seismicity, seismic sources defined by regional seismotectonic
characteristics, or areas with potential for general background earthquakes. Areal sources
can account for the possibility of earthquakes occurring on faults that are not currently
mapped or to account for known large earthquakes that have yet to be associated with a
particular mapped fault. Areal sources are defined by their lateral and subsurface extents
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and slip sense (strike-slip, normal, or reverse/thrust). Geologic, geophysical, and
seismological data can be used to identify local and regional areal sources (SSHAC,
1997).

A 3D structural and stratigraphic model of the PSZ should be developed. It should
include faults and fractures that could be sources of future seismicity. Inputs into the 3D
model could include information from drilling logs, wellbore image logs, seismic
reflection data, seismic tomography, potential field data, etc.

Each seismic source can be characterized by multiple plausible configurations, each with
an associated weight or credibility (SSHAC, 1997). Lastly, regional and site
investigations used to identify seismic sources for input into the PSHA should have a
resolution at least consistent with a 1:5,000 scale map above the subsurface reservoir and
a scale of 1:50,000 above the PSZ for best fidelity (U.S. Nuclear Regulatory
Commission, 2007).

(b) For each seismic source, models of the spatial, temporal, and earthquake frequency-
magnitude distributions should be determined in order to appropriately characterize each
source (SSHAC, 1997).

The spatial distribution models for earthquake sources are used to calculate the distance
distribution between potential future events and sites within the ROC. For fault-specific
sources, the spatial distribution model describes the potential event locations across the
fault. Potential locations can be represented as either point sources on a two-dimensional
(2D) or 3D fault plane or as a rupture area with finite dimensions. Spatial distribution
models for areal sources can either be uniformly distributed over the entire zone, which
would allow for the possibility of incorporating future earthquakes within regions of little
observed historical seismicity, or they can attempt to match the historical earthquake
catalog, usually with some degree of spatial smoothing (Abrahamson, 2006). Estimating
distances for area-type finite fault seismic sources requires subjective assumptions of
fault rupture details (strike, dip, and rupture area) and should be well documented.

The selection of a model for the temporal distribution of earthquakes for each seismic
source is usually Poissonian, which assumes that each earthquake occurs independently
in time from each other (e.g., Cornell, 1968; NRC, 1988).

Earthquake recurrence (frequency-magnitude) models provide information on the relative
frequencies of occurrence of seismic events of different magnitudes, between a pre-
selected minimum earthquake magnitude of concern up to a pre-determined maximum
magnitude that the source is considered capable of producing. The minimum magnitude
threshold is typically considered the smallest magnitude event that can generate
potentially damaging ground motions (Bommer and Crowley, 2017). When conducting
the natural and induced seismic hazard analyses, the same, or very similar, lower
threshold magnitudes should be used. The maximum magnitude is a key parameter in
earthquake recurrence models but is often poorly constrained. For fault-specific sources,
the maximum earthquake magnitude can either be derived using empirical relationships
between magnitude and one or more key fault parameters (e.g., surface displacement,
fault rupture length, rupture area, etc.) (Slemmons, 1977; Bonilla et al., 1984; Wells and
Coppersmith, 1994; Stafford, 2014; Allen and Hayes, 2017; Thingbaijam et al., 2017) or
observationally through the use of the historical seismic catalog. Maximum earthquake
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magnitude estimates for areal sources are particularly challenging since potential fault
dimensions are extremely difficult to determine. In practice, the maximum earthquake
magnitude is often presented as a distribution of potential values, rather than as a single
value, based on the available information (SSHAC, 1997). When conducting the natural
and induced seismic hazard analyses, the maximum magnitude values could be the same
or independent from each other.

Earthquake recurrence relationships for fault-specific sources can include information
from both earthquake catalogs, which provide information on smaller magnitude, higher
frequency events, and paleoseismic/geologic information, which provides information on
larger magnitude, lower frequency events. Common earthquake recurrence models
include the truncated exponential model—a form of the classical Gutenberg-Richter
model (1944) that assumes spatial and temporal independence of events—and the
characteristic earthquake model, which often combines the Gutenberg-Richter model for
smaller magnitude events with a characteristic maximum event that displays a different
recurrence behavior (Youngs and Coppersmith, 1985; Gutenberg and Richter, 1944).

Earthquake recurrence relationships for areal source zones typically use de-clustered
historical catalogs as the primary source of information. Truncated exponential models
are often used to combine the observed data with the estimate of maximum magnitude to
determine the recurrence parameters (SSHAC, 1997).

(c) Site-appropriate earthquake GMMs specify the estimated ground shaking at a particular
site as a function of, at least, the magnitude, distance of potential seismic events, and,
indirectly, the local tectonic regime (e.g., Boore and Atkinson, 2008). Other factors that
should be incorporated include focal mechanism, hanging wall effects, and event depth.
Additionally, local site effects can dramatically influence the amplitude, duration, and
frequency content of ground shaking at a particular site and should be incorporated into
the model. These site factors can include local geologic and soil characteristics,
topographic influences, and soil non-linearity (SSHAC, 1997). One way that earthquake
GMMs can incorporate local site response is through the use of V30, the average shear-
wave velocity (Vs) in the top 30 m of the subsurface. The V; profile at a site can be
obtained through a range of common geophysical methods (Idriss et al., 2018).

A wide variety of peer reviewed GMMs exist (e.g., Bozorgnia et al., 2014; PEER, 2015).
A careful selection of the most appropriate site-specific models should be conducted,
which should include a comparison between any available relevant observed data and the
calculated model results, recognizing that caution must be exercised in interpreting
results if extrapolating GMMs outside of their magnitude validity ranges due to a lack of
more appropriate GMMs (Beauval et al., 2012; Idriss et al., 2018). Additionally, to
ensure consistency between the natural and induced seismic hazard analyses, the GMMs
should be the same between the two. Recognizing that this could be quite difficult, it may
therefore be necessary to use different GMMs in the two cases, but to verify that for
common magnitudes and depths, they yield comparable predictions.

5.3.1.3 PSHA Results

The primary products of the PSHA are seismic ground motion hazard curves that show the
estimated probability of exceedance per unit time (typically annually) on the vertical axis and
different levels of the selected ground motion parameter on the horizontal axis (Figure 1). Low
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levels of ground motion are exceeded relatively often (higher probability), while high levels of
ground motion are exceeded rarely (lower probability).
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Figure 1: Example seismic hazard curve specifying the probability of exceedance
(theoretically between 0—1) as a function of increasing ground motion intensity (e.g., PGA,
spectral acceleration, etc.). An annual exceedance probability of 1 would indicate an expected
100% chance of exceeding the specified ground motion intensity.

The ground motion parameters most frequently selected for the presentation of PSHA results are
PGA, PGV, or SA at selected periods. Results given in terms of PGA or response SA can be
compared to seismic design regulations and building codes, while results given in terms of PGV
can be compared to cosmetic and structural building damage criteria, criteria for vibration
sensitive research and manufacturing facilities, and with human activity interference criteria
(Petersen et al., 2014; Rutqvist et al., 2014).

Estimates of uncertainty can be captured on the hazard curves. For example, epistemic
uncertainties (i.e., uncertainties arising from the potential of having a range of input sources,
GMMs, and other input parameters that could be appropriate at a particular site) can be estimated
using logic trees which allow for the incorporation of different combinations of models and
parameter ranges into the hazard analysis (e.g., NRC, 2012b; NRC, 2018). The subsequently
calculated hazard curves would then be based on different, but defensible, underlying
assumptions which, when plotted together, can illustrate the effect of these uncertainties on the
results. The mean hazard curves can be plotted along with two or more associated confidence
band curves, such as the 5% and 95% percentile curves (SSHAC, 1997). When presenting
uncertainty in this manner, a description of the center and range of technically defensible
interpretations should be included in the discussion.
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Furthermore, PSHA result maps should show earthquake ground-shaking levels for several
annual exceedance frequencies or return periods. Hazard maps present a more complete
overview of the hazard and may be easier to comprehend in a more general sense. PSHA maps
may show the various earthquake ground-shaking levels with a fixed probability of exceedance
over a specified time period. One important value to define a priori would be the lowest annual
frequency of exceedance for which ground motions of interest should be evaluated, again
recognizing that this minimum value should be common between the natural and induced
seismic hazard analyses. For reference, for the design of critical facilities, the annual frequencies
of exceedance of interest are generally in the range of 10 to 10 (NRC, 2018).

5.3.1.4 PSHA Report

The site-specific seismic hazard report should contain sufficient information to allow the
regulatory agency’s technical reviewer(s) to satisfactorily evaluate the potential for seismic
ground shaking hazards (CGS, 2008).

(a) The project description should include at minimum the stated purpose of the project and a
listing of the owners and operators.

(b) The geologic, geodetic, geotechnical, and geophysical descriptions of the site should
include at minimum: a physical description and map of the carbon storage reservoir and
PSZ; 3D cross-section(s) of the reservoir including locations of known drinking water
aquifers; a description of the geologic and tectonic setting of the site; a description and
map of the seismic monitoring network and an estimate of the minimum magnitude of
completeness; a description and map of any wells located within the PSZ; a description of
any published or unpublished site-specific or regional investigations pertinent to the
evaluation; and a description of any site-specific investigations undertaken during the
course of the evaluation.

(c) In addition to presenting the PSHA results, the PSHA report should document and justify
all assumptions, data, methods, models, uncertainties, and input parameters. The report
should include all sources of information, both published and unpublished, that were used
in the analysis. Specific effort should be applied to effectively communicating the effect
of the uncertainties (both epistemic and aleatory) on the results so as to develop a true
understanding of the seismic hazard.

The database of potential sources of damaging earthquakes should include potential
locations, a description, parameter value ranges, and the stated basis for the identification
of the seismic sources. The earthquake recurrence relationships should include the
frequency of observed earthquakes with associated statistical error bars, the recurrence
intervals from paleoseismic data, and (if applicable) the mean recurrence curves derived
from the slip rate and magnitude-distribution model should be included (SSHAC, 1997).
The PSHA report should also include a description of the spatial, temporal, and
earthquake recurrence models and parameters for each source. A description of the
GMMs, input parameters, and the reason for choosing particular models should also be
documented. If a new site-specific GMM is derived, a full description of the development
of the new model should be included. Predictions from the GMMs should be compared to
relevant recorded data to determine the fidelity of the calculated results.
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A logic tree capturing the epistemic uncertainties in the source and GMMs should also be
included along with the assigned model and parameter weights representing the relative
merit of each of the alternatives. Logic trees allow for the incorporation of the full range
of viable alternative source models, recurrence parameters, maximum magnitudes,
GMMs, etc. A Monte Carlo approach can be used with logic trees, for example, to
sample the uncertainty space of model parameter values and of ground motion model
aleatory uncertainties (natural random variability). Monte Carlo methods can be used to
sample the distributions whether they are represented by discrete branches or continuous
distributions. Logic trees are discrete representations of probability distributions where
many branches could potentially be replaced by continuous distributions. The chosen
procedure should be carefully documented since the assessment of epistemic
uncertainties can be equivocal, given its dependence on expert judgement and data
availability. These uncertainties can then be propagated into the subsequent risk
assessment so that decision makers can make better informed decisions.

(d) The name(s) and qualifications of the report preparer(s), who should have competence in
the field of seismic hazard evaluation, should be included in the report documentation.

5.3.1.5 PSHA Review

The technical review by the appropriate regulatory agency is a critical part of the evaluation
process. The regulatory reviewer ensures compliance with existing laws and current standards of
practice to protect both regulatory and stakeholder interests. The reviewer should be familiar
with the investigative methods employed and the techniques available to perform the analysis;
however, it would be appropriate for reviewers to ask for the opinion of others more qualified in
specialty fields if necessary. Reviews should be based on logical and defensible criteria.
Guidelines for the report and any supplementary material should be made available to applicants
beforehand. This information should cover procedures, report formats, and levels of appropriate
investigative detail that will expedite the review and approval of the project (CGS, 2008).

5.3.1.6 PSHA Update

Site-specific PSHA reports to the regulatory agency should be updated if future geological,
seismological, or geophysical investigations reveal significant new and different information
than that used in the original PSHA, such as new seismic sources or improved GMMs.

5.3.2 Additional Hazard From Induced Seismicity

5.3.2.1 Overview

The probabilistic short-term seismic ground shaking hazard forecast is determined generally the
same as for the long-term approach, with adjustments made for different source and GMMs to
accommodate the differences between induced and natural seismicity. For example, the range of
mechanisms which can induce seismicity at a local fluid injection site (e.g., pore pressure
changes due to fluid injection, temperature and chemical changes within the reservoir host rock
caused by the fluids, and poro-elastic stress changes) can be, but are not necessarily, different
than the mechanisms which typically create natural tectonic earthquakes.

These short-term site-specific seismic ground shaking hazard forecasts, incorporating both
natural and induced seismicity, should be periodically computed during the lifetime of the
project. These forecasts should ideally be for 1-year duration or shorter, depending on the
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planned injection schedule. These short-term forecasts are, however, difficult to calculate since
induced or potentially induced earthquakes can vary rapidly in space and time based on
anthropogenic activity. The seismic response to injection can also vary drastically among nearby
sites or even between different injection depth intervals. These factors make it difficult to
extrapolate values, although regional trends in the seismic response may exist. While it may be
possible to make some estimates ahead of the initial injection program, real forecasting power
requires actual observations of the seismic response to injection tests to calibrate and validate the
forecasting models and assumptions made in the initial assessment.

Estimating the frequency-magnitude characteristics of induced seismicity, which are likely to be
time- and space-dependent, before injection starts is a significant challenge since not all of the
geological and geomechanical factors that govern the seismic response of a site can be accurately
quantified at this stage. Because of this, in this time period before injection starts, either a full
probabilistic hazard analysis or a pseudo-probabilistic hazard assessment could be appropriate
(Cornell, 1968; Edwards et al., 2021). It would only be during this relatively brief time period,
and only if an appropriate range of possible earthquake recurrence models could not be
identified, where a pseudo-probabilistic hazard assessment using scenario events would be
acceptable. After collection of sufficient post-injection data only a PSHF would be appropriate.

The PSHF will necessarily need to be systematically checked, updated, and predictions
continuously calibrated against new observations. A new risk analysis (Step 6) will most likely
be necessary as well if the PSHF significantly changes. This may change the ROC as well and
new data and models become available. To ensure consistency between the PSHF and the PSHA,
those performing the two analyses should either be the same entity, or they should be in frequent
communication.

5.3.2.2 PSHF Inputs

Similar to the long-term approach, information from three general input categories are required
for the PSHF. They are: a) earthquake source locations and geometry; b) spatial, temporal, and
recurrence (frequency-magnitude) models for each of the earthquake sources; and c) site and
scale-appropriate earthquake GMMs with adjustments for local site conditions.

(a) Earthquake sources, both natural and induced, that could constitute a ground motion
hazard to the local communities or operation infrastructure should be identified and input
into the PSHF. Both fault-specific sources and areal sources should be identified, similar
to the procedure for the long-term approach.

Differences from the PSHA analysis arise in that slip on faults and fractures may be
induced by the injection program due to changes in the in-situ normal stress field from
pore pressure changes, and changes in normal and shear stress from poroelastic stressing
and mass loading. Characterization of the local and regional stress field is therefore
necessary to identify which features are more likely to be triggered. The characterization
of the stress field can be estimated from in situ stress measurements (e.g., hydraulic
fracturing, borehole breakouts, and core-induced fractures), and is also needed for other
aspects of the project development. Characterization of the strain rate near faults may
also be useful (Hussain et al., 2018). Earthquake focal mechanisms can provide
information on the principal stress directions and their relative, but not absolute,
magnitudes. With knowledge of the in-situ stress field, a Mohr-Coulomb stress analysis
can be performed to assess the critical stress required to trigger slip on favorably oriented
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faults and compare that to the expected stress changes due to the fluid injection program
in order to identify potential induced earthquake sources (e.g., Walsh and Zoback, 2016).
However, it must be noted that the distributions of stress and material properties at the
reservoir scale can be highly heterogeneous and are generally poorly constrained.
Therefore, uncertainties remain about the potential to reactivate an individual identified
source.

(b) Spatial, temporal, and earthquake recurrence models for induced seismicity are
conceptually similar to the those used in conventional PSHA but must consider
differences between natural and induced seismicity in occurrence characteristics
(Petersen et al., 2016). Temporal models, for example, must consider expanding beyond
the conventional stationary Poissonian model to consider earthquake occurrence that
varies in space and time, which means that the short-term hazard due to injection is
inherently non-stationary. The construction of these models is an area of active research.

Developing an occurrence model for induced seismicity is the most challenging task in
assessing the hazard. Induced seismicity results from the interaction between the fluid
injection parameters and the in situ lithologic, structural, hydrologic, and thermal
conditions. These are challenging characteristics to evaluate because of the difficulty in
imaging the subsurface and its inherent heterogeneity. Earthquake occurrence models for
induced seismicity can be based on statistical, physics-based, or hybrid approaches, all of
which use different input and calibration data (e.g., Dieterich et al., 2015; van der Elst et
al., 2016; Broccardo et al., 2017). Some approaches were reviewed by Gaucher et al.
(2015). Recently, the approaches that include physical models have gained more attention
since they can integrate more site-specific hydromechanical information into the seismic
hazard analyses (Langenbruch et al., 2018; Norbeck and Rubinstein, 2018; Zhai and
Shirzaei, 2018; Dempsey and Riffault, 2019; Grigoratos et al., 2020a, 2020b) and appear
to more accurately forecast the hazard than observational models alone (Rubinstein et al.,
2021).

Determining the range of anticipated minimum and maximum magnitude events that may
be of concern is more difficult for sources of induced earthquake. The minimum
magnitude considered in typical PSHAs for engineering design is often in the range of
My, 4.5-5.0, since empirical data indicate that smaller events seldom cause structural
damage. However, since induced events are typically shallower, smaller magnitude
events will most likely also be of concern (Bommer et al., 2006), not least because events
as small as about My2 can contribute to the nuisance risk and also to cosmetic damage.
When conducting the natural and induced seismic hazard assessments, it is recommended
to use the induced seismicity minimum magnitude threshold, or something very close to
it, for both analyses, assuming it to be the lower threshold. For maximum magnitude
estimates, an evaluation of the sizes, nature and spatial distribution of pre-existing
fractures and faults, the local stress field in the volume of rock surrounding the injection
wells, and the estimated characteristics of the pore pressure and poroelastic fields due to
injection need to be considered. Alternatively, various simple empirical relationships
have also been developed to estimate the maximum magnitude of an induced earthquake
based on, for example, the inferred dimensions of the stimulated volume, total injected
fluid volume, or on probabilistic approaches based on the seismic activity rates (McGarr,
2014; Shapiro et al., 2011; Yeck et al., 2015). However, these proposed relationships
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generally do not take into consideration tectonically influenced, yet anthropogenically
induced, ruptures on critically stressed faults that extend beyond the perturbed pressure
and stress volume (van der Elst et al., 2016; Galis et al., 2017; Norbeck and Horne,
2018). When conducting the natural and induced seismic hazard assessments, the
maximum magnitude threshold value could be the same or independent from each other.

(c) Site-appropriate earthquake GMMs, similar to those used in conventional PSHA, should
specify the estimated ground shaking at a particular site as a function of (at a minimum)
the magnitude and distance (e.g., Novakovic et al., 2018). Additional considerations for
induced seismicity sources include the fact that injection-induced earthquakes are often
more shallow than typical natural tectonic events, which increases the level of ground
shaking for comparable sized events. The majority of the existing GMMs however, were
created assuming tectonic sources and as such may not be well suited for induced
seismicity. Significant work has been done to incorporate induced seismic sources in
GMMs and it is essential that this work is included in the PSHF (e.g., Douglas et al.,
2013; Atkinson, 2015; Bommer et al., 2017; Cremen et al., 2020). Additionally, to ensure
consistency between the natural and induced seismic hazard analyses, the GMMs should
be the same between the two. Recognizing that this could be quite difficult, it may
therefore be necessary to use different GMMs in the two cases, but to verify that for
common magnitudes and depths, they yield comparable predictions.

5.3.2.3 PSHF Results

Primary results of the PSHF include seismic ground motion hazard curves that show the
estimated probability of exceedance per unit time (typically annually) on the vertical axis and
different levels of the selected ground motion parameter on the horizontal axis for a particular
location. For the short-term approach, ground motion parameters suggested for the presentation
of PSHF results are PGA, PGV, SA or pseudo-spectral velocity, and perhaps modified Mercalli
intensity scale (derived from PGA or PGV) (Rutqvist et al., 2014; Petersen et al., 2016; Petersen
etal., 2018).

As with PSHA, estimates of uncertainty can be captured on the hazard curves. One-year hazard
models produced by the USGS of the CEUS report only the mean hazard curve due to the
complexity of the methodology. Uncertainties can be captured however using, for example, a
bootstrapping approach to quantify the variability in the short term estimated hazard curves, or a
logic tree approach (Mousavi et al., 2018; Petersen et al., 2016). Regardless, when plotting the
seismic hazard curves, the rationale behind the input choices and a description of the range of
technically defensible interpretations should be included with the results.

PSHF result maps could show the various earthquake ground-shaking levels with a fixed
probability of exceedance over a specified time period. Alternative measures of ground shaking
intensity include Modified Mercalli Intensity (MMI), PGV, a time history of motion, or the
duration of strong shaking. One important value to define a priori would be the lowest annual
frequency of exceedance for which ground motions of interest should be evaluated, again
recognizing that this minimum value should be common between the natural and induced
seismic hazard analyses.

37



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

5.3.2.4 Short-Term Seismic Hazard Analysis Report

The site-specific short-term seismic hazard report should contain sufficient information to allow
the regulatory agency’s technical reviewer(s) to satisfactorily evaluate the potential for short-
term seismic ground shaking hazards.

The PSHF report should follow the same guidelines as the PSHA report outlined above. The
PSHF report should be similar in structure to the PSHA report, with the only significant
difference being the inclusion of details associated with the anticipated injection program. If a
pseudo-probabilistic hazard assessment was opted for prior to injection, the pre-injection report
should follow a similar format to the PSHA report, where appropriate.

5.3.2.5 Short-Term Seismic Hazard Analysis Review

The technical review by the appropriate regulatory agency is a critical part of the evaluation
process. The regulatory reviewer ensures compliance with existing laws and current standards of
practice to protect both government and community interests. The reviewer should be familiar
with the investigative methods employed and the techniques available to perform the analysis,
however it would be appropriate for reviewers to ask for the opinion of others more qualified in
specialty fields. Reviews should be based on logical and defensible criteria. Guidelines for the
report and any supplementary material should be made available to applicants beforehand. This
information should cover procedures, report formats, and levels of appropriate investigative
detail that will expedite the review and approval of the project (CGS, 2008).

5.3.2.6 Short-Term Seismic Hazard Analysis Updates

Site-specific PSHF reports to the regulatory agency should be updated annually or more
frequently if future geological, seismological, or geophysical investigations reveal significantly
new and different information than that used in the original PSHF, or if the observed induced
seismicity is significantly different from initial expectations of induced seismicity. If prior to
injection a pseudo-probabilistic hazard assessment was conducted instead of a PSHF, a PSHF
report should be delivered to the regulatory agency 1-year after injection start.
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6. STEP 6: RISK-INFORMED DECISION ANALYSIS

6.1 PURPOSE

The purpose of this step is to add elements to the project plan that are based on rigorous and
credible estimates of the seismic risk associated with the design, operation, and closure of a
carbon storage project. This will include identification and quantification of the seismic risks, an
evaluation of their acceptability by stakeholders, and a final determination as to the most
favorable options. Ground shaking due to geologic carbon storage operations may impact the
quality of people’s lives, the built environment, and the economy in several ways, therefore, the
risk needs to be evaluated. The risk analysis will need to be time-dependent to account for the
expected time varying stress conditions in and around the reservoir due to the sequestered COx.
Conceptually, this step is similar to the preliminary seismic risk assessment in Step 1; however,
instead of aiming for an order of magnitude assessment, a more precise estimate of risk is
required. Once the seismic risks have been evaluated, associated risks, such as brine or CO»
contamination of underground drinking water sources, can be subsequently determined. Results
from the risk informed decision analysis described here will be tightly coupled with the risk
management framework described in Step 7.

6.2 RECOMMENDED PRACTICES

6.2.1 Seismic Risk from Natural Seismicity

6.2.1.1 A site-specific seismic risk analysis should be conducted to determine the baseline risk
from natural tectonic seismicity. This assessment should include, but should not be limited to,
the following:

a) Incorporation of seismic hazard results from natural tectonic seismicity

b) Identification of assets and activities that could be adversely affected by natural tectonic
seismic activity within the ROC

c) Characterization of the vulnerability of the assets and activities to the natural tectonic
seismic hazard within the ROC

d) Quantification of the seismic risk due to natural tectonic seismicity. At a minimum this
should include a mean or median estimate in addition to confidence intervals on expected
annual losses due to seismic activity

6.2.2 Seismic Risk from Induced Seismicity

6.2.2.1 A site-specific seismic risk analysis should be conducted to determine the risk from
induced seismic events. This assessment should include, but should not be limited to, the
following:

a) Incorporation of seismic hazard results from induced seismicity (Step 5.2)

b) Identification of assets and activities that could be adversely affected by induced seismic
activity within the ROC

c) Characterization of the vulnerability, including nuisance vulnerability of the assets,
activities, and local communities, to the induced seismic hazard within the ROC
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d) Quantification of the seismic risk due to induced seismicity. At a minimum this should
include a mean or median estimate in addition to confidence intervals on expected annual
losses due to seismic activity

6.2.3 Risk Informed Decision Analysis

6.2.3.1 Evaluate and compare site-specific seismic risks and make risk-informed decisions
concerning the project plan based on the risk-tolerance of the affected stakeholders.

6.3 SUPPORTING INFORMATION

6.3.1 Seismic Risk from Natural Seismicity

Seismic risk is calculated from three main contributing factors: (1) the seismic hazard at
locations within the ROC; (2) the collection of exposed assets, activities, and communities at
those locations; and (3) their vulnerability to the hazard (McGuire, 2004). As an example of the
interplay between these three factors, consider a location next to an active earthquake fault which
has a high potential for damaging ground shaking (high seismic hazard), but which has only one
untenanted building located within the ROC (low exposure) that has been seismically retrofitted
to withstand the anticipated maximum magnitude event (low vulnerability). In this case, it could
be determined that the overall seismic risk in that particular location would be low.

Seismic risks from natural tectonic earthquakes in particular describe the harm or loss that would
be likely due to exposure to natural seismic hazards. These risks can be measured in a number of
ways, including direct economic losses (dollar loss due to the repair and replacement costs of
physical assets), indirect economic losses (losses due to interruptions to the supply chain),
downtime, and the potential number of injuries and fatalities (FEMA, 1989, 2013).

Calculating the risk due to natural seismicity will allow for a quantitative comparison between
the accepted natural seismicity risks and the potential additional induced seismicity risks
associated with the project. The calculated risks also enable an a priori risk-cost-benefit analysis
for the considered operation.

(a) Incorporation of Seismic Hazard Results from Natural Tectonic Seismicity

One of the three major inputs into the seismic risk analysis are the hazard curves for natural
seismicity generated from the PSHA conducted in Step 5.1. For the seismic risk analysis, it
should be noted that since the risk depends strongly on the anticipated ground shaking that can
occur, just using the median hazard often leads to an underestimation of the risk and so the mean
hazard curve should be used instead (McGuire et al., 2005; Muntendam-Bos et al., 2015).
Additionally, hazard curves from a scenario-based approach using Monte Carlo analysis will be
needed to create a stochastic catalogue of events

(b) Identify Assets and Activities that could be Adversely Affected by Tectonic Seismicity

Assets and activities within the ROC that could be adversely affected by exposure to natural
tectonic seismicity should be identified. Some of these assets and activities may be relatively
straightforward to include, such as the number of potentially affected people and structures (e.g.,
residential housing, community facilities, government facilities, schools, historical buildings,
religious facilities, critical infrastructure, commercial facilities, industrial facilities, medical
facilities, essential facilities, transportation lifelines, utilities, potentially hazardous facilities, the
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GCS injection infrastructure, etc.) (NRC, 1989). There are publicly available general building
stock databases and well-accepted direct and indirect methods to supplement general database
information (Anagnos et al., 2012). General building information should include the geographic
location, construction classification, the category of seismic resistance, the economic value of the
building, the number of occupants, and the type of occupancy of the building (FEMA, 1989).
Buildings and structures of the same type may be grouped together for analysis and reporting
purposes in larger studies (FEMA, 1989). It may also be useful to assess the pre-existing
conditions of certain highly vulnerable properties or to consider an incentive program whereby
local residents can perform a self-assessment of their property before operations start so as to
obtain a more accurate determination of any pre-existing conditions.

The socioeconomic impact from damaged infrastructure and business operation interference can
also be included using standard tools (FEMA, 2018). Social, economic, and personal well-being
rely heavily on the reliability of complex and often interconnected utility networks (e.g.,
telephone, internet, water, gas, electricity, public transportation systems, etc.) that are vital to
both business and personal needs. Any damage leading to operational malfunctions (e.g., internet
service becoming unavailable) can create interruptions that should be included in the risk
analysis. These types of losses should include, but are not limited to, 1) the loss of the utilities
themselves, 2) business interruptions caused by the loss of the basic utilities, and 3) business
interruptions due to a lack of supplies.

The determination of the ROC when identifying these assets and activities should be based on a
maximum acceptable level of expected surface ground motions. In projects where there are
residents within the assessment area, the choice of a ground motion threshold could be based on
the ground shaking level associated with human perception (Step 3) (Bommer et al., 2006;
Caltrans, 2020; Schultz et al., 2021b). A site-specific computer simulation of expected levels of
ground shaking due to hypothetical events could therefore help delineate the ROC.

(c) Vulnerability Potential of the Assets and Activities to the Seismic Hazard

The vulnerability of the identified assets and activities within a particular site to the seismic
hazard should be quantified through a vulnerability assessment of the area. The most appropriate
relationships correlating ground shaking intensity, resulting damage, and associated losses (e.g.,
economic losses, downtime, injuries, fatalities, etc.) at the site will need to be chosen for input
into the seismic risk assessment. The evaluation of the anticipated losses as a function of ground
motion intensity can be achieved either directly by using vulnerability functions or indirectly
through the use of fragility functions (Rossetto et al., 2015; Silva et al., 2013, Porter, 2020).
Vulnerability functions directly relate ground motion intensity to anticipated losses (Figure 2).
Fragility functions, on the other hand, relate ground motion intensity to the probability of
damage and are often expressed as either loss ratio curves, damage probability matrices, or
fragility curves (Figure 3). Therefore, when using fragility functions, appropriate damage-to-loss
functions are also needed to link the anticipated losses with ground shaking intensities (FEMA,
1989). Additionally, in the literature, these vulnerability and fragility functions are often also
referred to as curves, and it is worth noting that more research has been conducted on fragility
functions than on vulnerability functions.

The vulnerability of standard construction is a long-documented field and there are many tools
publicly available. Standard vulnerability models applicable to natural tectonic earthquakes are
included in publicly available software packages for seismic loss estimation, such as Hazus
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(FEMA, 2013). Commercially available seismic risk analysis codes may provide more detailed
vulnerability assessment information. Additionally, databases of vulnerability and fragility
functions for economic losses, downtime, and casualties associated with natural tectonic
earthquakes are publicly available (Rossetto et al., 2015; Yepes-Estrada et al., 2016; Martins and
Silva, 2020). Lastly, when accounting for property losses, either replacement costs or market
value can be used in the calculations, with the choice clearly stated.

Loss Ratio —

Ground Motion Intensity —

Figure 2: Example seismic vulnerability functions specifying the loss ratio (i.e., anticipated
repair costs normalized by the replacement value) of various assets or asset classes, illustrated
as individual grey lines, as a function of increasing ground motion intensity (e.g., PGA,
spectral acceleration, etc.) A loss ratio of 1 would indicate that the repair of an asset would
equal the replacement cost.
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Figure 3: Example seismic fragility functions representing the probability of exceeding a given
damage state (e.g., slight damage, moderate damage, extensive damage, etc.) as a function of
increasing ground motion intensity (e.g., PGA, spectral acceleration, etc.) A probability of
exceedance of 1 would indicate that the damage state is expected to happen at that ground
motion intensity.

(d) Quantification of Seismic Risk Due to Natural Tectonic Seismicity

Regional or global seismic risk models, such as the GEM (Silva et al., 2020), can be used to gain
a broad understanding about the risk of natural seismicity in the area; however, a site-specific
seismic risk assessment due to natural seismicity should also be conducted. Seismic risk analysis
can provide results in a variety of forms (Jonkman et al., 2003). These can include the mean
annualized loss (the mean annual frequency with which the loss in question occurs), the mean
annual number of damaged buildings, the probability that at least a certain level of loss will be
exceeded during a specific period of time, the probable maximum loss, the local personal risk
metric (e.g., the annual probability of fatality for a hypothetical person who is continuously
present inside a building), and many others. Some of these results can only be obtained using a
stochastic catalogue of events generated from the seismic hazard model (e.g., Van Elk et al.,
2019). Results can be provided as individual risk curves or as maps that show results for each
type of loss of concern for the region of concern.

There are a variety of seismic risk assessment software packages available to assess seismic risk
due to natural tectonic seismicity. Some are open and freely available (FEMA, 2013; Lang et al.,
2007; Porter and Scawthorn, 2007; Trendafiloski et al., 2009; Pagani et al., 2014; Silva et al.,
2014; Silva et al., 2018), while others are provided by commercial risk management companies
that can also perform the analysis for a fee.

6.3.2 Seismic Risk from Induced Seismicity

The induced seismicity seismic risk analysis will facilitate sound and efficient decision making
relating to induced seismicity. Seismic risk assessment methodologies applied to a site in the
design phase, for example, can highlight unacceptable potential future damages due to a

43



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

particular proposed well location, injection plan, etc. Therefore, prior to operations, plans can be
modified and the risk iteratively re-assessed so as to come to a risk level acceptable to
stakeholders (Silva et al., 2021).

Previously, much of the research into, and applications of, induced seismic risk had focused on
the impact of lower-probability, higher-impact moderate-to-large earthquakes (Grigoratos et al.,
2021). Moving forward, injection-induced seismicity risk is beginning to more frequently
incorporate smaller magnitude earthquakes which may cause significant nuisance to the local
population, but only relatively minor physical damage to structures (van Elk et al., 2019;
Edwards et al., 2021).

Although the fundamentals of risk estimation do not change for small ground motion events, the
models used in the characterization of these risks will need to be calibrated for the lower
amplitudes of ground shaking and shorter distances often associated with induced seismic events.
For example, physical damage to structures will have to account for the appearance of small
cracks and other minor architectural damage in addition to more severe structural damages. Also,
human perception of low amplitude ground shaking, and the associated nuisance need to be
considered as elements of the risk. The nuisance produced by small vibrations will depend not
only on the amplitude and dominant frequency of the ground shaking, but also on how often the
events occur.

The induced seismicity risk assessment will also need to include a time-dependent component
governed by the time dependent nature of the induced seismic hazard. The risk will often change
due to operational changes at the site, changes in the exposure within the ROC (e.g., population
changes, new building creation, or structural strengthening of existing buildings), changes in the
tolerance of risk at the site, or with the addition of new information (van Elk et al., 2019).
Additionally, the hazard and risk analysis should be revisited periodically during the operational
period of the project and after site closure, especially if observed seismicity differs significantly
from the expected location or rate. Additionally, since forecasting the vigor of a site’s
seismogenic response prior to the start of injection is difficult, there should be a dedicated effort
at the beginning of injection to evaluate and model the seismogenic response based on the
observations in near real-time, which will inform and help refine the initial hazard and risk
analyses (Wiemer et al., 2017). After the early evaluation period, the probabilistic seismic risk
assessment should also be periodically updated as new data arrives.

Specific plans should be made for the involvement of key stakeholders throughout the study.
Additionally, experts unaftiliated with those conducting the risk analysis should provide periodic
independent guidance and review over the course of the study that should address its goals, the
seismic hazard analysis, the asset and activity inventory-defining process, the vulnerability
functions, and the final results. This will increase confidence in the results of the study and
conform to generally accepted validation procedures (FEMA, 1989).

(a) Incorporation of Induced Seismic Hazard Results

Induced seismicity hazard curves generated from the PSHF conducted in Step 5.2 will be the
primary input into the induced seismicity risk analysis. Hazard curves for multiple seismic
hazard forecasts based on varying injection operational scenarios should be included to create
alternative estimates of seismic risk to inform project planning (e.g., different injection well
locations, differing fluid flow path lithologies, modifications to injection pressure and volumes,
etc.).
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(b) Identification of Assets and Activities Adversely Affected by Seismicity within the ROC

Similar as for the tectonic seismicity, assets and activities within the ROC that could be
adversely impacted by exposure to induced seismicity should be identified and a pre-assessment
performed to the degree feasible. In addition to the negative impacts considered in relation to
natural seismicity, impacts resulting from lower magnitude induced events, such as interference
in human activity (e.g., sleep disturbance, creaking walls, enjoyment of recreation or
entertainment, etc.), minor cosmetic damage, or psychological effects (e.g., anxiety due to the
frequent occurrence of felt earthquakes), must also be included. The definition of the ROC could
be based on a maximum acceptable level of expected surface ground motions associated with
these lesser impacts.

(c) Characterization of the Vulnerability of the Assets and Activities to the Seismic Hazard

Development of fragility and vulnerability functions in general deal primarily with damage and
losses (e.g., economic losses, downtime, injuries, fatalities, etc.) resulting from medium-to-large
earthquakes. Vulnerability functions specific to the site and other nearby locations will need to
be developed, and in particular need to include the impacts from relatively low levels of ground
shaking outlined above.

The interference with human activities should also include nuisance, which refers to the
annoyance that is created by low-level ground shaking that does not necessarily generate
physical damage on the built and natural environment but can be felt by humans. Repeated
vibration or noise, even of very small amplitude, can negatively impact people’s way of life and
well-being. This type of impact is difficult to quantify and there is as yet no well-established
methodology to do so for induced seismicity. At present, following practices from other fields is
recommended such as mining, geothermal energy production, or transportation. This would
include using ground motion or noise criteria determined in Step 3 to be used in the formulation
of vulnerability functions. An estimate of the annual probability of the number or percentage of
people mildly, normally, or severely inconvenienced by the induced seismicity would be ideal.

(d) Quantification of Seismic Risk Due to Induced Seismicity

The seismic risk analysis can provide results in a variety of forms to address the different aspects
of risk that are of importance to the various stakeholders. The choice of which risk metrics to
focus on will also determine which aspects of the hazard and risk assessment should receive
additional consideration (Bommer et al., 2015). The assessment of seismic risk due to induced
seismicity should be site specific and adaptable in the case of new information. It will depend on
the calculated seismic hazard, including the influence of operational factors (e.g., different
injection programs, different injection formations, etc.), on the number and nature of exposed
assets and activities that may be impacted, and on the determination of their level of vulnerability
to the hazard. The risk analysis and resulting risk metrics should be similar in form to the
tectonic seismicity for ease of comparison.

The seismic risk assessment will need to include hazards from both large and small seismic
events. Seismic risk assessment methodologies and software have largely been developed
assuming only larger tectonic events are the events of concern. Subsequently however, seismic
risk assessments due to induced seismicity have started including the risks associated with
smaller events as well. Additionally, a probabilistic seismic risk analysis, using time-dependent
induced seismicity forecast models and a logic tree approach will permit epistemic uncertainties
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in the induced seismicity risk assessment to be incorporated in a more cohesive manner (Mignan
et al., 2015).

6.3.3 Risk Informed Decision Analysis

The evaluation of the seismic risk due to induced seismicity is expected to depend significantly
upon the project plan and would be expected to be updated as more information becomes
available during the lifetime of the project. Therefore, determination of the project plan specifics
should occur in conjunction with the risk assessment. This risk informed planning can help with
decisions such as evaluating wellbore placement and operational injection plans. Using the site-
specific seismic risk analysis, risk-informed decisions for the project plan based on the risk-
tolerance of the affected stakeholders can be made. Effort should be made to appropriately
communicate the uncertainty present in the risk assessment to stakeholders and decision makers.
Risk-tolerance matrices are one method that can balance the level of risk tolerance of
stakeholders with the expected benefits of the project (Walters et al., 2015). Risk-tolerance
matrices allow for an estimation of the intersection between the anticipated risks and stakeholder
tolerance for those risks.

Documentation should include the data used to inform the risk analysis, how the data were
analyzed to determine risk, the results of the risk analysis (including uncertainties), and how
management decisions will be determined based on the results of the risk analysis. This should
include the types of losses considered, how the extent of the ROC was determined, the kinds of
structures and facilities included in the analysis, a description of the vulnerability of sites within
the ROC to the natural and induced seismic hazards in terms of impacts on the assets and
activities, and a description of the sources of uncertainties in the analysis. The hazard and risk
analyses should be presented in similar terms (e.g., PGA, PGV, etc.). Results can be presented as
an estimate of the total loss expected annually (monetary, downtime, annoyance, injuries,
casualties, etc.), losses expected as a function of time from the start of operation (with
uncertainty ranges), and as a geographic map showing the spatial distribution of expected value
losses in the region as a function of time and for several annual probabilities of exceedance.
Variations of these results should be included when discussing different project plan options
being considered.
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7. STEP 7: OPERATIONAL MANAGEMENT OF INDUCED SEISMICITY RISKS

71 PURPOSE

The purpose of this step is to create and implement a site-specific, real-time plan to monitor,
assess, control, and mitigate the risks associated with induced seismicity during and after fluid
injection. The framework of the risk-based mitigation plan should be based on a traffic light
system (TLS), which can provide clear and direct actions to take in response to given situations
according to pre-determined criteria. The plan should be in place before injection operations
commence and before any level of induced seismicity may be observed. This risk-based
mitigation plan for induced seismicity is expected to be one component of a more comprehensive
risk management plan covering the entire project.

7.2  RECOMMENDED PRACTICES

7.2.1 Induced Seismicity Mitigation Plan

7.2.1.1 The operator should create a site-specific induced seismicity mitigation plan based on a
TLS framework. The TLS framework should include, but should not be limited to:

a) At least three response levels, indicating operation as usual (green), heightened
awareness and reassessing and modifying as appropriate of injection operations (yellow),
and stopping injection (red)

b) Clear threshold level criteria defining when an increase in response level is necessary

c) A clear description of mandatory and optional actions and procedures at each of the
response levels

d) A description of the conditions, actions, and procedures necessary to reduce the response
level to a lower level

e) Adequate near real-time data input from the seismic monitoring network

7.2.1.2 The induced seismicity mitigation plan should be operational throughout the active
operation of the site and through the end of the seismic PISC period.

7.2.1.3 The induced seismicity mitigation plan should be endorsed by the Expert Panel and
approved by the regulatory agency.

7.2.1.4 A reduction in the response level should occur when recommended by the Expert Panel
and approved by the regulatory agency.

7.2.2 Expert Panel

7.2.2.1 An Expert Panel should be created whose purpose is to provide evidence-based
information and recommendations pertaining to the induced seismicity risk posed by the project.

7.2.2.2 The Expert Panel should be comprised of representatives from the operator, local
stakeholders, the regulatory agency, and appropriate independent subject matter experts. The
chairperson should be selected from the independent subject matter experts.

7.2.2.3 Should there be other active or planned projects involving fluid injection that jointly
contribute to a composite PSZ, representatives of the respective operators should be additional
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members on the Expert Panel. The regulatory agency should approve the members and the
chairperson of the Expert Panel.

7.2.2.4 The Expert Panel should convene at least annually to independently review past seismic
activity, the appropriateness of the seismic monitoring network and operation, updated hazard
and risk assessments, and the current induced seismicity mitigation plan. The operator should
supply the Expert Panel with all reports and information necessary to perform the review.

7.2.3 Early Evaluation Period

7.2.3.1 The first year of injection operations should be considered an Early Evaluation Period.

7.2.3.2 The Expert Panel should convene at least weekly during the first month of the Early
Evaluation Period and at least monthly during the following 5 months of the Early Evaluation
Period to review the seismogenic and hydraulic site response and to verify the continued
appropriateness of the induced seismicity mitigation plan, including the hazard and risk
assessments originally performed in Steps 5 and 6 prior to injection operations.

7.2.3.3 Reduction of the review schedule during the Early Evaluation Period after the first 6
months should be approved by the regulatory agency.

7.2.3.4 Injection operations should ramp up gradually during the Early Evaluation Period and the
Expert Panel may recommend to the regulatory agency that injection activities be slowed or
halted if warranted.

7.2.4 Seismic PISC

7.2.4.1 The default duration of the seismic PISC should be the duration of the regular PISC after
the end of injection operations.

7.2.4.2 The Expert Panel should make a recommendation whether or not to modify the seismic
PISC period, considering the seismic response of the site during and after active injection.

a) The regulatory agency may approve a reduced, or require an increase in, the duration of
the seismic PISC.

b) The seismic PISC period should not end before pressure and stress perturbations in and
surrounding the reservoir have stabilized and observed seismicity approaches tectonic
baseline levels.

7.2.5 Liability and Insurance

7.2.5.1 The operator should be insured against potential damages associated with induced
seismicity or demonstrate sufficient assets to self-insure for potential damage outlays consistent
with the estimated seismic risk.

7.2.5.2 Levels of insurance coverage should be set based on the estimated induced seismicity risk
and should be re-evaluated annually.

7.2.5.3 Liability for the consequences of induced seismic events should be shared among
operators whose estimated PSZ extends to the epicenter of a damaging or felt event.
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7.3 SUPPORTING INFORMATION

7.3.1 Induced Seismicity Mitigation Plan

An Induced Seismicity Mitigation Plan should be in place before any injection operations begin.
The framework of the plan should be based on a TLS protocol. A TLS, as defined here, is a risk
management tool which serves several purposes: it communicates the status of the project; it
specifies predefined actions that should occur in order to attempt to prevent large magnitude
induced events, and it prompts the operator to consider changes to the operations if a concerning
trend of seismic activity has been observed. The TLS status should be made easily available to
both the operators and the public. A TLS will typically have three or more response levels,
corresponding at a minimum 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). In a
TLS, the status of a project is continuously evaluated with the goal of avoiding induced
seismicity that could endanger the local population or damage infrastructure (NRC, 2012a). For
example, during the Basel EGS project, their yellow level was triggered due to a medium size
seismic event, which caused them to reduce their injection rate. Ongoing seismic activity
increased the level to red, which lead to a cessation of the injection program. However,
unfortunately, a magnitude My3.4 could not be prevented with the TLS (Haering et al., 2008).

A traditional TLS, such as that used in the Basel EGS project, typically 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). A major shortcoming of traditional TLSs is that they are not forward-looking and do
not provide a forecast of future seismic activity. Adaptive traffic light systems (ATLS) and
physics-based forecasting methods, however, can help to inform operation decisions, such that
elevated risk levels might not be reached in the first place (Figure 4).

An ATLS is fully probabilistic, incorporates new data on the fly (automatically as much as
possible) to update geomechanical and seismicity forecasting models, and integrates hazard,
exposure, and vulnerability into the automatic 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 automatically updated as new data and models become available. An ATLS
incorporates not only the past observations of seismicity but produces projections of seismicity
rates based on the actual or projected injection and production rates in a reservoir (e.g.,
Bachmann et al., 2011). Although the deployment of an ATLS is currently an active research
topic, operators are encouraged to implement the most up-to-date system with a site-specific
forecasting method that is adapted to the local conditions. This would allow for a more proactive
management approach to induced seismicity compared to the reactive approach in traditional
TLS. Additionally, an ATLS could potentially be used to optimize operations in addition to
minimizing seismicity by providing forecasts based on different injection scenarios.

In both TLSs and ATLSs, the threshold criteria determining when an increase in response level is
necessary should be defined such that they allow effective intervention to prevent the traffic light
from reaching the highest response level requiring a full stop of the operation (Kao et al., 2018).
Threshold criteria that could be added to a site-specific plan include: a basic magnitude threshold
criteria; a peak ground velocity threshold (such as those determined in Step 3) (Bommer et al.,
2006); the identification of a concerning seismic trend (such as observed seismicity delineating a
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potential fault capable of producing an event of concern) (Lee et al., 2019); a comparison with
magnitude exceedance probabilities (van der Elst et al., 2016; Shapiro et al., 2010; Langenbruch
et al., 2016); a comparison with calculated seismic risk criteria (Douglas and Aochi, 2014;
Mignan et al., 2015); a comparison to economic loss criteria (Langenbruch et al., 2020); or
public response (Wiemer et al., 2017).

Real Time Rapid Rapid
Monitoring Hazard Analysis > Risk Analysis

l ! |

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 4: 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 which may prompt a change in response level due to updated results.

When selecting the threshold criteria, two points need to be considered: (1) the magnitude-
frequency relationship of earthquakes (Gutenberg and Richter, 1944); and (2) the temporal delay
between changes in injection operations and the response of seismic activity. Regarding the first
point, it has been observed that for every tectonic earthquake of a given magnitude occurring in a
volume of the Earth’s crust about 10 times as many earthquakes one magnitude unit smaller are
expected to be observed. For example, for every 100 My, 1 earthquakes, on average 10 M2
earthquakes and one My,3 earthquake are expected to be observed. This behavior is embodied by
the Gutenberg and Richter (1944) relationship with a b value approximately equal to 1. This
empirical rule generally holds for induced seismicity as well, although the precise relationship
may vary from site to site and can vary during the injection cycles (e.g., Bachmann et al., 2012;
Martinez-Garzon et al., 2014,). If using magnitude thresholds, Schultz et al. (2020) argue that the
yellow light threshold should be set 2 magnitude units below the red light. Using this criterion
and assuming a Gutenberg-Richter b value of 1, 99% of the cases would be expected to present
an opportunity to initiate mitigation measures to avoid the highest response state and in only 1%
of the cases would the traffic light be expected to jump from green to red, skipping the yellow
level. Additionally, b values greater than 1 at a site, as found in some EGS co-injection and post-
injection settings (Bachmann et al., 2012), would be expected to lead to even fewer cases of
jumping directly from green to red. Recent research has also focused on risk-based approaches
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for choosing appropriate red-light thresholds at certain types of fluid injection sites (Schultz et
al., 2021a).

Regarding the second point and particularly for typical GCS long-term injections, the pressure
plume potentially causing seismicity may reach many kilometers or tens of kilometers away
from the injection point (Goebel et al., 2017; Peterie et al., 2018). While the pressure around the
injection well may fall rapidly in response to reductions of the injection rate, it may continue to
rise further away, where earthquakes may continue to be induced by small pressure
perturbations. It may be months or longer for changes in the injection operations to take effect,
especially if seismicity has already been observed far away from the injection point. It has been
observed in several injection projects that the largest events occurred after injection ceased,
which can be explained in part by the continuing propagation of pressure plumes and delayed
aftershocks (Dieterich et al., 2015). Event triggering by poroelastic stress changes rather than
directly by elevated pore pressure is subject to the same temporal behavior as described above. In
addition, aftershock sequences may produce seismicity several years after their mainshock.

At the normal “green” TLS operating state, routine operation of the real-time monitoring system
should also include more detailed analysis of potential pre-monitory seismicity. These detailed
analyses should include enhanced event detection (e.g., through template matching) (Skoumal et
al., 2014; Chamberlain et al., 2018; Templeton et al., 2020), precise relative relocation
(Waldhauser and Ellsworth, 2000; Trugman and Shearer, 2017), and focal mechanism analyses
to identify fault planes. Additionally, seismological signatures indicating the possibility of fault
rupture may also be visible in the data, as it was for example in the Pohang EGS case (Ellsworth
et al., 2019). At this early stage, potentially concerning trends such as an injection pressure
increase (even if it is still within normal ranges), incremental increases in induced earthquake
magnitudes that are still below the threshold level, and the observation of evolving patterns of
seismicity (such as clusters or delineations of faults), can be evaluated so as to initiate potential
mitigation measures before more concerning induced seismicity is induced. The information
from these studies should be made available to the Expert Panel so that they can make
appropriate recommendations.

Operation at elevated alert levels should include informing the regulatory agency and other
project stakeholders. Observed seismicity should be further analyzed in order to understand the
causative mechanisms and inform the choice of potential mitigation steps. Should the alert level
continue to increase due to ongoing seismicity, injection should be reduced or stopped, and other
steps taken to ensure the safety of the site and local populations.

Once seismic activity has been induced above a threshold level there is only a limited range of
possible operational procedures that may be able to mitigate further seismicity. The operator can
modify the injection operation by reducing injection rates or volume, stopping injection,
producing from the injection well, or producing fluid elsewhere with the goal of reducing the
pressure at a location distant from the original injection well to potentially steer the pressure
plume. The efficacy of active pressure management is an area of active research (Kroll et al.,
2020).

With any of these changes to operations it should to be acknowledged that they may take a
significant amount of time until a geomechanical effect is achieved. Hence, it is important to
implement low enough traffic light thresholds in order to react early enough to avoid damaging
levels of seismicity.
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It is important to document a clear procedure that would allow for the reduction of the response
level of a traffic light framework. The conditions to be met for reducing the response level will
vary from site to site. However, in every case the observed seismicity should be carefully
analyzed along with the pertinent operational parameters and geomechanical models to
understand what conditions led to the heightened alert level. This analysis should engage the
appropriate specialists, including seismologist, geologists, and engineers to review available data
and if necessary, design and conduct engineered trials to inform operating procedure
adjustments. Subsequently, subsurface models should be modified to determine what has
changed from the initial assumptions and determine how operations can be modified such that a
higher response level will not be reached. The Expert Panel should recommend, and the
regulatory agency should approve, any reduction in the response level at a site.

All traffic light frameworks are dependent on adequate near real-time seismic monitoring. While
a traditional TLS may be operated successfully with a magnitude of completeness about 0.5 units
below the lowest threshold criteria defined in the site-specific plan, a prospective ATLS greatly
benefits from a much lower completeness. Seismic forecast models that are incorporated into
ATLS perform best when their statistical features (e.g., b-values or seismicity rate variations) are
based on the lowest completeness achievable. These lower magnitude events are also necessary
for near-real-time evaluation of the effectiveness of enacted risk mitigation protocols and for a
more rapid identification of potential signs of fault activation.

7.3.2 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, such as changes to the injection operations, increased
seismic monitoring, more detailed analyses, and other mitigation measures. Expert panels and
expert elicitations have proven successful particularly in the presence of substantial epistemic
uncertainties, such as at a greenfield site and investigating the potential for induced seismicity
(Trutnevyte and Azevedo, 2018).

The Expert Panel is tasked with: recommending for approval the induced seismicity mitigation
plan prior to subsurface injection; recommending actions on an as-needed basis during injection
and during the seismic PISC period; recommending actions after a change to the response level;
and recommending the lowering of a response level. The Expert Panel is expected to review, at
least annually, the induced seismicity mitigation plan, the appropriateness of the seismic
monitoring network and operation, updated hazard and risk assessments, and the detailed
seismological analyses that will be routinely conducted by the operator.

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 project’s 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
projects whose ROCs may overlap.
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7.3.3 Early Evaluation Period

The first year of injection operations should be considered an early evaluation period. During the
early evaluation period, the seismogenic and hydrologic behavior of the target reservoir and
underlying basements units should be analyzed to calibrate, verify, and/or update the pre-
injection models and parameters. Forecasts of the level of induced seismicity derived from pre-
injection assessment using estimated values are likely to be of limited value without this
calibration and verification step. Therefore, the Expert Panel should convene, virtually or in
person, at least weekly during the first month of the early evaluation period and monthly during
the following 5 months to assess the appropriateness of the models, input parameters, the
induced seismicity mitigation plan, and to recommend modifications if necessary. If no
seismicity is observed meetings can be adapted to simple check ins.

During this critical time, the relative changes in pressure and stress may be at their greatest.
Therefore, it is suggested that injection operations should be gradually increased and that any
increases in the planned injection rate be recommended by the Expert Panel. The Expert Panel
should be empowered to recommend a slowing or halting of injections to the regulator if
hazardous conditions warrant it.

7.3.4 Seismic PISC

The PISC duration is defined as the time period following cessation of CO; injection in which
appropriate monitoring and other actions are needed to ensure that any underwater source of
drinking water (USDW) is not endangered. With regard to induced seismicity, the Expert Panel
may recommend implementing a seismic PISC which may have a duration that is different from
the PISC. It may be reduced or extended relative to the PISC in order to account for the different
requirements of the induced seismicity mitigation plan. For example, if only very low levels of
induced seismicity were detected during the active injection phase of the project, the Expert
Panel may be justified in recommending an earlier end to the seismic PISC than for the PISC. If,
however, significant seismicity was observed, it may be required to continue execution of the
induced seismicity mitigation plan throughout and beyond the PISC period. Determinations
should be based on two factors: (1) stabilization of pressure and stress perturbations to steady-
state values; and (2) clear demonstration that the seismic frequency-magnitude behavior is
approaching baseline tectonic conditions. For example, at the site of the Basel EGS there has
been observed seismicity for over 10 years following shut-in after a fluid-injection program that
lasted only 2 weeks (Herrmann et al., 2019).

During the seismic PISC, seismic monitoring, the outreach and communication program, and the
implementation of the Induced Seismicity Mitigation Plan should continue, maintaining the
number of monitoring stations and review procedures. Additionally, during the seismic PISC, the
schedule of review meetings by the Expert Panel may be reduced if deemed appropriate by the
Expert Panel. This should require approval by the regulatory agency.

7.3.5 Liability and Insurance

Liability and compensation coverage for damages cause by 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). Further, having
insurance and a compensation scheme in place prior to operations may significantly increase
public acceptance for a subsurface injection project. Operators should be sufficiently covered or
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demonstrate sufficient assets to self-insure against damages from induced seismicity. Insurance
coverage for potential losses at the median annual exceedance probability of 10 or greater have
been suggested for EGS (Wiemer et al., 2017). The amount of coverage should be re-evaluated
annually. In the case of a damaging event there are often legal disputes about who is at fault.
This may occur specifically in cases where several operators have overlapping ROCs. Assigning
a single operator to be at fault would ignore the fact that pressure diffusion from several injection
sources is additive (e.g., Dempsey and Riffault, 2019). An induced event could occur because of
the sum of all injection operations in its vicinity. Therefore, it is recommended that operators pay
contributions to an insurance fund that would compensate for any damages resulting from
induced seismicity in a shared ROC. Operators who expect to have overlapping ROCs should
negotiate these details in advance of injection.

54



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

8. REFERENCES

Abrahamson, N. Seismic Hazard Assessment: Problems with Current Practice and Future
Developments. First European Conference on Earthquake Engineering and Seismology,
Geneva, Switzerland, Sept 3-8, 2006.

Akram, J.; Eaton, E. Impact of velocity model calibration on microseismic locations. SEG
Technical Program Expanded Abstracts 2013, 1982—1986. doi:10.1190/segam2013-0795.1.

Allen, T. I.; Hayes, G. P. Alternative Rupture-Scaling Relationships for Subduction Interface and
Other Offshore Environments. Bulletin of the Seismological Society of America 2017, 107,
1620-1635. doi: 10.1785/0120130224.

Anagnos, T.; Comerio, M.; Goulet, C.; May, P.; Greene, M.; McCormick, D.; Bonowitz, D.
Developing Regional Building Inventories: Lessons from the Field. EERI Spectra 2012, 28,
1305-1329. doi:10.1193/1.4000087.

ANSI. Guide to the Evaluation of Human Exposure to Vibration in Buildings (ANSI/ASA
S2.71-1983); American National Standard Institute (ANSI), 2020.

Atkinson, G. Ground-motion prediction equation for small-to-moderate events at short
hypocentral distances, with application to induced seismicity hazards. Bulletin of the
Seismological Society of America 2015, 105, 981-992. doi:10.1785/0120140142.

Atkinson, G. M.; Eaton, D. W.; Ghofrani, H.; Walker, D.; Cheadle, B.; Schultz, R.;
Shcherbakov, R.; Tiampo, K.; Gu, J.; Harrington, R. M.; Liu, Y.; van der Baan, M.; Kao, H.
Hydraulic Fracturing and Seismicity in the Western Canada Sedimentary Basin.
Seismological Research Letters 2016, 87, 631-647. doi:10.1785/0220150263.

Bachmann, C. E.; Wiemer, S.; Goertz-Allmann, B. P.; Woessner, J. Influence of pore-pressure
on the event-size distribution of induced earthquakes. Geophysical Research Letters 2012,
39, 1L09302. doi:10.1029/2012GL051480.

Bachmann, C. E.; Wiemer, S.; Woessner, J.; Hainzl, S. Statistical analysis of the induced Basel
2006 earthquake sequence: introducing a probability-based monitoring approach for
Enhanced Geothermal Systems. Geophysical Journal International 2011, 186, 793—-807.
doi:10.1111/5.1365-246X.2011.05068.x.

Barbour, A. J.; Norbeck, J. H.; Rubinstein, J. L. The Effects of Varying Injection Rates in Osage
County, Oklahoma, on the 2016 My, 5.8 Pawnee Earthquake. Seismological Research
Letters 2017, 88, 1040-1053. doi:10.1785/0220170003.

Beauval, C.; Tasan, H.; Laurendeau, A.; Delavaud, E.; Cotton, F.; Guéguen, P.; Kuehn, N. On
the testing of ground-motion prediction equations against small-magnitude data. Bulletin of
the Seismological Society of America 2012, 102, 1994-2007. doi: 10.1785/0120110271.

Bhattacharya, P.; Viesca, R. C. Fluid-induced aseismic fault slip outpaces pore-fluid migration.
Science 2019, 364, 464—468. doi:10.1126/science.aaw7354.

Bommer, J. J.; Crowley, H. The Purpose and Definition of the Minimum Magnitude Limit in
PSHA Calculations. Seismological Research Letters 2017, 88, 1097-1106. doi:
10.1785/0220170015.

55



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Bommer J. J.; Crowley, H.; Pinho, R. A risk-mitigation approach to the management of induced
seismicity. Journal of Seismology 2015, 19, 623—646. doi: 10.1007/s10950-015-9478-z.

Bommer, J. J.; Dost, B.; Edwards, B.; Stafford, P. J.; van Elk, J.; Doornhof, D.; Ntinalexis, M.
Developing an Application-Specific Ground-Motion Model for Induced Seismicity. Bulletin
of the Seismological Society of America 2016, 106, 158—173. doi:10.1785/0120150184.

Bommer, J.; Oates, S.; Cepeda, J. M.; Lindholm, C.; Bird, J.; Torres, R.; et al. Control of hazard
due to seismicity induced by a hot fractured rock geothermal project. Engineering
Geology 2006, 83, 287-306. doi:10.1016/j.enggeo.2005.11.002.

Bommer, J. J.; Stafford, P. J.; Edwards, B.; Dost, B.; van Dedem, E.; Rodriguez-Marek, A.;
Kruiver, P.; van Elk, J.; Doornhof, D.; Ntinalexis, M. Framework for a ground-motion
model for induced seismic hazard and risk analysis in the Groningen Gas Field, The
Netherlands. Earthquake Spectra 2017, 33, 481-498. doi:10.1193/082916EQS138M.

Bonilla, M. G.; Mark, R. K.; Lienkaemper, J. J. Statistical Relations Among Earthquake
Magnitude, Surface Rupture Length, and Surface Fault Displacement. Bulletin of the
Seismological Society of America 1984, 74, 2379-2411.

Boore, G. M.; Atkinson, G. M. Ground-Motion Prediction Equations for the Average Horizontal
Component of PGA, PGV, and 5%-Damped PSA at Spectral Periods between 0.01 s and
10.0 s. Earthquake Spectra 2008, 24, 99—138. doi:10.1193/1.2830434.

Bozorgnia, Y.; Abrahamson, N. A.; Atik, L. A.; Ancheta, T. D.; Atkinson, G. M.; Baker, J. W._;
Baltay, A.; Boore, D. M., Campbell, K. W.; Chiou, B. S.-J.; Darragh, R.; Day, S.; Donahue,
J.; Graves, R. W.; Gregor, N.; Hanks, T.; Idriss, I. M.; Kamai, R.; Kishida, T.; Kottke, A.;
Mahin, S. A.; Rezaeian, S.; Rowshandel, B.; Seyhan, E.; Shahi, S.; Shantz, T.; Silva, W_;
Spudich, P.; Stewart, J. P.; Watson-Lamprey, J.; Wooddell, K.; Youngs, R. NGA-West2
Research Project. Earthquake Spectra 2014, 30, 973-987. doi:10.1193/072113EQS209M.

Broccardo, M.; Mignan, A.; Wiemer, S.; Stojadinovic, B.; Giardini, D. Hierarchical Bayesian
modeling of fluid-induced seismicity. Geophysical Research Letters 2017, 44, 11357—
11367. doi:10.1002/2017GL075251.

Caltrans. Transportation and Construction Vibration Guidance Manual; California Department
of Transportation (Caltrans), 2020.

CEUS-SSC. Central and Eastern United States Seismic Source Characterization for Nuclear
Facilities; Technical Report; Central and Eastern United States Seismic Source
Characterization (CEUS-SSC); EPRI, Palo Alto, CA, U.S. DOE, and U.S. NRC; 2012.

Cesca, S.; Grigoli, F.; Heimann, S.; Gonzalez, A.; Buforn, E.; Maghsoudi, S.; Blanch, E.; Dahm,
T. The 2013 September-October seismic sequence offshore Spain: A case of seismicity
triggered by gas injection? Geophysical Journal International 2014, 198, 941-953. doi:
10.1093/gji/ggul72.

CGS. Guidelines for evaluating and mitigating seismic hazards in California; California
Geological Survey Special Publication 117A; California Department of Conservation,
California Geological Survey (CGS): Sacramento, CA, 2008.
https://www.conservation.ca.gov/cgs/publications/sp117a.

56


https://www.conservation.ca.gov/cgs/publications/sp117a

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Chamberlain, C. J.; Hopp, C. J.; Boese, C. M.; Warren-Smith, E.; Chambers, D.; Chu, S. X.; et
al. EQcorrscan: Repeating and Near-Repeating Earthquake Detection and Analysis in
Python. Seismological Research Letters 2018, 89, 173—181. doi:10.1785/0220170151.

Cornell, C. A. Engineering Seismic Risk Analysis. Bulletin of the Seismological Society of
America 1968, 58, 1583-1606.

Cremen, G.; Werner, M. J.; Baptie, B. A New Procedure for Evaluating Ground-Motion Models,
with Application to Hydraulic-Fracture-Induced Seismicity in the United Kingdom. Bulletin
of the Seismological Society of America 2020, 110, 2380-2397. doi:10.1785/0120190238.

Dempsey, D.; Riffault, J. Response of Induced Seismicity to Injection Rate Reduction: Models
of Delay, Decay, Quiescence, Recovery, and Oklahoma. Water Resources Research 2019,
55, 656—681. doi:10.1029/2018WR023587.

Dieterich, J. H.; Richards-Dinger, K. B.; Kroll, K. A. Modeling injection-induced seismicity with
the physics-based earthquake simulator RSQSim. Seismological Research Letters 2015, 86,
1102-1109. doi:10.1785/0220150057.

Douglas, J.; Aochi, H. Using estimated risk to develop stimulation strategies for Enhanced
Geothermal Systems, Pure and Applied Geophysics 2014, 171, 1847—-1858. doi:
10.1007/s00024-013-0765-8.

Douglas, J.; Edwards, B.; Convertito, V.; Sharma, N.; Tramelli, A.; Kraaijpoel, D.; Cabrera, B.
M.; Maercklin, N.; Troise, C. Predicting Ground Motion form Induced Earthquakes in
Geothermal Areas. Bulletin of the Seismological Society of America 2013, 103, 1875-1897.

Dowding, C. Construction Vibrations; Prentice Hall, 1996. doi:10.1785/0120120197.

Edwards, B.; Douglas, J. Magnitude scaling of induced earthquakes. Geothermics 2014, 52, 132—
139. doi: 1016/j.geothermics.2013.09.012

Edwards, B.; Crowley, H.; Pinho, R.; Bommer, J. J. Seismic Hazard and Risk Due to Induced
Earthquakes at a Shale Gas Site. Bulletin of the Seismological Society of America 2021,
111, 875-897. doi: 10.1785/0120200234

Ellsworth, W. L.; Giardini, D.; Townend, J.; Ge, S.; Shimamoto, T. Triggering of the Pohang,
Korea, earthquake (Mw 5.5) by Enhanced Geothermal System Stimulation. Seismological
Research Letters 2019, 90, 1844—1858. doi:10.1785/0220190102.

FEMA. Estimating Losses From Future Earthquakes; Panel Report and Technical Background
(FEMA-177); Federal Emergency Management Agency (FEMA), 1989.
https://www.fema.gov/media-library/assets/documents/96204.

FEMA. Multi-hazard Loss Estimation Methodology Earthquake Model HAZUS-MH 2.1
Technical Manual; Federal Emergency Management Agency (FEMA), 2013.
https://www.fema.gov/media-library/assets/documents/24609.

FEMA. Using Hazus for Mitigation Planning, Federal Emergency Management Agency
(FEMA), 2018. https://www.fema.gov/media-library/assets/documents/105722.

Field, E. H.; Biasi, G. P.; Bird, P.; Dawson, T. E.; Felzer, K. R.; Jackson, D. D.; Johnson, K. M.;
Jordan, T. H.; Madden, C.; Michael, A. J.; Milner, K. R.; Page, M. T.; Parsons, T.; Powers,
P. M.; Shaw, B. E.; Thatcher, W. R.; Weldon, R. J., II; Zeng, Y. Uniform California

57


https://www.fema.gov/media-library/assets/documents/96204
https://www.fema.gov/media-library/assets/documents/24609
https://www.fema.gov/media-library/assets/documents/105722

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

earthquake rupture forecast, version 3 (UCERF3) — The time-independent model; U.S.
Geological Survey Open-File Report 2013-1165; California Geological Survey Special
Report 228; Southern California Earthquake Center Publication 1792; 2013; p. 97.
http://pubs.usgs.gov/of/2013/1165.

Figueiredo, B.; Tsang, C.-F.; Rutqvist, J.; Bensabat, J.; Niemi, A. Coupled hydro-mechanical
processes and fault reactivation induced by CO: injection in a three-layer storage formation.
International Journal of Greenhouse Gas Control 2015, 39, 432—448. doi:
10.1016/j.1jggc.2015.06.008.

Fischhoft, B. The realities of risk-cost-benefit analysis. Science 2015, 350, aaa6516. doi:
10.1126/science.aaa6516.

Foulger, G. R.; Wilson, M. P.; Gluyas, J. G.; Julian, B. R.; Davies, R. J. Global review of
human-induced earthquakes. Earth-Science Reviews 2018, 178, 438-514.
doi:10.1016/j.earscirev.2017.07.008.

FTA. Transit Noise and Vibration Impact Assessment; FTA-VA-90-1003-06; Federal Transit
Administration (FTA), 2006.

Galis, M.; Ampuero, J. P.; Mai, P. M.; Cappa, F. Induced seismicity provides insight into why
earthquake ruptures stop. Sci. Adv. 2017, 3, eaap7528. doi: 10.1126/sciadv.aap7528.

Gallagher, H.; Farmer, B.; Mendoza, C.; Lee, C.; Dickson, H.; Greene, M. GEM building
taxonomy v2.0: evaluation and testing report, GEM building taxonomy global component;
GEM foundation, 2013.

Gaucher, E.; Schoenball, M.; Heidbach, O.; Zang, A., Fokker, P. A.; van Wees, J.-D.; Kohl, T.
Induced seismicity in geothermal reservoirs: A review of forecasting approaches.
Renewable and Sustainable Energy Reviews 2015, 52, 1473—-1490. doi:
10.1016/j.rser.2015.08.026.

Giardini, D. Geothermal quake risks must be faced. Nature 2009, 462, 848—849. doi:
10.1038/462848a.

Goebel, T. H. W.; Weingarten, M.; Chen, X.; Haffener, J.; Brodsky, E. E. The 2016 My5.1
Fairview, Oklahoma earthquakes: Evidence for long-range poroelastic triggering at > 40 km
from fluid disposal wells. Earth and Planetary Science Letters 2017, 472, 50—61.
doi:10.1016/j.epsl.2017.05.011.

Grigoratos, I.; Bazzurro, P.; Rathje, E.; Savvaidis, A. Time-dependent seismic hazard and risk
due to wastewater injection in Oklahoma. Earthquake Spectra 2021, 37, 2084-2106.
doi:10.1177/8755293020988020.

Grigoratos, L.; Rathje, E.; Bazzurro, P.; Savvaidis, A. Earthquakes Induced by Wastewater
Injection, Part I: Model Development and Hindcasting. Bulletin of the Seismological Society
of America 2020a, 110, 2466-2482. doi:10.1785/0120200078.

Grigoratos, I.; Rathje, E.; Bazzurro, P.; Savvaidis, A. Earthquakes Induced by Wastewater
Injection, Part II: Statistical Evaluation of Causal Factors and Seismicity Rate Forecasting.
Bulletin of the Seismological Society of America 2020b, 110, 2483-2497.
doi:10.1785/0120200079.

58


http://pubs.usgs.gov/of/2013/1165
https://doi.org/10.1016/j.rser.2015.08.026
https://doi.org/10.1016/j.rser.2015.08.026

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Groos, J.; Ritter, J. Seismic noise: A challenge and opportunity for seismological monitoring in
densely populated areas. In Proceedings of the workshop: Induced Seismicity, Cahiers du
Centre Européen de Géodynamique et de Séismologie 2010, 30, 87-97.
doi:10.5445/IR/1000038621.

Gutenberg, B.; Richter, C. F. Frequency of earthquakes in California, Bulletin of the
Seismoogical. Sococity of America 1944, 34, 185—188.

GWPC and IOGCC. Potential Injection-Induced Seismicity Associated with Oil & Gas
Development: A Primer on Technical and Regulatory Considerations Informing Risk
Management and Mitigation, 2nd Edition; Ground Water Protection Council and Interstate
Oil and Gas Compact Commission (GWPC and IOGCC), 2017; p. 181.

Héring, M. O.; Schanz, U.; Ladner, F.; Dyer, B. C. Characterisation of the Basel 1 enhanced
geothermal system. Geothermics 2008, 37, 469-495.
doi:10.1016/j.geothermics.2008.06.002.

Hale, C.; Abrahamson, N.; Bozorgnia, Y. Probabilistic Seismic Hazard Analysis Code
Verification; Report No. 2018/03; Pacific Earthquake Engineering Research Center, 2018.

Herrmann, M.; Kraft, T.; Tormann, T.; Scarabello, L.; Wiemer, S. A Consistent High-resolution
Catalog of Induced Seismicity in Basel Based on Matched Filter Detection and Tailored
Post-processing. Journal of Geophysical Research — Solid Earth 2019, 124, 8449-8477.
doi: 10.1029/2019JB017468.

Hussain, E.; Wright, T. J.; Walters, R. J.; Bekaert, D. P. S.; Lloyd, R.; Hooper, A. Constant strain
accumulation rate between major earthquakes on the North Anatolian Fault. Nature
Communications 2018, 9, 1392. do0i:10.1038/s41467-018-03739-2.

Hutton, K.; Woessner, J.; Hauksson, E. Earthquake Monitoring in Southern California for
Seventy-Seven Years (1932-2008). Bulletin of the Seismological Society of America 2010,
100, 423-446. doi: 0.1785/0120090130.

Idriss, I. M.; Archuleta, R. J.; Abrahamson, N. A. Evaluation of Earthquake Ground Motions. In
Engineering Guidelines for the Evaluation of Hydropower Projects; Federal Energy
Regulatory Commission: Washington, DC, 2018.

Jaiswal, K. S.; Wald, D. J. Rapid estimation of the economic consequences of global
earthquakes; U.S. Geological Survey Open-File Report 2011-1116; 2011; pp 47.
doi:10.3133/0fr20111116.

Jennings, C. W.; Bryant, W. A. Fault activity map of California; California Geological Survey
Geologic Data Map No. 6; 2010.

Jonkmann, S. N.; van Gelder, P. H. A. J. M.; Vrijling, J. K. An overview of quantitative risk
measures for loss of life and economic damage. Journal of Hazardous Materials 2003, 499,
1-30. doi: 10.1016/S0304-3894(02)00283-2.

Kao, H.; Visser, R.; Smith, B.; Venables, S. Performance assessment of the induced seismicity
traffic light protocol for northeastern British Columbia and western Alberta. The Leading
Edge 2018, 37, 117-126. doi:10.1190/t1e37020117.1.

59


https://doi.org/10.1190/tle37020117.1

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Kim, K.-H.; Ree, J.-H.; Kim, Y.; Kim, S.; Kang, S. Y.; Seo, W. Assessing whether the 2017
Muy5.4 Pohang earthquake in South Korea was an induced event. Science 2018, 360, 1007—
1009. doi:10.1126/science.aat6081.

Kraft, T.; Mai, P. M.; Wiemer, S.; Deichmann, N.; Ripperger, J.; Késtli, P.; Bachmann, C.; Fih,
D.; Wossner, J.; Giardini, D. Enhanced Geothermal Systems: Mitigating Risk in Urban
Areas. EOS 2009, 90, 273-274.

Kroll, K. A.; Buscheck, T. A.; White, J. A.; Richards-Dinger, K. B. Testing the efficacy of active
pressure management as a tool to mitigate induced seismicity. International Journal of
Greenhouse Gas Control 2020, 94, 102894. doi:10.1016/j.1jggc.2019.102894.

Kunreuther, H.; Susskind, L. The Facility Siting Credo: Guidelines for an Effective Facility
Siting Process; In Environmental Impact Assessment Review; Publication Services,
University of Pennsylvania, 1991.

Lang, D. H.; Molina Palacios, S.; Lindholm, C. D. The seismic risk and loss assessment tool
SELENA and its applicability for (near-)real-time damage estimation; International
Workshop on Seismicity and Seismological Observations of the Baltic Sea Region and
Adjacent Territories, Vilnius, Lithuania, Sept 10-12, 2007.

Langenbruch, C.; Ellsworth, W. L.; Woo, J.-U.; Wald, D. J. Value at induced risk: injection-
induced seismic risk from low-probability, high-impact events. Geophysical Research
Letters 2020, 47, ¢2019GL085878. doi:10.1029/2019GLO85878.

Langenbruch, C.; Weingarten, M.; Zoback, M. D. Physics-based forecasting of man-made
earthquake hazards in Oklahoma and Kansas. Nature Communications 2018, 9, 3946.
doi.org/10.1038/s41467-018-06167-4.

Langenbruch, C.; Zoback, M. D. How will induced seismicity in Oklahoma respond to decreased
saltwater injection rates? Science Advances 2016, 2, €¢1601542.
doi:10.1126/sciadv.1601542.

Ledingham, J. A. Explicating Relationship Management as a General Theory of Public
Relations. Journal of Public Relations Research 2003, 15, 181-198. doi:
10.1207/S1532754XJPRR1502 4.

Ledingham, J. A.; Bruning, S. D. Relationship Management in Public Relations: Dimensions of
an Organization — Public Relationship. Public Relations Review 1998, 24, 55-65.

Lee, K.-K.; Ellsworth, W. L.; Giardini, D.; Townend, J.; Ge, S.; Shimamoto, T.; Yeo, I.-W_;
Kang, T.-S.; Rhie, J.; Sheen, D.-H.; Chang, C.; Woo, J.-U.; Langenbruch, C. Managing
injection-induced seismic risks. Science 2019, 364, 730—732. doi:10.1126/science.aax1878.

Majer, E. L.; Nelson, J.; Robertson-Tait, A.; Savy, J.; Wong, L. Protocol for Addressing Induced
Seismicity Associated with Enhanced Geothermal Systems; DOE/EE-0662; U.S. Department
of Energy, Washington, DC, 2012.

Majer, E.; Nelson, J.; Robertson-Tait, A.; Savy, J.; Wong, 1. Best Practices for Addressing
Induced Seismicity Associated with Enhanced Geothermal Systems (EGS); Lawrence
Berkeley National Laboratory.
https://wellbore.lbl.gov/downloads/Best_Practices EGS Induced Seismicity 8-APR-
2016.pdf. (accessed June 4, 2021).

60


https://wellbore.lbl.gov/downloads/Best_Practices_EGS_Induced_Seismicity_8-APR-2016.pdf
https://wellbore.lbl.gov/downloads/Best_Practices_EGS_Induced_Seismicity_8-APR-2016.pdf

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Marti, M.; Stauffacher, M.; Wiemer, S. Anecdotal Evidence Is An Insufficient Basis for
Designing Earthquake Preparedness Campaigns. Seismological Research Letters. 2020, 91,
1929-1935. doi:10.1785/0220200010.

Martins, L.; Silva, V. Development of a fragility and vulnerability model for global seismic risk
analyses. Bulletin of Earthquake Engineering 2020. doi: 10.1007/s10518-020-00885-1.

Martinez-Garzon, P.; Kwiatek, G.; Sone, H.; Bohnhoff, M.; Dresen, G.; Hartline, C.
Spatiotemporal changes, faulting regimes, and source parameters of induced seismicity: A

case study from The Geysers geothermal field. Journal of Geophysical Research: Solid
Earth 2014, 119, 8378-8396. doi:10.1002/2014JB011385.

McGarr, A. Maximum magnitude earthquakes induced by fluid injection. Journal of Geophysical
Research: Solid Earth 2014, 119, 1008—-1019. doi:10.1002/2013JB010597.

McGuire, R. K. Seismic Hazard and Risk Analysis; Earthquake Engineering Research Institute:
Oakland, CA, 2004.

McGuire, R. K.; Cornell, C. A.; Toro, G. R. The case for using mean seismic hazard. Earthquake
Spectra 2005, 21, 879—886. doi: 10.1193/1.1985447.

Meller, C.; Schill, E.; Bremer, J.; Kolditz, O.; Bleicher, A.; Benighaus, C.; Chavot, P.; Gross,
M.; Pellizzone, A.; Renn, O.; Schilling, F.; Kohl, T. Acceptability of geothermal
installations: A geoethical concept for GeoLaB. Geothermics 2018, 73, 133—-145.
doi:10.1016/j.geothermics.2017.07.008.

Mignan, A.; Broccardo, M.; Wiemer, S.; Giardini, D. Induced seismicity closed-form traffic light
system for actuarial decision-making during deep fluid injections. Scientific Reports 2017,
7,13607. doi:10.1038/s41598-017-13585-9.

Mignan, A.; Landtwing, D.; Kistli, P.; Mena, B.; Wiemer, S. Induced seismicity risk analysis of
the 2006 Basel, Switzerland, Enhanced Geothermal System project: Influence of
uncertainties on risk mitigation. Geothermics 2015, 53, 133—146.
doi:10.1016/j.geothermics.2014.05.007.

Mousavi, S. M.; Beroza, G. C.; Hoover, S. M. Variabilities in probabilistic seismic hazard maps

for natural and induced seismicity in the central and eastern United States, The Leading
Edge 2018, 37, 141al-141a9. doi: 10.1190/tle37020141al.1.

Muntendam-Bos, A. G.; Roest, J. P. A.; de Waal, J. A. A guideline for assessing seismic risk
induced by gas extraction in the Netherlands. The Leading Edge 2015, 34, 672—677.
doi:10.1190/t1e34060672.1.

NETL. Best Practices: Public Outreach and Education for Geologic Storage Projects;
DOE/NETL-2017/1845; National Energy Technology Laboratory (NETL), 2017; p. 68.

NIBS. HAZUS MR4 Technical Manual; National Institute of Building Sciences (NIBS),
Washington, DC, 2003.

Norbeck, J. H.; Horne, R. N. Maximum magnitude of injection-induced earthquakes: A criterion
to assess the influence of pressure migration along faults. Tectonophysics 2018, 733, 108—
118. doi:10.1016/j.tecto.2018.01.028.

61



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Norbeck, J. H.; Rubinstein, J. L. Hydromechanical Earthquake Nucleation Model Forecasts
Onset, Peak, and Falling Rates of Induced Seismicity in Oklahoma and Kansas.
Geophysical Research Letters 2018, 45, 2963—2975. doi:10.1002/2017GL076562.

Novakovic, M.; Atkinson, G. M.; Assatourians, K. Empirically Calibrated Ground-Motion
Prediction Equation for Oklahoma. Bulletin of the Seismological Society of America 2018,
108, 2444-2461. doi:10.1785/0120170331.

NRC. Estimating Losses from Future Earthquakes: Panel Report; National Research Council
(NRC); The National Academies Press: Washington, DC, 1989. doi:10.17226/1734.

NRC. Induced Seismicity Potential in Energy Technologies; National Research Council (NRC):
The National Academies Press: Washington, DC, 2012a.

NRC. Practical Implementation Guidelines for SSHAC Level 3 and 4 Hazard Studies, Nuclear
Regulatory Commission (NRC) NUREG-2117, Rev. 1: Washington, DC, 2012b.

NRC. Probabilistic Seismic Hazard Analysis; National Research Council; The National
Academies Press: Washington, DC, 1988. doi:10.17226/19108.

NRC. Updated Implementation Guidelines for SSHAC Hazard Studies; Nuclear Regulatory
Commission (NRC) NUREG-2213: Washington, DC, 2018.

PEER. NGA-East: Median Ground Motion Models for the Central and Eastern North America
Region; PEER report 2015/04; Pacific Earthquake Engineering Research Center (PEER):
Berkeley CA, 2015; 322 p.

Pagani, M.; Monelli, D.; Weatherill, G.; Danciu, L.; Crowley, H.; Silva, V.; Henshaw, P.; Butler,
L.; Nastasi, M.; Panzeri, L.; Simionato, M.; Vigano, D. OpenQuake Engine: An open
hazard (and risk) software for the Global Earthquake Model. Seismological Research
Letters 2014, 85, 692—702. doi: 10.1785/0220130087.

Peterie, S. L.; Miller, R. D.; Intfen, J. W.; Gonzales, J. B. Earthquakes in Kansas Induced by
Extremely Far-Field Pressure Diffusion. Geophysical Research Letters 2018, 45, 1395—
1401. doi:10.1002/2017GL076334.

Petersen, M. D.; Moschetti, M. P.; Powers, P. M.; Mueller, C. S.; Haller, K. M.; Frankel, A. D.;
Zeng, Y.; Rezaeian, S.; Harmsen, S. C.; Boyd, O. S.; Field, N.; Chen, R.; Rukstales, K. S.;
Luco, N.; Wheeler, R. L.; Williams, R. A.; Olsen, A. H. Documentation for the 2014
Update of the United States National Seismic Hazard Maps; U.S. Geolgocial Survey Open-
File Report 2014-1091; 2014; p. 243. doi:10.3133/0fr20141091.

Petersen, M. D.; Mueller, C. S.; Moschetti, M. P.; Hoover, S. M.; Llenos, A. L.; Ellsworth, W.
L.; Michael, A. J.; Rubinstein, J. L.; McGarr, A. F.; Rukstales, K. S. 2016 One-Year Seismic
Hazard Forecast for the Central and Eastern United States from Induced and Natural
Earthquakes; U.S. Geological Survey Open-File Report 2106-1035; 2016; p. 52.
doi:10.3133/0fr20161035.

Petersen, M. D.; Mueller, C. S.; Moschetti, M. P.; Hoover, S. M.; Rukstales, K. S.; McNamara,
D. E.; Williams, S. M.; Shumway, A. M.; Powers, P. M.; Earle, P. S.; Llenos, A. L.;
Michael, A. J.; Rubinstein, J. L.; Norbeck, J. H.; Cochran, E. S. 2018 One-Year Seismic
Hazard Forecast for the Central and Eastern United States from Induced and Natural

62


https://doi.org/10.1785/0120170331
https://doi.org/10.1002/2017GL076334

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Earthquakes; Seismological Research Letters 2018, 89, 1049—-1061. doi:
10.1785/0220180005.

Plenkers, K.; Husen, S.; Kraft, T. A Multi-Step Assessment Scheme for SeismicNetwork Site
Selection in Densely Populated Areas. Journal of Seismology 2015, 19, 861-879. doi:
10.1007/s10950-015-9500-5.

Porter, K. A. A Beginner’s Guide to Fragility, Vulnerability, and Risk; Univ. Colorado Boulder,
CO, 2020; p. 136. https://www.sparisk.com/pubs/Porter-beginners-guide.pdf.

Porter, K. A. A taxonomy of building components for performance-based earthquake
engineering; PEER 2005/03; Pacific Earthquake Engineering Research Center, Berkeley,
CA, 2005; p. 58.

Porter, K. A.; Scawthorn, C. R. Open-Source Risk Estimation Software (Report ver 1.01). SPA
Risk LLC, Pasadena, 2007.

Rossetto, T.; loannou, 1.; Grant, D. N. Existing Empirical Fragility and Vulnerability Functions:
Compendium and Guide for Selection; GEM Technical Report 2015---1; 2015.
doi:10.13117/GEM.VULN---MOD.TR2015.01.

Rubinstein, J. L.; Barbour, A. J.; Norbeck, J. H. Forecasting Induced Earthquake Hazard Using a
Hydromechanical Earthquake Nucleation Model. Seismological Research Letters 2021.
doi.org/10.1785/0220200215

Rutqvist, J.; Cappa, F.; Rinaldi, A. P.; Godano, M. Modeling of induced seismicity and ground
vibrations associated with geologic CO> storage, and assessing their effects on surface
structures and human perception. International Journal of Greenhouse Gas Control 2014,
24, 64-77. doi:10.1016/j.1jggc.2014.02.017.

Salvage, R. O.; Dettmer, J.; Swinscoe, T. H. A.; MacDougall, K.; Eaton, D. W.; Stacey, M.;
Aboud, M.; Kang, T.-S.; Kim, S.; Rhie, J. Real-Time Monitoring of Seismic Activity in the
Kiskatinaw Area, Northeastern British Columbia (NTS 093P, 0944). Geoscience BC

Summary of Activities 2020: Energy and Water, Geoscience BC, Report 2021-02; 2021.

Scanlon, B. R.; Weingarten, M. B.; Murray, K. E.; Reedy, R. C. Managing Basin-Scale Fluid
Budgets to Reduce Injection-Induced Seismicity from the Recent U.S. Shale Oil
Revolution. Seismological Research Letters 2019, 90, 171-182. doi: 10.1785/0220180223.

Schultz, R.; Beroza, G. C.; Ellsworth, W. L. A risk-based approach for managing hydraulic
fracturing-induced seismicity. Science 2021a, 372, 504-507. doi: 10.1126/science.abg5451

Schultz, R.; Beroza, G.; Ellsworth, W.; Baker, J. Risk-Informed Recommendations for Managing
Hydraulic Fracturing—Induced Seismicity via Traffic Light Protocols. Bulletin of the
Seismological Society of America 2020, 110, 2411-2422. doi: 10.1785/0120200016.

Schultz, R.; Quitoriano, V.; Wald, D. J.; Beroza, G. C. Quantifying nuisance ground motion
thresholds for induced earthquakes. Earthquake Spectra 2021b, 37, 789—802.
doi:10.1177/8755293020988025

Shapiro, S. A.; Dinske, C.; Langenbruch, C.; Wenzel, F. Seismogenic index and magnitude
probability of earthquakes induced during reservoir fluid stimulations. The Leading Edge
2010, 29, 304-309. doi:10.1190/1.3353727.

63


https://www.sparisk.com/pubs/Porter-beginners-guide.pdf
https://doi.org/10.1190/1.3353727

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Shapiro, S. A.; Kriiger, O. S.; Dinske, C.; Langenbruch, C. Magnitudes of induced earthquakes
and geometric scales of fluid-stimulated rock volumes. Geophysics 2011, 76, WC55—
WC63. doi:10.1190/ge02010-0349.1.

Silva, A. H. A.; Pita, G. L.; Inaudi, J. A.; Vieira Jr., L. C. M. Induced earthquake damage
assessment methodology for potential hydraulic fracturing sites: Application to Manaus,
Brazil. Earthquake Spectra 2021, 37, 180-203. doi: 10.1177/8755293020944178.

Silva, V.; Amo-Oduro, D.; Calderon, A.; Costa, C.; Dabbeek, J.; Despotaki, V.; Martins, L.;
Pagani, M.; Rao, A.; Simionato, M.; Vigano, D.; Yepes-Estrada, C.; Acevedo, A.; Crowley,
H.; Horspool, N.; Jaiswal, K.; Journeay, M.; Pittore, M. Development of a global seismic
risk model. Earthquake Spectra 2020, 36, 372-394. doi: 10.1177/8755293019899953

Silva, V.; Crowley, H.; Jaiswal, K.; Acevedo, A. B.; Pittore, M.; Journey, M. Developing a
Global Earthquake Risk Model; 16th European Conference on Earthquake Engineering,
Thessaloniki, Greece, June 18-21, 2018.

Silva, V.; Crowley, H.; Pagani, M.; Monelli, D.; Pinho, R. Development of the OpenQuake
engine, the Global Earthquake Model’s open source software for seismic risk assessment.
Natural Hazards 2014, 72, 1409-1427. doi: 10.1007/s11069-013-0618-x

Silva, V.; Crowley, H.; Pinho, R.; Varum, H. Extending displacement-based earthquake loss
assessment (DBELA) for the computation of fragility curves. Engineering Structures 2013,
56, 343-356. doi:10.1016/j.engstruct.2013.04.023.

Siskind, D. E. Vibrations from Blasting; International Society of Explosives Engineers:
Warrensville Heights, OH, 2000; p. 120.

Siskind, D. E.; Stagg, M. S.; Kopp, J. W.; Dowding, C. H. Structure response and damage
produced by ground vibration from surface mine blasting; U.S. Bureau Mines Rept.
Investig. RI, 1980; 8507, p. 74.

Skoumal, R. J.; Brudzinski, M. R.; Currie, B. S. Proximity of Precambrian basement affects the
likelihood of induced seismicity in the Appalachian, Illinois, and Williston Basins, central
and eastern United States. Geosphere 2018, 14, 1365—-1379. doi:10.1130/GES01542.1.

Skoumal, R. J.; Brudzinski, M. R.; Currie, B. S.; Levy, J. Optimizing multi-station earthquake
template matching through re-examination of the Youngstown, Ohio, sequence. Earth and
Planetary Science Letters 2014, 405, 274-280. doi: 10.1016/j.epsl.2014.08.033.

Slemmons, D. B. Faults and Earthquake Magnitude; Misc. Papers S-73-1, Report 6; U.S. Army
Corps of Engineers, Waterways Experiment Station, 1977.

SSHAC. Recommendations for Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty
and Use of Experts; U.S. Nuclear Regulatory Commission report NUREG/CR-6372; Senior
Seismic Hazard Analysis Committee (SSHAC), Washington, DC, 1997; p. 280.

Stafford, P. J. Source-Scaling Relationships for the Simulation of Rupture Geometry within
Probabilistic Seismic-Hazard Analysis. Bulletin of the Seismological Society of America
2014, 104, 1620-1635. doi: 10.1785/0120130224.

Templeton, D. C.; Wang, J.; Goebel, M. K.; Harris, D. B.; Cladouhos, T. T. Induced seismicity
during the 2012 Newberry EGS stimulation: Assessment of two advanced earthquake

64


https://doi.org/10.1130/GES01542.1

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

detection techniques at an EGS site. Geothermics 2020, 83, 10172. doi:
10.1016/j.geothermics.2019.101720

Thingbaijam, K. K. S.; Mai, P. M.; Goda, K. New Empirical Earthquake Source-Scaling Laws.
Bulletin of the Seismological Society of America 2017, 107, 2225-2246. doi:
10.1785/0120170017.

Thomas, R.; Schwartz, B.; Oldenburg, C.; Bacon, D.; Lacke, G.; Gasperikova, E.; Appriou, D.;
Harp, D.; Chen, B.; Doughty, C.; Burghardt, J.; Pawar, R.; Brown, C.; Smith, M.; Van
Voorhees, R.: Dilmore, R. NRAP Recommended Practices for Containment Assurance and
Leakage Risk Quantification; DRAFT REPORT; NRAP Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Morgantown, WV, 2021.

Trendafiloski, G.; Wyss, M.; Rosset, Ph. Loss estimation module in the second generation
software QLARM. World Agency of Planetary Monitoring and Earthquake Risk Reduction,
Geneva, Switzerland, 2009.

Trnkoczy, A.; Havskov, J.; Ottemdller, L. Seismic Networks. In New Manual of Seismological
Observatory Practice 2 (NMSOP-2); Bormann, P., Ed.; Deutsches GeoForschungsZentrum
GFZ: Potsdam, Germany, 2002; Vol 2, p. 1-65.

Trugman, D. T.; Shearer, P.M. GrowClust: A Hierarchical Clustering Algorithm for Relative
Earthquake Relocation, with Application to the Spanish Springs and Sheldon, Nevada,
Earthquake Sequences. Seismological Research Letters 2017, 88, 379-391.
doi:10.1785/0220160188.

Trutnevyte, E.; Azevedo, I. L. Induced seismicity hazard and risk by enhanced geothermal
systems: an expert elicitation approach. Environmental Research Letters 2018, 13, 034004.
doi:10.1088/1748-9326/aa%b2.

Trutnevyte, E.; Wiemer, S. Tailor-made risk governance for induced seismicity of geothermal
energy projects: An application to Switzerland. Geothermics 2017, 65, 295-312.
doi:10.1016/j.geothermics.2016.10.006.

U.S. Nuclear Regulatory Commission. Regulatory Guide 1.208. A Performance-Based Approach
to Define the Site-Specific Earthquake Ground Motion; U.S. Nuclear Regulatory
Commission, Washington DC, 2007.

USGS. Quaternary fault and fold database for the United States. U.S. Geological Survey
(USGS), 2006. http//earthquake.usgs.gov/hazards/qfaults.

USGS. Seismic Hazard Maps and Site-Specific Data. United States Geological Survey (USGS),
2019. https://earthquake.usgs.gov/hazards/hazmaps.

van der Elst, N. J.; Page, M. T.; Weiser, D. A.; Goebel, T. H. W.; Hosseini, S. M. Induced
earthquake magnitudes are as large as (statistically) expected. Journal of Geophysical
Research 2016, 121, 4575-4590. doi:10.1002/2016JB012818.

van Elk, J.; Bourne, S. J.; Oates, S. J.; Bommer, J. J.; Pinho, R.; Crowley, H. A Probabilistic
Model to Evaluate Options for Mitigating Induced Seismic Risk, Earthquake Spectra 2019,
35, 537-564. doi: 10.1193/050918EQS118M.

van Thienen-Visser, K.; Breunese, J. N. Induced seismicity of the Groningen gas field: History
and recent developments, Leading Edge 2015, 34, 664—671. doi:10.1190/tle34060664.1.

65


https://doi.org/10.1088/1748-9326/aa9eb2
https://doi.org/10.1002/2016JB012818

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Waldhauser, F.; Ellsworth, W. L. A Double-Difference Earthquake Location Algorithm: Method
and Application to the Northern Hayward Fault, California. Bulletin of the Seismological
Society of America 2000, 90, 1353-1368, doi:10.1785/0120000006.

Walsh, F. R.; Zoback, M. D. Probabilistic assessment of potential fault slip related to injection-
induced earthquakes: Application to north-central Oklahoma, USA. Geology 2016, 44, 991—
994. doi:10.1130/G38275.1

Walters, R. J.; Zoback, M. D.; Baker, J. W.; Beroza, G. C. Characterizing and Responding to
Seismic Risk Associated with Earthquakes Potentially Triggered by Fluid Disposal and
Hydraulic Fracturing. Seismological Research Letters 2015, 86, 1110-1118.
doi:10.1785/0220150048.

Weingarten, M.; Ge, S.; Godt, J. W.; Bekins, B. A.; Rubinstein, J. L. High-rate injection is
associated with the increase in U.S. mid-continent seismicity. Science 2015, 348, 1336—
1340. doi: 10.1126/science.aab1345.

Wells, D. L.; Coppersmith, K. J. New empirical relationships among magnitude, rupture length,
rupture width, rupture area, and surface displacement. Bulletin of the Seismological Society
of America 1994, 84, 974—1002.

White, J. A.; Foxall, W. Assessing induced seismicity risk at CO> storage projects: Recent
progress and remaining challenges. International Journal of Greenhouse Gas Control 2016,
49, 413-424. doi:10.1016/].ijggc.2016.03.021.

Wiemer, S.; Kraft, T.; Landtwing, D. Seismic risk, in Energy from the Earth: Deep geothermal as
a resource for the future? T4 Swiss Geothermal Project Final Report; Hirschberg, S.,
Wiemer, S., Burgherr, P., Eds.; Paul Scherrer Inst., Villigen, Switz., 2014; pp. 263-295.

Wiemer, S.; Kraft, T.; Trutnevyte, E.; Roth, P. Good Practice Guide for Managing Induced
Seismicity in Deep Geothermal Energy Projects in Switzerland. Swiss Seismological
Service, 2017.

Woessner, J.; Wiemer, S. Assessing the Quality of Earthquake Catalogues: Estimating the
Magnitude of Completeness and Its Uncertainty. Bulletin of the Seismological Society of
America 2005, 95, 684—698, doi: 10.1785/0120040007.

Yeck, W. L.; Block, L. V.; Wood, C. K.; King, V. M. Maximum magnitude estimations of
induced earthquakes at Paradox Valley, Colorado, from cumulative injection volume and

geometry of seismicity clusters. Geophysical Journal International 2015, 200, 322-336.
doi:10.1093/gji/ggu394.

Yenier, E.; Laporte, M.; Baturan, D. Induced-seismicity monitoring: Broadband seismometers
and geophone comparison. SEG Technical Program Expanded Abstracts 2016, 5034—-5038.
doi:10.1190/segam2016-13970947.1.

Yeo, . W.; Brown, M. R. M.; Ge, S.; Lee, K. K. Causal mechanism of injection-induced
earthquakes through the My5.5 Pohang earthquake case study. Nature Communications
2020, /1,2614. doi:10.1038/s41467-020-16408-0.

Yepes-Estrada, C.; Silva, V.; Rossetto, T.; D’Ayala, D.; loannou, I.; Meslem, A.; Crowley, H.
The global earthquake model physical vulnerability database. Earthquake Spectra 2016, 32,
2567-2585. doi: 10.1193/011816eqs015dp.

66


https://doi.org/10.1130/G38275.1
https://doi.org/10.1016/j.ijggc.2016.03.021

Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

Youngs, R.; Coppersmith, K. Implications of fault slip rates and earthquake recurrence models to
probabilistic seismic hazard estimates. Bulletin of the Seismological Society of America
1985, 75, 939-964.

Zhai, G.; Shirzaei, M. Fluid Injection and Time-Dependent Seismic Hazard in the Barnett Shale,
Texas. Geophysical Research Letters 2018, 45, 4743—4753. doi:10.1029/2018GL077696.

67



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

This page intentionally left blank.

68



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

APPENDIX I - TERMINOLOGY

2-sigma: The two standard deviation uncertainty.

Region of Concern (ROC): The expected ground surface area around an injection well where
there could be a negative impact due to potential seismic events occurring in the perturbed stress
zone (PSZ) throughout the lifetime of the project.

Area of Review (AOR): The region around an injection well where USDWs may be endangered
by the injection activity.

Geologic Carbon Storage (GCS): The long-term containment of a gaseous, liquid, or
supercritical carbon dioxide stream in subsurface geologic formations.

Peak Ground Acceleration (PGA): Maximum ground acceleration that occurs at a particular
location due to a seismic event and is typically expressed as a fraction of gravitational
acceleration (g).

Peak Ground Velocity (PGV): Maximum ground velocity that occurs at a particular location
due to a seismic event.

Perturbed Stress Zone (PSZ): The subsurface region around an injection well with perturbed
pressure and stress in which seismicity could occur in a critically stressed crust. This zone is
expected to expand over time as the subsurface fluid migrates away from the injection point.

Post-Injection Site Care (PISC): Appropriate monitoring and other actions (including
corrective action) needed following cessation of injection to ensure that USDWs are not
endangered. PISC monitoring must continue until it can be demonstrated that the site poses no
further endangerment to USDWs. The default duration for PISC, as stated in the U.S.
Environmental Protection Agency (EPA) guidelines, is 50 years.

Seismic PISC: The PISC that relates to the Induced Seismicity Mitigation Plan. The seismic
PISC duration may be decoupled from the duration of the general PISC depending on the seismic
response of the site during active injection.

Underground Source of Drinking Water (USDW): An aquifer or portion of an aquifer that
supplies any public water system or that contains a sufficient quantity of ground water to supply
a public water system, and currently supplies drinking water for human consumption, or that
contains fewer than 100,000 mg/1 total dissolved solids and is not an exempted aquifer.




Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

This page intentionally left blank.

Al-2



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

APPENDIX IT -NRAP TOOLS AND PUBLISHED STUDIES RELEVANT TO
RECOMMENDED PRACTICS

Recommended Relevant Published NRAP Applications
Practice NRAP Tools
PRELIMINARY GMPIS ° Cf)blentz, D,; L.ee, R, Wilson, J, B.radley, C. Klml.oerlma, California
SEISMIC RISK Site Characterization for Applications to Potential Induced
SCREENING Seismicity; NRAP-TRS-II -007-2017; NRAP Technical Report Series;
EVALUATION U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2017; pp 56.
OUTREACH AND [No NRAP studies relevant to this topic have been published to
COMMUNICATION date.]
GROUND MOTION ([j':?el\l]RAP studies relevant to this topic have been published to
THRESHOLDS '
COLLECTION OF PSMT e Chen, T.; Huang, L. Optimal design of microseismic monitoring

network: Synthetic study for the Kimberlina CO> storage
demonstration site. International Journal of Greenhouse Gas
Control 2020, 95, 102981.
https://doi.org/10.1016/].ijggc.2020.102981

e Chen, Y.; Huang, L.; EGS Collab Team. Optimal design of 3D
borehole seismic arrays for microearthquake monitoring in
anisotropic media during stimulations in the EGS Collab project.
Geothermics 2019, 79, 61-66.

e Appriou, D. Assessment of the geomechanical risks associated with

SEISMICITY DATA

HAZARD SoSAT L . .

EVALUATION OF CO: injection at the FutureGen 2.0 Site; PNNL-28657; Pacific

NATURAL AND Northwest National Laboratory, Richland, WA; 2019.

INDUCED SEISMIC e Burghardt, J. Geomechanical Risk Assessment for Subsurface Fluid

EVENTS Disposal Operations. Rock Mechanics and Rock Engineering 2018,
54,2265-2288. DOI: 10.1007/s00603-018-1409-1.

RISK-INFORMED RiskCat e (California Energy Commission. Investigation of Potential Induced

Seismicity Related to Geologic Carbon Dioxide Sequestration in
California; Report No. CEC-500-2017-028; August 2017.
https://ww2.energy.ca.gov/2017publications/CEC-500-2017-
028/CEC-500-2017-028.pdf (accessed Dec 24, 2019).

e Bachmann, C. E.; Wiemer, S.; Woessner, J.; Hainzl, S. Statistical

DECISION ANALYSIS

OPERATIONAL STSF . )

analysis of the induced Basel 2006 earthquake sequence:
MANAGEMENT OF introduci babilitv-based itori h for Enh d
INDUCED SEISMICITY introducing a probability-base ! monitoring appran or Enhance
RISKS Geothermal Systems. Geophysical Journal International 2011, 186,

793-807.10.1111/j.1365-246X.2011.05068..x.

e Hainzl, S.; Ogata, Y. Detecting fluid signals in seismicity data
through statistical earthquake modeling. J. Geophys. Res. 2005,
110, B0O5S07. DOI:10.1029/2004)B03247.

Where: GMPIS — Ground Motion Prediction applications to potential Induced Seismicity, PSMT — Passive Seismic

Monitoring Tool, SOSaT — State of Stress Analysis Tool, and STSF — Short-Term Seismic Forecasting Tool
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