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Abstract

Carbon Capture and Storage (CCS) at rates of several gigatonnes (Gt) per year may be needed to
mitigate climate change. However, one major uncertainty is that the risk of injection-induced
earthquakes may grow with this scale of deployment. In this work, we develop a tool, named
CO2BLOCKSEISM, which uses simplified physics models to screen subsurface storage resources
constrained by fault slip potential at regional scales. The tool relies on (1) analytical solutions of
the pressure response of saline aquifers to multi-site CO> injection at time-varying rates and (2) a
Monte Carlo-type probabilistic model for evaluating the probability of fault slip incorporating
uncertainties in geomechanical variables at the basin scale. Integration of the two modules yields
the temporal evolution of slip probability for mapped faults. We validate the approach against
seismic activity in Oklahoma caused by basin-wide, low-pressure subsurface wastewater disposal
at equivalent rates to large-scale CCS. We show that CO2BLOCKSEISM can capture key features
of induced seismicity in this region. We apply the methodology to the southern Utsira Formation,

Norway. We find approximately 12.5 Gt CO2 can be stored in this region over 50 years of
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continuous injection while maintaining the stability of major faults that could otherwise induce
felt earthquakes. The use of fault-slip potential as a limiting condition may enable a more
restrictive and realistic estimate of the potential for rates of scale-up for CO, storage regionally

and globally.
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Highlights

e Induced seismicity could be a limiting factor to subsurface CO, storage resources.

e We develop a tool for screening fault stability controls on regional storage resources.

e The tool CO2BLOCKSEISM enables more realistic estimates of the rate of CO, storage
scale-up.

e Estimates of storage resources need to be updated with our knowledge of the subsurface.

1. Introduction

Energy systems projected in global pathways toward mitigating climate change rely
heavily on carbon capture and storage (CCS) (IPCC, 2018). Accordingly, amounts of CO> to be
stored deep underground are projected to reach annual rates as large as several gigatonnes (Gt) by
mid-century (Zahasky and Krevor, 2020; Ringrose et al., 2021). The proposed deployment rates
entail a substantial scale-up of current industrial practices, which do not cumulatively exceed 40

megatonnes (Mt) per year (Zhang et al., 2022). Although CCS at the Mt scale has been extensively



demonstrated, achieving Gt-scale storage rates faces a number of fundamental challenges arising

from the availability and use of subsurface storage resources (Herzog, 2011; Krevor et al., 2023).

One of the main limiting factors to CO; storage resources is constrained reservoir
injectivity and the associated pressure build-up effects (Bachu, 2015). Excess overpressure
promotes brine leakage through the caprock into protected shallow aquifers (Birkholzer et al.,
2009; Kivi et al., 2022) and may give rise to fault rupture, increasing the likelihood of felt-induced
earthquakes or CO migration back toward the surface (Fig. 1, Rutqvist, 2012; Vilarrasa et al.,
2019). Such pressure constraints may be more pronounced where pressure fronts from multiple
injection sites at regional deployment interfere or reservoir-bounding rock layers do not
sufficiently permeate the displaced resident brine (Ehlig-Economides and Economides, 2010;
Person et al., 2010; Ringrose and Meckel, 2019; Chatelan et al., 2023). Simplified physics models
provide useful tools for rapid analysis of reservoir pressurization in response to time-varying
storage resource use with minimal information from the subsurface. This precludes the need to
always rely on numerical reservoir simulations, which are data- and computationally-intensive

(Huang et al., 2014).

Simplified physics models span a range of complexities. Static approaches, conceptually
corresponding to uniform distribution of the injected CO: into the reservoir, estimate overpressure
from the consideration of fluid and pore space compressibilities alone (Zhou et al., 2008; van der
Meer and Yavuz, 2009). These models may only suit small, bounded reservoirs of high
permeability, permitting fast redistribution of pore pressure across the reservoir area. Increasing in
complexity, analytical models have been developed to describe CO» fluid dynamics, including the
dynamic spatial evolution of the pressure distribution in bounded and unbounded reservoirs

(Nordbotten et al., 2005; Dentz and Tartakovsky, 2009; Mathias et al., 2011; Vilarrasa et al., 2010).



Initially derived for single-site injections, these solutions have been extended to multi-site injection
scenarios using the superposition principle (Huang et al., 2014; Ganjdanesh and Hosseini, 2018;
De Simone et al., 2019; De Simone and Krevor, 2021; Firoozmand and Leonenko, 2022). The
developed tools have enabled first-order assessment of pressure controls on storage capacities in a
number of basins around the world (Rodriguez Calzado et al., 2022; Qin et al., 2023; Smith et al.,

2024).

The existing methodologies of screening basin-wide storage resources are constrained by
the rock — either reservoir or caprock — fracture limits to pressure buildup also referred to as
injectivity constraints. These approaches commonly consider the maximum pressure build-up in
the whole study area to assess the rock fracturing behavior (Szulczewski et al., 2012; Gasda et al.,
2017; Elenius et al., 2018). Another conservative assumption adopted in the resource screening
tool CO2BLOCK that we develop further in this work is to assume cohesionless rock (De Simone
and Krevor, 2021). This is conceptually equivalent to the assumption that a plane of weakness,
such as a fault, optimally oriented to slip, crosses the zone of highest pressure build-up. Although
this simplistic approach partially addresses constraints imposed by fault slip on the storage
capacity, there exist several motivations for explicitly accounting for the spatial variations of fault
stability. First, the state of stress and the relative orientation of the faults, which impose primary
controls on the propensity of the faults to slip, may exhibit large variations over regional scales
(Walsh and Zoback, 2016; Snee and Zoback, 2018). Second, neither the hazard nor the risk
associated with fault slip are proportionately distributed. The magnitude and frequency of the
seismic events, which are principally controlled by fault distributions and attributes, serve as key
parameters in the assessment of induced seismicity hazard (shaking intensity) (Bommer, 2022).

Induced seismicity risk (the resulting damage) also increases with the proximity to densely



populated urban and coastal areas (Schultz et al., 2021). Third, knowledge of the spatial and
temporal evolution of fault slip potential allows for optimizing the storage capacity using well
placement and injection schedules (Hill et al., 2024). Fourth, hydraulic and mechanical properties
of subsurface structures, particularly, those of faults are uncertain to varying degrees because of
our limited knowledge of the subsurface (Walsh and Zoback, 2016; Kivi et al., 2023). The existing
tools, which commonly rely on deterministic models, fail to fully resolve such uncertainties in
their storage resource estimates. Thus, more accurate estimates of the storage capacity warrant a

more robust approach to quantify fault interactions with reservoir pressurization under subsurface

uncertainties.
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Fig. 1. Schematic illustration of basin-wide geologic CO> storage and constraints imposed by
fault slip on the amount of CO> that can be securely stored underground. The inset plots show an
overview of the proposed methodology for the assessment of fault slip potential.
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In this study, we develop an approach using simplified physics models to estimate the
impact of fault slip potential on the subsurface CO; storage capacity (Fig. 1). This methodology
extends the tool CO2BLOCK, which estimates and optimizes storage capacity subject to reservoir
injectivity limitations (De Simone et al., 2019; De Simone and Krevor, 2021). We implement the
approach within an open-source and publicly available Matlab-based code, named
CO2BLOCKSEISM. The tool develops a probabilistic approach to quantify fault slip probability
from uncertainties in the geomechanical properties of the subsurface. It explores different injection
scenarios over a range of injection site numbers and spacings to identify the maximum storage
capacity subject to a specified probability of inducing felt earthquakes. We demonstrate the
developed methodology against seismic activity driven by massive wastewater disposal in
Oklahoma, US, in the 2010s. Extensive data are available in this region. We also apply the tool to
study CO> storage capacity constrained by the evolution of fault slip potential in the Southern
Utsira Unit in the North Sea. The tool will provide further realism to resource assessment for CO:
storage through the incorporation of a leading physical constraint that has previously been absent

from the estimates.

2. Methodology

We consider regional CO» injection through 7 sites into a homogeneous, isotropic saline
aquifer represented by a circular cross-section of area 4. The injection sites can be distributed
arbitrarily to co-locate injection sites with large stationary CO2 sources or to take into account any
other operational, economic or regulatory factors (see the validation study in Section 3). In the
absence of data to constrain injection site distribution, we consider regular distributions on

rectangular grids equally spaced at distance d in either mxm or mx(m+1) configurations. We
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assume different possible injection scenarios by changing the parameters n (and equivalently m)

and d, limited by the areal extent of the reservoir through

dsjg. (1)

The tool comprises two main modules: (1) a deterministic hydrogeology model that
employs analytical solutions to calculate pore pressure evolution over space and time and (2) a
probabilistic fault slip model that uses the Monte Carlo scheme to propagate uncertainties in the
subsurface through the calculations of fault slip tendency (Fig. 1). The hydrogeology model is
applied to all injection scenarios while the fault slip model is independent of injection conditions
and implemented only once. Integration of the two modules returns the temporal evolution of slip
probability along each of the mapped faults or fault segments in the region of interest. We also
roughly estimate the magnitudes of nucleated seismic events, providing a physically sound
criterion to constrain storage resource estimates. Explanations of these calculations are detailed

below.
2.1. Reservoir pressure response to multi-site CO> injection

We here adapt the analytical solution developed by Nordbotten et al. (2005) for the two-
phase flow of CO2 and brine around a single wellbore injecting CO> at a constant rate into an
infinite, homogeneous, horizontal aquifer of constant thickness. The injection is assumed to be
uniform across the entire height of the reservoir. Assuming vertical equilibrium due to fast CO»
gravity override, constant fluid densities and viscosities for each phase and a sharp COx-brine
interface with each side of the interface fully saturated with the respective fluid, closed-form
expressions for vertically averaged pressure build-up are derived for three reservoir regions: (1)

adjacent to the wellbore, fully saturated by CO», (2) far-field, fully saturated by brine, and (3)
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transition region where the two fluids coexist (Nordbotten et al., 2005; Vilarrasa et al., 2010;
Huang et al., 2014). This solution can be further simplified by replacing the transition zone with a

fictitious equivalent vertical interface, which yields (De Simone et al., 2019)

Ap(r,t) = =22 x Ap*(t,7), 2)

2wkHp,

where

ﬂln(%) +ln(g) N

Kb
Ap*(t,m) = {In (%) <7 <R 3)
0 ,R<r.

In these expressions, Ap(r, t) is pressure change at time t and distance r from the wellbore, Q is
the mass flow rate, k is the absolute reservoir permeability, H is the reservoir thickness, p. is the

average COz density across the plume, u; and p. are average brine and CO; dynamic viscosities,

respectively, R = \/ 2.25kt/(up(c, + ¢cp)) is the radius of influence to which pressure diffusion
propagates at time t, ¢ is the rock porosity, ¢, and ¢, are rock and brine compressibilities,

respectively, and 1 is the radius of the fictitious equivalent vertical interface and writes
1/) = {'— ee , (4)

where { = ,/Qt/(n¢Hp,) is the extent of advective propagation of the cylindrical CO; front and

0 = (uc + up)/(We — pup)In (Jue/up) —1 represents a function of fluid mobilities. An
underlying assumption is that the radius of influence is always ahead of the CO> plume, which is
the case in most realistic scenarios. If this condition is not satisfied, the portion of the domain

affected by pressure variation is completely saturated in CO2, and the solution is simply given by



Ap*(t,r) = Z—;ln (é) (5)

The performance of this simplified solution has been verified against numerical simulations
(De Simone et al., 2019). Pore pressure varies logarithmically with distance from the injection
wellbore. Thus, plotting pore pressure versus the logarithm of distance results in a bilinear curve
with a sharp shift in the slope as a result of the fluid viscosity change at r = . The original
Nordbotten et al. (2005) solution returns the same estimates of pore pressure in the near-wellbore
and far-field but slightly different in the transition zone as fluid viscosity is represented by a linear
weighted averaging of those of brine and CO. We here use the compacted version of the solution
(De Simone et al., 2019) as it enables calculations in a straightforward manner, particularly, for

time-varying injection rate scenarios explained below.

The solution for constant-rate injection into an infinite reservoir (Egs. 2-5) can be extended
to a multi-rate injection schedule assuming that the superposition principle (in the time domain) is

valid for the two-phase flow (Zimmerman, 2018)

Q * i=N (Qi—Qi— *
Bp(r,6) = skt x Ap*(t,7) + BiZY QLU o Ap* (¢ — 1,7, 6)

where Q, denotes the initial injection rate and Q; is the injection rate beginning at time t;. The
injected COz volume for calculation of ¢ in Eq. (4) also needs to sum over all injection steps until

time t.

In the case of multi-site injection into an aquifer, pressure build-up at any location can be
estimated by applying the superposition principle in the space domain. To this end, single-site
calculations in Egs. 2-6 are repeated for each site considering the respective distances and injection

rates, and superimposed to yield pressure change at each point. Using the superposition principle



in space for a two-phase flow regime incurs an error increasing with the number of injection sites,
because the increased mobility around each of the other injectors is ignored (De Simone et al.,
2019). However, the error leads to systematic overestimation of the pressure build-up, and will

lead to conservative estimates of fault slip potential.
2.2. Fault slip potential

We adopt the linear Coulomb faulting theory to determine whether a planar fault undergoes

slip in response to injection,
> uo'y,. (7

A fault begins to slip when the shear stress 7 projected onto the fault plane overcomes the
frictional strength governed by the constant friction coefficient 4 and the effective normal stress
o'y = 0, —p that clamps the fault. Injection-induced perturbations in the stress field, pore
pressure or fault strength can push the fault toward failure conditions. Postulating that direct
diffusive pressure build-up operates as the primary mechanism of fault reactivation (Ellsworth,

2013; Ge and Saar, 2022; De Simone et al., 2023), the critical overpressure Ap,, to initiate fault

rupture can be obtained from rearranging Eq (7),
Aper =0 —p — i’ 3

where all terms on the right-hand side of the equation refer to the preinjection state of the
parameters. Hence, fault stability depends on the magnitude and direction of in situ stress
components, pore pressure, friction coefficient and the orientation of the faults. In practice, these
parameters involve uncertainties to varying degrees, from pore pressure and some components of

the stress tensor that can be directly measured at the location of the injection sites to fault attributes
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and frictional strength, which are commonly less well constrained (Healy and Hicks, 2022; Kivi
et al., 2023; Xiang et al., 2024). We use a statistical approach based on Monte Carlo simulations

to incorporate these uncertainties into the determination of fault slip potential.

We describe uncertainties in input variables of the fault slip model using specified
probability distribution functions. We use normal (or Gaussian) distributions except for pore
pressure and fault dip, which are represented by uniform and truncated normal distributions,
respectively. The Monte Carlo simulations repeatedly draw random samples from the data pools
of input variables and calculate from Eq. (8) the required pressure for fault slip for each of these
realizations. The number of realizations needs to be large enough to generate statistically
representative distributions reflecting uncertainty in the critical pressure build-up for each fault
(segment). We consider 5000 realizations in the examples presented in this study although the
resulting distributions become almost insensitive to the number of realizations larger than a few
hundred. We calculate for each of the generated distributions of critical slip pressure the cumulative
distribution functions (CDF), which represent the probability of slip as a function of pressure
changes on each fault. It is then straightforward to find from these curves the slip probability
corresponding to time-varying estimates of the overpressure for each fault (obtained from the
deterministic hydrogeologic model in Section 2.1). In this way, we infer the evolution of fault slip

probability across the basin and over the injection lifetime.

It should be noted that the term probability here is reflective of the considered uncertainties
but does not include other fault rupture complexities that may be important, e.g., the influence of
small-scale heterogeneities in fault geometry, material properties and locally-resolved stresses
(Walsh and Zoback, 2016; Hennings et al., 2019; Healy and Hicks, 2022). Therefore, the calculated

values may differ from the real probability of fault slip. Indeed, they should rather be viewed in a
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relative way for screening which faults are more (or less) prone to slip or in which injection

scenarios or periods fault slip is more likely to happen.
2.3. Induced seismicity magnitude

Optimizing CO:> storage capacity requires a comparison between different injection
scenarios in terms of the evolution of fault slip probability calculated in Section 2.2. Such a
comparison may be challenging because of the vast area of interest and number of faults that are
affected by injection. Furthermore, not all fault slips are problematic as they may only induce low-
magnitude events. Therefore, we should define appropriate objective functions that capture spatial
variations of fault slip probability and account for the (seismic) risk and hazard they may pose. We
choose to minimize the number and maximum occurrence probability of induced earthquakes
exceeding certain magnitude thresholds. Assessment of these criteria is subject to estimation of

possible earthquake magnitudes following fault slip.

We calculate the moment magnitude My using the standard relation (Kanamori and

Anderson, 1975),
My = glogwM0 ~6.07, 9)

where M, is the seismic moment in N m. Assuming that the fault rupture area has a circular shape,

the seismic moment can be estimated following Eshelby (1957),

M, = ?rSAU, (10)

where Ac is the shear stress drop as a result of slip and 7y is the radius of the rupture area. The
rupture geometry is highly uncertain because it is always unknown what portion of the total length

of a fault or fault segment undergoes dynamic rupture in a single event. We make the conservative
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assumption that rupture takes place fully seismically and over the full length of the fault (segment).
The shear stress drop is also estimated to fall in a wide range from 1 to 10 MPa for tectonic
earthquakes (Kanamori and Brodsky, 2004). It is broadly accepted that stress drops associated with
small- and moderate-sized earthquakes (Mw<6), including induced events, tend toward the lower
bound of the range with a representative value of Ao = 1 MPa (Eq. 10) as we also adopt in this

study (Abercrombie, 2021; Langenbruch et al., 2024).

2.4. Validation study in Oklahoma, USA

2.4.1. Induced seismicity in central to north Oklahoma

The central and eastern United States began to experience a dramatic rise in the number of
small- to moderate-sized earthquakes since 2009 (Ellsworth, 2013). The earthquakes are found to
be strongly linked in time and space with wastewater disposal by injection into the subsurface
(Weingarten et al., 2015). The wastewater has mostly originated from saline water co-produced
with oil or backflow of hydraulic fracturing of shale gas resources. The observed correlations
among other lines of evidence suggest that this unprecedented seismicity has most likely been

induced.

Induced seismicity escalated in Oklahoma more than any other state in the US. Thousands
of felt My > 3 earthquakes occurred in central to north Oklahoma and southernmost Kansas, which
were seismically quiet before 2009. The seismic activity was broadly associated with massive
wastewater disposal into the basal sedimentary Arbuckle Group (Keranen et al., 2014; Walsh and

Zoback, 2015). However, the majority of earthquakes occurred at a depth range of 2 to 6 km below
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the injection intervals in the critically stressed crystalline basement (Schoenball and Ellsworth,

2017; see Section S1 in Supplementary Information for the concept of critically stressed crust).

The frequency of felt earthquakes jumped in 2013 and reached a peak in 2015 in response
to a marked increase of more than 3 folds in the injection rates (Fig. 2). Following regulations for
regional reduction of injection rates in early 2016, the number of felt earthquakes declined rapidly
(Oklahoma Corporation Commission, 2016). Seismicity rate response to either injection rate
increase or decrease features time lags of several months (Fig. 2). This delay is in agreement with
characteristic times of pore pressure diffusion along basement-rooted faults down to seismogenic
depths (Langenbruch and Zoback, 2016; Raza et al., 2023). It is also well recognized that pressure
perturbations continue to propagate far away from the injection sites even after injection reduction
or cessation and possibly reactivate distant faults depending on their propensity to slip (Healy et
al., 1968; Kivi et al., 2024). As a result, three M > 5 earthquakes, including the 2016 Pawnee M =

5.8 event — the largest earthquake ever recorded in Oklahoma — were induced after the mandated

large-scale injection reductions (Fig. 2). Regional assessment of slip probability of known faults

could contribute to lowering induced earthquake hazard.
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Fig. 2. Wastewater disposal and induced seismicity in Oklahoma and Southern Kansas. Variation
with time of total monthly injection rate (blue), monthly frequency of M > 3 earthquakes (orange)
and cumulative injected wastewater volume (grey) from Jan 2000 through Dec 2017. The inset
shows the study area with the distribution of M > 3 earthquakes through Dec 2017 shown in orange
dots. Injection rate data are from Norbeck and Rubinstein (2018) and seismicity data from USGS

(2024).

Nearly 1.3 Gt of wastewater was cumulatively injected in less than two decades into the
subsurface in central to north Oklahoma (Fig. 2). The scale of injection is comparable to that
projected for large-scale CCS in saline aquifers. Thus, the recorded seismicity data in Oklahoma
offers a unique opportunity to demonstrate the developed approach for estimating fault slip
potential at the basin scale, the focus of our application. It is worth noting that we only analyze

fault slip potential at the end of injection. Detailed assessment of the temporal evolution of
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subsurface response to fluid injection in this problem requires several assumptions regarding
structural and flow parameters and hydromechanical properties of faults in the crystalline
basement, where ruptures took place (Langenbruch et al., 2018; Norbeck and Rubinstein, 2018).
Numerical simulations should be developed to capture these complexities. Also note that the
problem is single-phase as only brine is injected; thus solution for pressure build-up (Egs. 2-6)

simplifies.
2.4.2. Model parameterization

We consider a square-shaped model domain with an edge length of 300 km extended from
the southwest corner at 35.2° N 99.5° W. The target storage formation, the Arbuckle Dolomite, is
assumed to have a uniform thickness of 4 =400 m with its top residing at a depth of D =2100 m
(Hovorka et al., 2012). We discretize the time domain to monthly intervals and the space to 40,000
equally-sized grids for which pressure changes will be calculated (Egs. 2-6). Open flow lateral
boundary conditions are used, justified by the large lateral extent of the Arbuckle Formation and
field observation of low-pressure injections; injections were either gravity-driven or required small
wellhead pressure within the range of frictional pressure drop along the wellbores (Langenbruch

et al., 2018).

Observations of low-pressure injections justify the use of a high reservoir permeability of
k = 1012 m?, representing the upper bound of the reported permeability range for Arbuckle
Dolomite (Morgan and Murray, 2015). We consider formation porosity and bulk compressibility
of ¢ =0.2 and ¢, = 0.16x107'° Pa’!, respectively, measured from laboratory experiments and back-
analysis of field observations (Kroll et al., 2017; Langenbruch et al., 2018). Considering reservoir

temperature of 50°C and brine salinity of 100,000 ppm, formation brine has compressibility and
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dynamic viscosity of ¢, =4.4x1071° Pa! and s = 5.5%x10™* Pa.s, respectively (Hovorka et al., 2012).

A summary of fluid and rock properties is provided in Table 1.

Table 1. Summary of parameters used in hydrogeologic modeling of wastewater disposal in

Oklahoma, US, and CO> injection at Utsira storage unit, Norway.

Parameter Wastewater disposal CO; storage
Oklahoma, US Utsira Formation, Norway
Reservoir top depth, D [m] 2100 900
Reservoir thickness, H [m] 400 250
Permeability, k [m?] 1012 10712
Porosity, ¢ [-] 0.2 0.35
Bulk rock compressibility, ¢, [Pa™!] 0.16x10°1° 3.4x107
Brine compressibility, ¢, [Pa] 4.4x1071° 4.1x1071°
Brine viscosity, u [Pa.s] 5.5x107° 8.2x10*
COz density, p. [kg/m?] - Equation of state
CO, viscosity, uc [Pa.s] - Equation of state

We construct our hydrogeologic model of the study area based on the saltwater disposal
database compiled by Norbeck and Rubinstein (2018). The database documents monthly injection
rates of 875 wells in central to north Oklahoma and southernmost Kansas from Jan 2000 through
Dec 2017. The distribution of injection wellbores and the cumulative injected fluid volume for
each wellbore are illustrated in Fig. 3a. We extract seismicity data in the same period from the

ANSS Comprehensive Earthquake Catalog (ComCat) (USGS, 2024).
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Fig. 3. Spatial correlation between wastewater disposal and induced seismicity. (a) distribution of
wastewater disposal wells, color-coded with the cumulative injected fluid volume in the period
from Jan 2000 to Dec 2017 (data from Norbeck and Rubinstein, 2018) and (b) distribution of
injection-induced pore pressure build-up (estimated and discussed in Section 3.1) and seismic
events (My > 3 grey circles, My > 4.5 yellow stars) through Dec 2017 (data from USGS, 2024).

Grey lines in the background show mapped faults in the sedimentary layers.

We use available data from the literature to constrain the state of stress in the subsurface
(Table 2, Fig. S2). We exclude any information obtained from the interpretation of induced
seismicity data as we primarily aim to demonstrate the capability of the developed tool for fault
slip analysis at a screening level prior to injection operations. In particular, inversion of focal plane
mechanisms associated with induced seismic events has been used to constrain the orientation and
relative magnitude (stress regime) of stress components in the study area (Alt and Zoback, 2016;
Walsh and Zoback, 2016). The gained insights imply a transition of stress regime from strike-slip
regime (GHmax > Ov > Ohmin, Where stress terms from the left denote maximum horizontal stress,
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vertical stress and minimum horizontal stress, respectively) in central Oklahoma to normal regime
(Ov > OHmax > Ohmin) in north Oklahoma with slight rotations of the oumax orientation. However, we
disregard this post-facto information and assume a uniform stress distribution characterized by
strike-slip faulting and a oumax orientation of N80°—-90°E with an average of N85°E, as inferred
from wellbore tensile fracture and shear breakout data (Alt and Zoback, 2016; Heidbach et al.,

2018).

We assume an average vertical stress (ov) gradient of 25 MPa/km corresponding to a typical
overburden rock density of 2500 kg/m?. Initial pore pressure, p, is assumed to be sub-hydrostatic
and assigned a uniform distribution with an average gradient of 9.6 MPa/km. We constrain
horizontal stress magnitudes, considering the frictional strength of the Earth’s crust (see Section
S1 in Supplementary Information for a detailed explanation). In the absence of wellbore
measurements to estimate stress magnitudes or to narrow down possible ranges, the resulting

distributions of horizontal stress components involve large uncertainties (Fig. S2).

We calculate stress components and pore pressure for a depth of 2500 m, i.e., the top of the
crystalline basement, hydraulically connected to the storage formation. This is because the
seismogenic depth range is a priori unknown but one could anticipate more seismic activity in the
crystalline basement as it is commonly more critically-stressed than the overlying sediments (Kivi

et al., 2023).

We retrieve fault information, including centroid coordinate and strike of fault segments,
from the Oklahoma fault database compiled from petroleum industry data and published literature
(Darold and Holland, 2015). The database is mainly sourced from seismic and well data in

sedimentary formations and may obviously miss faults in the crystalline basement if they are not
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extended enough upward into the sedimentary cover. Our model domain includes a total of 7480

fault segments for which stability analysis is separately performed.

In the absence of information about the fault dip, we assume sub-vertical faults, favoring
slip under strike-slip stress conditions. This is supported by the association of low-pressure
injection leading to seismic activity in the study area (Langenbruch et al., 2018). We add Gaussian
noise to the mapped fault strikes to account for possible measurement uncertainties and non-planar
fault geometries. The fault friction, y, is also represented by a Gaussian distribution with an
average and standard deviation of 0.6 and 0.03, respectively, consistent with laboratory
measurements (Bayerlee, 1978) and field observations (Barton et al., 1995) for faults crossing
crystalline rocks. Distributions of fault parameters are summarized in Table 2 and illustrated in

Fig. S2.

Table 2. Statistical distributions of input variables used for the analysis of fault slip potential in

Oklahoma, the US, and the Utsira storage unit, Norway discussed in Section 2.5.

Wastewater disposal CO; storage
Parameter
Oklahoma, the US Utsira Formation, Norway
Standard Standard
Distribution =~ Mean Distribution = Mean

deviation deviation
p gradient [MPa/km] Uniform 9.6 0.6 Uniform 10.2 0.2
o, gradient [MPa/km]  Gaussian 25 0.5 Gaussian 21 0.2
oy gradient [MPa/km]  Gaussian 20 1 Gaussian 17 1

Stress
oy gradient [MPa/km] Calculated Calculated  Gaussian 19 0.1
criticality
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oy orientation [°] Gaussian 85 1.5 Gaussian 100 10

Fault strike [°] From map  variable 2 From map  Variable 2
Truncated Truncated

Fault dip [°] 90 5 55.5 18
Gaussian Gaussian

u -] Normal 0.6 0.03 Normal 0.38 0.03

2.5. Application to resource assessment in the Utsira Formation, Norway

2.5.1. Geological setting

We demonstrate the application of the developed tool to estimate the CO» storage resource
constrained by fault slip potential in the Utsira Formation. The Utsira is the unit for the first
dedicated CO; storage project and it is one of the largest saline aquifers in the Norwegian sector
of the North Sea. The formation is mainly composed of sand and extends nearly 450 km N-S and
90 km E-W (Fig. 4; Halland et al., 2014). The large extent, estimated storage resource, and
injectivity of this unit make it an attractive target for large-scale CO» storage (Gasda et al., 2017;
Elenius et al., 2018; Pettersson et al., 2022). Since 1996, nearly one megatonne of CO» from the
Sleipner Field has been annually injected into this formation. Estimates of storage capacity subject
to caprock integrity point to huge potential for scaling up CCS in the Utsira Sand to several

gigatonnes (Lindeberg et al., 2009; Gasda et al., 2017).

The Utsira Formation regionally dips upward toward the west (Fig. 4). The depth of the
formation top ranges from 1000 m in the north to around 200 m in the west. These topographical
variations render the southern and northern portions of the formation suitable for CO; storage. Our

study focuses on the southern region where the formation has a larger thickness, locally exceeding
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300 m. Our region of interest has a square shape with an edge length of 120 km extended from the
southwest corner at 57.90° N 1.34° W. We represent the southern Utsira unit with a fictitious
square-shaped boundary of equivalent areal extent located at the center of the model domain to set
a reference for considering different injection scenarios. Injection site configurations are deemed
admissible only if they fully reside in this equivalent boundary. More than 50 years of petroleum
exploration and exploitation activity have enriched data on subsurface structures and properties in

this area, including the distribution of the faults, which we use in this study (Fig. 4).

North Sea m\

Depth (m) St vgnger}
-300
)/
-1400
— Faults
I 1 Utsira

[] Model domain

Fig. 4. Study area with the depth map of the Utsira Formation top. Dashed orange and purple lines
illustrate the extent of the Utsira Formation and the southern Utsira region, respectively. The black

square represents the model domain. Sparse black lines show the mapped faults.
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2.5.2. Model parameterization

All model parameters are derived for a depth of D = 900 m below sea level including 117
water depth (Kirby et al., 2001). This depth stands at the top of the Utsira Formation where fault
reactivation could compromise the caprock integrity. We consider an average reservoir thickness
of H = 250 m for the southern Utsira Formation (Gasda et al., 2017). We assume a formation
porosity of ¢ = 0.35 and permeability of k= 1x107'2 m?, which represent the mean values inferred
from laboratory measurements and wellbore-scale analyses at the Sleipner CO; storage site

(Zweigel et al., 2004).

The reservoir has a temperature of 35°C and brine salinity of 35,000 ppm (Zweigel et al.,
2004), which result in brine compressibility and dynamic viscosity of ¢, = 4.1x10'° Pa! and us =
8.2x10™ Pa.s, respectively. The Utsira Sand has a bulk compressibility of ¢, = 3.4x10” Pa’!, which
is higher by nearly one order of magnitude than typical sandstone compressibilities (Gasda et al.,
2017). The density (p.) and dynamic viscosity (uc) of CO; are calculated from Equations of State
(EOS) proposed by Spycher et al. (2003) and Altunin and Sakhabetdinov (1972), respectively.
Adopting these fluid and rock properties (see Table 1 for a summary), we perform pressure
calculations in response to CO2 injection at a constant rate of O = 10 Mt/y per site over 40,000
grids of the model domain and yearly time intervals (Egs. 2-5). The large lateral extent of the Utsira

justifies the assumption of open flow boundary conditions.

We parameterize statistical distributions of the geomechanical variables required for slip
analysis using data from the literature (Table 2, Fig. S3). We assume a normal faulting stress
regime, which is the prevailing conditions in offshore areas and also agrees with measurements

reported in the World Stress Map (Heidbach et al., 2018). Measurements of the Gumax oOrientation
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show an average of N100°E with a maximum uncertainty of +25° (Heidbach et al., 2018). The
overburden stress, oy, varies with depth from the sea floor at an average gradient of 21 MPa/km,
calculated from a density of 2100 kg/m? assumed for the overlying layer, i.e., the Nordland Shale.
The initial pore pressure, p, is assumed to be hydrostatic, corresponding to an average gradient of
10.2 MPa/km. The minimum horizontal stress, ohmin, follows a gradient of 17 £3 MPa/km fitted on
leak-off pressure data in the study area (Elenius et al., 2018). In the absence of measurements for
the maximum horizontal stress, Gumax, we assume that it lies in the middle of the range between

the two other stress components.

The fault information is accessible from the interactive CO; atlases of the Norwegian
Continental Shelf (Norwegian Offshore Directorate, 2015). The model domain covers 1400 fault
segments, which are assumed to cross the reservoir. We approximate the fault frictional strength
using an empirical correlation between the friction angle, ¢, and porosity, ¢, established from a

large dataset of measurements on unconsolidated sands (Weingarten and Perkins, 1995),
@ =57.8—105¢. (11)

Considering a porosity range of 0.3 to 0.4 for the Utsira Sand (Kirby et al., 2002), we find
that the friction coefficient y = tan (¢) ranges from 0.28 to 0.49 with an average of 0.38.
Laboratory experiments on a poorly cemented North Sea sandstone analogous to the Utsira Sand
measure a friction coefficient of 0.35 (Park et al., 2022), which agrees well with those obtained
from Eq. (11). Since the fault dip distribution is not constrained by any means, we adopt the full
possible range from sub-horizontal to sub-vertical with an average value representing optimal
orientation for slip, i.e., 55.5° for the average friction coefficient considered above. We generate

possible ranges of fault strikes by adding Gaussian noise to the mapped values.
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3. Results

3.1. Validation study against induced seismicity in Oklahoma, USA

The high permeability of the Arbuckle Formation and broad distribution of injection
wellbores result in widespread pressure perturbation across the study region (Fig. 3). Pressure
build-up at injection depths remains in the range of few bars and is more pronounced in north
Oklahoma where high-rate injectors are closely located. The calculated pressure variations are in
general agreement with those obtained numerically in other studies (see for example Fig. 1 in
Langenbruch et al., 2018). We estimate broad spatial correlations between seismicity and pressure
changes (Fig. 3b). This points to (1) the effective hydraulic connection between sedimentary layers
and seismogenic depths in the crystalline basement and (2) the key role of pressure diffusion in
inducing seismicity at large scales. There are also some regions of elevated pressure around the
Oklahoma-Kansas border with no recorded felt seismicity (M > 3). This can be due to the lower
density or slip propensity of faults or the presence of unresolved flow barriers preventing pressure

communication with the faults in these areas.

Monte Carlo simulations of fault stability result in slip probability curves for each of the
fault segments (Figs. 5 and S4). The tendency of a fault segment to slip is primarily governed by
its orientation. Steeply dipping faults striking approximately N54°E or NI116°E, i.e., a 31°
deviation on either side of the maximum horizontal stress orientation, would be the most likely to
slip. The stress criticality assumption decouples to a large extent the slip probability of such
optimally-oriented fault segments from uncertainties in the state of stress. In contrast, a fault
deviating from this optimal orientation may require significantly different pore pressure changes
to slip depending on stress conditions. Indeed, the larger the deviatoric stress, i.e., the difference

between two principal horizontal stress components under the strike-slip faulting regime, the lower

25



the slip tendency of poorly oriented faults. Given the high uncertainties of in situ stress in the study
area, the critical pore pressure calculated for different realizations of the subsurface parameters
varies widely and approaches values as large as 120 MPa for poorly oriented faults to slip (Fig.
S4). Furthermore, because of the small injection-induced pressure changes compared to stress
uncertainties, fault slip probabilities mainly span the lower range of possible values (< 0.5). The
slip probabilities could be even smaller if evaluated at larger depths in the crystalline basement

due to relatively small pressure build-up and larger stress magnitudes.

0.3
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=) o)
T T

Fault slip probability
o
=

Fault slip probability (Dec. 2017)

o
o

0 0.2 0.4 0.6 0.8 1
Pore pressure changes [MPa]

Fig. 5. Slip probability as a function of pore pressure increase for each of the fault segments in the
study area, color-coded with the calculated slip probabilities at the end of the considered injection
period in Dec. 2017. The color scale is adjusted to a maximum slip probability of 0.3 for
visualization purposes. The slip probability curves here focus on pressure range up to 1 MPa. Those

with the full range of pore pressure are presented in Fig. S4.

26



The developed methodology captures some features of the observed induced seismicity in
Oklahoma. The low slip probability calculated for faults in the region with relatively little pressure
build-up on the west of the Nemaha fault zone in central Oklahoma is consistent with the sparse
seismic activity recorded in this region (Fig. 6a). We also calculate relatively high slip potential
for faults ruptured by the 2011 M, 5.7 Prague (Fig. 6b) and the 2015 M, 4.7 Cherokee (Fig. 6¢)
earthquakes and the fault conjugate to the unmapped fault associated with the 2016 My, 5.8 Pawnee
event (Fig. 6e). Small changes in fault strike lead to significant variations of the fault slip potential
(look at various splays of the Wilzetta fault in Fig. 6b that seemingly have identical orientations
but different slip probabilities). The Prague event occurred on a splay of the Wilzetta fault zone
that was not fully mapped before this sequence — the full extent of the reactivated fault was inferred
from earthquake focal mechanisms (Yeck et al., 2017). Similarly, numerous earthquakes, including
the 2016 My, 5.1 Fairview and its sizable foreshock (Fig. 6d) and the 2016 M,, 5 Cushing (Fig. 6f)

events, occurred on unmapped faults (or fault extensions).

The dense distribution of seismic events in north Oklahoma is not correlated with the fault
map. The weak correlation observed between seismicity and fault distributions can be attributed
to the inadequate resolution of the fault map and the difference between fault trends in the
sedimentary cover and at seismogenic depth in the crystalline basement where the majority of
earthquakes occurred. This reflects that the application of this approach is limited by our

knowledge of the distribution of subsurface structures prior to injection.
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Fig. 6. Spatial distribution of fault slip probability estimated at the end of the considered injection
period in Dec. 2017. Calculated slip probability of (a) all faults in the study area in the central to
north Oklahoma with zoomed views of areas where the (b) 2011 Prague, (c) 2015 Cherokee, (d)
2016 Fairview, (e) 2016 Pawnee and (f) 2016 Cushing sequences ruptured. Dashed red lines in
(d)-(e) show potential unmapped faults where felt earthquakes ruptured. The color scale is adjusted

to a maximum calculated slip probability of 0.3 for better visualization. Recorded seismic events

of My > 3 and My, > 4.5 are illustrated with grey circles and yellow stars, respectively.

28



3.2. Storage resource assessment limited by fault slip in the Utsira Unit, Norway

3.2.1. Fault slip analysis

Slip probability for all faults in the southern Utsira storage unit follows an S-shape trend
with pressure changes concentrating in a quite narrow band (Fig. 7a), i.e., there are pressure
margins of 2 to 5 MPa before slip probability rapidly increases and, eventually, plateaus at the
maximum value of 1. The observed trend is underpinned by the state of stress in this region, leaving
some room for CO> injection before the faults become critically stressed. This behavior differs
from that of the Oklahoma study area, where small pressure changes result in sharp increase in the
slip probability of optimally-oriented faults (Fig. 4). Besides, it is observed that the required pore
pressure to reactivate the faults in Utsira spans a narrower range of absolute values compared to
Oklahoma obviously because of the smaller stress magnitudes at the shallower depths of
investigation but also the lower uncertainties in the stress field in this region. Since the calculated
pressure changes in response to long, multi-site CO» injection are comparable to the range of stress

variations, slip probabilities grow to values close to unity (Fig. 7a).
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Fig. 7. Fault slip probability in the southern Utsira storage unit. (a) Slip probability curves for each
of the fault segments, color-coded with its slip probability after 50 years of injection for the site
configuration shown in b. (b) Spatial distribution of fault slip probability after 50 years of injection

through a 5x5 array of injection sites spaced by 8.8 km and represented by triangles.

While the average dip angle is the same for all faults, the variable fault strike, controlling
stress projection onto the fault planes, mainly governs the difference between slip probability
curves (Fig. 7a). In particular, faults sub-perpendicular to the minimum horizontal stress undergo
the largest deviatoric stress and are best oriented to slip (Fig. 7b). These faults have relatively
larger slip probabilities under small overpressures and, thus, represent slip probability curves
toward the left of the plot in Fig. 7a. In addition, slip probability on these faults decouples from
the maximum horizontal stress and becomes a primary function of the minimum horizontal stress
and the fault inclination as demonstrated by sensitivity analysis (Fig. 8). Increasing (decreasing)
the minimum horizontal stress, while other parameters are maintained, shrinks (enlarges) the mohr
circle (see the inset in Fig. 1) and moves the fault away from (toward) failure conditions as
reflected in enhanced (decreased) critical pore pressure for fault slip. Changes in the minimum
horizontal stress alter both the normal (translation of the mohr circle) and shear stress (changes in
the diameter of the mohr circle) projected onto the fault plane. As a result, the slip pressure changes

with the minimum horizontal stress with a factor > 1.
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Fig. 8. Tornado plot showing relative sensitivity of critical pore pressure to different variables for

an exemplary fault with optimal orientation to slip. The baseline shows the slip pressure given the

average values for all variables as listed in Table 2.

The slip probability after a period of injection, is controlled by the position of the fault
segments relative to the injectors, dictating spatiotemporal perturbations in pore pressure. The
larger the number of injection sites and the shorter the distance between them, the larger the
interference between pressure fronts and, thus, injection-induced overpressures (Fig. S5). Faults
crossing the pressurized regions between the injection sites, if properly oriented, are more likely
to slip (see Fig. 7b for slip probabilities after 50 years of injection). As such, seismic activity with
maximum magnitudes up to 4.6 on mapped faults could be anticipated for some injection scenarios
of dense site distributions resulting in pressure build-up larger than ~2.5 MPa (Fig. 9a). Yet, one
may find properly spaced injection site configurations to significantly reduce injection

overpressure and induced seismicity on the mapped faults while injecting the same amount of CO-
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(Fig. 9b). These observations highlight the importance of appropriate basin-scale injection designs

to maximize injection capacity that can be safely achieved.
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Fig. 9. Effect of injection site configurations on pressure distributions and seismic activity (events

with occurrence probability > 50%). (a) A dense grid of injection sites resulting in large

overpressure and possibly induced earthquakes. (b) Increasing the distance between injection sites

to reduce the likelihood of seismic activity on mapped faults.

The slip probability of fault segments does not evolve uniformly with time (Fig. 10). For a

dense 5-by-5 grid of injectors as an example, the slip probability increases gently for more than 15

years hardly exceeding 10% for all faults. Afterwards, the likelihood of fault reactivation rises

rapidly for optimally oriented fault segments while for the majority of the rest, it remains at a low

level. The observed trends mimic the characteristic slip probability curves as a function of pore

pressure (Fig. 7a) but also the spatiotemporal evolution of pore pressure: pore pressure increases
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gently until pressure fronts of individual injection sites begin to effectively interfere and drive a
rapid pressure build-up, decreasing fault stability. These results offer insights into the dynamics of

storage capacity in light of the relative seismogenic behavior of the different stages of CO, storage.
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Fig. 10. Temporal evolution of fault slip probability color-coded with the slip probability after 50

years of injection through a 5x5 array of injection sites spaced by 8.8 km.

3.2.2. Storage resource assessment

We here analyze how storage capacity in Utsira is constrained by fault slip potential. We
consider two criteria for relative seismic hazard assessment of different injection scenarios based
on the resolved fault map: (1) maximum probability of inducing at least one event with My, > 4
and (2) number of events with a possible magnitude My > 4 (events are assigned to probabilities
>(0.5). The magnitude 4 is selected as a threshold for an earthquake to be felt under different

injection settings (Bommer and Verdon, 2024). The code CO2BLOCKSEISM evaluates these
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criteria for a range of injection scenarios comprising varying numbers of injectors and allowable

distances between them limited by the areal extent of the reservoir (Fig. 11).

For dense grids of injection sites spaced by either 5 or 8.8 km the probability of inducing
at least one felt earthquake grows rapidly with the number of injectors (Fig. 11a). Several
moderate-sized events could be anticipated for these scenarios (Fig. 11b). Increasing the distance
between injection sites notably reduces both the number and probability of felt-induced
earthquakes. Particularly, the calculated fault slip probabilities remain well below 10% for any

possible scenario with an inter-site distance of around 16 km (Fig. 11a).

A grid of 25 injectors could safely store 12.5 Gts of CO; in the Utsira Formation over 50
years at a constant injection rate of 10 Mt/y. This storage capacity corresponds to approximately
3% of the initial reservoir pore volume. The injection overpressure approaches 1.7 MPa for this
scenario (Fig. S6), much lower than the minimum overpressure of around 5.6 MPa for the tensile
opening of sub-vertical fractures at the top of the reservoir at an average depth of 900 m given the
initial pore pressure and minimum horizontal stress gradients (Table 2). Indeed, the caprock
fracturing limit of 5.6 MPa corresponds to a CO- storage capacity of nearly 18 Gt (Fig. S6). Thus,
induced seismicity, and not rock fracturing, operates as the limiting factor to CO; storage capacity

in this region.

Our calculated storage capacity is over twice as large as previous estimates of around 5 Gts
based solely on caprock integrity constraints, i.e., maximum overpressure to prevent tensile
fracturing of the caprock (Lindeberg et al., 2009; Gasda et al., 2017; Pettersson et al., 2022). The
difference originates from more conservative assumptions made in these studies through the
application of (1) a universal maximum allowable pressure increase of 1.5 MPa as the tensile

fracturing limit of the shallowest point of the caprock resolved from the reservoir topography maps
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and considering a minimum horizontal stress gradient corresponding to the lower bound of field
measurements from leak-off experiments (compared to our study, which parameterizes the
statistical models of fault slip behavior based on the full range of stress measurements and at a
depth of 900 m representing the average depth of the top of southern Utsira) and (2) fully closed
boundary flow conditions (compared to our study, which considers open flow boundary
conditions). According to the estimated maximum injection overpressures for different scenarios
(Fig. S6), the first assumption decreases our estimate of storage capacity to nearly 8 Gts while the
latter seems to be responsible for the remaining difference with that of Gasda et al. (2017) and
Pettersson et al. (2022). However, the considered caprock fracturing limit of 1.5 MPa is
encountered in the middle region of the formation (Fig. 4, Gasda et al., 2017), not the southern
part, which is the main focus of this study. It should also be noted that the decrease in minimum
horizontal stress gradient in a normal stress regime also increases the fault slip potential as it
enlarges the mohr circle and brings optimally oriented faults closer to shear failure conditions (Fig.
1). Thus, we expect that the choice of input variables does not change our conclusion that induced
seismicity most likely operates as the key limiting factor to the storage capacity of the Utsira
Formation. CO2BLOCKSEISM can be applied with modified input data upon availability to
provide more accurate estimates of storage capacity in the Utsira Formation although the

demonstrated workflow remains unchanged.

35



a Injected CO; volume [Gt] b Injected CO, volume [Gt]

1 1

2 2

4 4

6 6

9 9

12 12

16 16

20 20

25 25

30 30

= 9 = 9

: & : &

4 i i

ey Gy

° 8l ° o8l

2 90 g 90

’g 100 ”g 100

H H
605
“ 132 ~ 132 [66.0
144 144 720
156 156 [78.0
169 169 [s45
182 182 [or0
196 196 [98.0
210 [105. 210 [105.0
225 [112.5) 225 [112.5)
240 [120.0] 240 [120.0]
256 [128.0) 256 [128.0)

bQ %‘b q:o %“.) %Q\' :{}’% f{,\%ﬂa\/b&f{, \%%Q @:\ %%Q%%BQ (\‘\ bQ %‘b qfa %"a %Q\ C{})‘b f\:\%‘b\/ “;3\%%% %’\ %%@Q%@VQ (\(\
Interwell distance cases Interwell distance cases
Maximum slip probability of M > 4 Number of events with M > 4
0 0.2 0.4 0.6 0.8 1 0 50 100 150

Fig. 11. Storage resource assessment constrained by fault slip potential. Storage capacities
calculated for different injection scenarios and the resulting (a) maximum slip probability of M >

4 and (b) number of events with M > 4 (events with occurrence probability > 50%).

4. Discussion

We have developed an analytical tool for screening subsurface CO, storage resources
constrained by fault slip potential. We account for the spatiotemporal distribution of fault slip
probability, which offers an effective criterion for comparison between different injection
scenarios for regional CO; storage in a safe manner. However, the range of slip probabilities is
affected by the level of uncertainties in geomechanical variables that could vary largely from one

region to the other depending on the established knowledge of the subsurface. This difference is
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evident in two distinct ranges of slip probability calculated for our case studies in Oklahoma, US,
and the Utsira CO; storage unit in the Norwegian North Sea (compare Fig. 6 with Fig. 7). Thus,
the developed methodology should not be applied for comparison between the fault reactivation

or seismicity potential of projects in different geological settings.

We consider pore pressure diffusion as the primary mechanism of fault reactivation.
However, several other mechanisms could contribute to fault instabilities (Ge and Saar, 2022; De
Simone et al., 2023). In particular, the role of poroelastic stressing in inducing seismicity in low-
pressure injections for wastewater disposal has been widely acknowledged (Goebel et al., 2017,
Zhai et al., 2021). While pressure migration is still expected to adequately address fault slip
potential from a broad basin-wide vision, incorporating more physical constraints into the model
could improve predictions at local scales. Furthermore, we presume uniform distributions of
geomechanical variables, which may not be realistic over large spatial scales of investigation.
Given the availability of data from multiple sits across the storage aquifer, it would be
straightforward to divide the study area into smaller regions over which the parameters can be
assumed constant (Walsh and Zoback, 2016). In this way, the Monte Carlo simulations can be
parameterized separately for each region, providing more accurate assessments of fault slip
probability. Such model improvements should maintain the functionality of the tool for rapid, first-
order screening of subsurface storage resources under existing uncertainties at the basin scale.
Detailed assessment of the induced seismic hazard for optimized design of individual storage sites
warrants high-fidelity numerical simulations that sufficiently capture the subsurface structural and

physical complexities.

The calculated fault slip potentials do not intend to provide definitive seismic hazard maps

of the study area. Significant uncertainties may arise from inaccurate and incomplete knowledge
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of subsurface faults at large scales of interest to regional CCS deployment as evidenced by the
majority of induced earthquakes ruptured on unmapped faults in Oklahoma (Fig. 3b). Indeed, the
application of our analysis becomes limited to a priori characterization of the subsurface, which
may leave many structural features in the subsurface unseen. Continuous monitoring and
characterization of the subsurface during injection hold the promise of identifying potentially
seismogenic faults in the subsurface and further constraining geomechanical variables (Verdon et
al., 2013). The developed probabilistic approach for fault stability analysis can be employed for
inverting induced (micro)seismicity observations into improved knowledge of the fault attributes
and relative stress magnitudes (Walsh and Zoback, 2016; Snee and Zoback, 2018). The gathered
data enables revisiting evaluations of fault slip potential. Thus, the estimated storage capacities
may need to be progressively updated as complementary information from the subsurface is

acquired, implying the dynamic nature of storage resource assessments.

The developed tool, CO2BLOCKSEISM, takes a step forward towards more accurate
estimates of subsurface CO; storage resources by explicitly accounting for the spatially-variable
risk of fault reactivation. Yet, it simply assumes uniform distributions of injection sites on
rectangular grids injecting CO: at constant rates. Optimizing injection site placement and/or
injection rates relative to the distribution of major faults and their time-varying slip potential could
further unlock the subsurface potential to host larger volumes of CO. Such optimization is also
relevant to the proper alignment of CO; storage projects with the spatial distribution of main
industrial emitters in the study region (Bandilla and Celia, 2017). Regional pressure management
through targeted brine extraction provides additional, technically viable means of enhancing
storage capacity (Birkholzer et al., 2012). CO2BLOCKSEISM lays the foundation for addressing

the performance of such mitigation measures and optimizing them to maintain fault stability with
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the minimum number of pumping wells and amount of extracted brackish or saline water whose
treatment and disposal may bear extra technical challenges and costs (Middleton et al., 2012).
Thus, the developed analytical tool not only offers valuable insights into subsurface storage
resources but also supports operational decision-making owing to its reasonable computational
cost, accuracy and flexibility that enables considering a variety of scenarios under subsurface
uncertainties. In addition to future developments to CO2BLOCKSEISM in the above-mentioned
directions, we will apply this tool to major storage regions around the world to foster an improved

understanding of the potential for CO; storage scale-up globally.

5. Conclusions

We have developed an analytical tool for screening subsurface CO> storage capacity subject
to fault stability constraints. The tool draws on a probabilistic framework that enables rapid and
reliable assessment of fault slip probabilities and possibly induced seismicity for different injection
scenarios under subsurface uncertainties at regional scales. Testing the approach against seismicity
induced by wastewater disposal in Oklahoma at comparable rates to Gt-scale CCS demonstrates
the model capability to capture some important seismicity features. Yet, observations of numerous
seismic events ruptured along previously unmapped faults point to limitations imposed on the
application of this methodology by our insufficient knowledge of the subsurface prior to injection.
The application of the tool to storage resource assessment in southern Utsira Sand, Norway, shows
that the fault slip criterion exerts more strict constraints on storage capacity compared to the
commonly adopted tensile fracturing limit of the caprock. We find that this formation can safely
accommodate nearly 12.5 Gt through continuous injection for 50 years at a constant rate per site

of 10 Mt/y under open flow boundary conditions. The estimated storage capacity corresponds to a
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maximum pressure build-up of 1.7 MPa, which is much smaller than the overpressure that the
caprock can withstand in the order of 5.6 MPa. Insights gained into the subsurface structural
complexities through co-injection monitoring offer the opportunity to continuously update
accessible CO; storage resources. Extension of the analysis to global storage resource assessment
would develop a clear understanding of CCS scale-up that can be safely attained and will be the

subject of our future studies.
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S1. Constraining horizontal stress magnitudes

Stress in the Earth's crust is constrained by the frictional strength of the faults meaning that the
fault slip at this stress level prevents any further stress accumulation. Considering Coulomb failure

theory, possible ranges of stress states at depth are given by

22 < [(1+ pD)Y2 + p)? (S1)
o3—p

where p is the friction coefficient of the fault, p is the pore pressure and g; and g5 are the maximum
and minimum principal stresses, respectively. Depending on stress regimes, i.e., normal, strike-

slip or reverse, Eq. S1 can be rewritten as

P < [(1 4+ uD)Y2 4 p)?, for normal stress regime (52)

Ohmin~—D

% < [(1+uH)Y2 + u)?, for strike-slip stress regime (S3)
hmin—

% < [(1+ p®Y? + ul?, for reverse stress regime (S4)
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where 0, Opmin and Oymay are vertical and minimum and maximum horizontal stress components,

respectively.

It is convenient to illustrate the allowable ranges of 0p,in and Oxmay from Egs. S2 to S4 using the
so-called stress polygon (Zoback, 2010; Fig. S1). Equalities in these equations draw the lines
bounding the polygon. Three stress regimes are divided by vertical and horizontal dashed lines,
which cross each other at oymin = Oymax = 0. Stress buildup beyond the periphery of the stress
polygon is not possible as it would result in fault slip, bringing the state of stress back into the

polygon region.

We use the stress polygon concept to constrain horizontal stress magnitudes in Oklahoma. In the
absence of direct gy,,,;, measurements, this parameter can span the full possible range, from a
minimum specified by frictional equilibrium in Eq. S2 (vertical line in the lower left of the
polygon) to a maximum of g,,. Considering an average g,, gradient of 25 MPa/km, p gradient of
9.6 MPa/km and p of 0.6, gjin gradient ranges from 14.53 to 25 MPa/km. In order to maintain
strike-slip stress conditions for all Monte Carlo realizations given the range of variation of a,,, we
simply narrow down the range of variation of g,,;, gradient to a Gaussian distribution with an
average of 20 MPa/km and a standard variation of 1 MPa/km. Note that the majority of values in

a Gaussian distribution are contained within three standard deviations of the average.

We estimate oy,q, by assuming that the crust at the depths of investigation is critically stressed,
meaning that the stress state is in frictional failure equilibrium and small pressure perturbations
could rupture optimally oriented faults to slip as was observed to be the case in Oklahoma. Such
stress criticality under a strike-slip regime is defined by the equality in Eq. S3 and corresponds to

the diagonal line bounding the polygon on the upper left side (Fig. S1). Knowing the input
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variables from the assigned statistical distributions, we separately calculate Sy,,4, gradient for

each Monte Carlo realization. The resulting distribution of 0,4, gradient is illustrated in Fig. S2.
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Fig. S1. Stress polygon defining allowable stress ranges in accordance with frictional strength of

the Earth’s crust. NF, SS and RF refer to normal, strike-slip and reverse faulting regimes,

respectively.
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Fig. S2. Histograms illustrating statistical distributions of uncertain geomechanical variables

used to develop Monte Carlo simulations for fault slip analysis in Oklahoma.

150 400 400 400 400
2
2 100
g 200 200 200 200
= 50
Q
~
0 0 0 0 0
9 9.2 12 14 16 18 16.2 16.4 16.6 17.2 17.6 18 60 80 100120
p [MPa] oy, [MPa] o [MPa] o, [MPa] og azimuth [°]
400 400 400 400
2
S
g 200 200 200 200
3
"
0 0 0 0
0.3 0.4 90 100 0 30 60 90 -2 0 2 4 6 8
1 Fault strike No 685 [°] Fault dip No 685 [°] Ap to slip on fault No 685 [MPa]

Fig. S3. Histograms illustrating statistical distributions of uncertain geomechanical variables

used to develop Monte Carlo simulations for fault slip analysis in the Utsira storage unit.
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Fig. S4. Slip probability curves for each of the fault segments in the study area in Dec. 2017. The

colorbar scale is adjusted to a maximum slip probability of 0.3 for better illustration purposes.
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Fig. S5. Pore pressure changes calculated analytically for CO; injection into southern Utsira

formation through different injection scenarios at a constant injection rate per well of 10 Mt/y.
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Fig. S6. Maximum injection-induced overpressure across the basin for different scenarios. Tensile
fracturing limits of the caprock considered in this study and Gasda et al. (2017) are also illustrated
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illustration of storage capacity constrained by the caprock tensile fracturing limit.
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