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De-risking fault leakage risk and containment
integrity for subsurface storage applications

Kevin Bisdom1,3,* and Alvin W. Chan2
SUMMARY

The subsurface is pivotal in the energy transition, for the sequestration of CO2 and energy storage. It is
crucial to understand to what extent geological faults may form leakage pathways that threaten the
containment integrity of these projects. Fault flow behavior has been studied in the context of hydrocar-
bon development, supported by observations fromwells drilled through faults, but such observations are
rare in geoenergy projects. Focusing onmechanical behavior as early indicator of potential leakage risks, a
probabilistic Coulomb Failure Stress workflow is developed and demonstrated using data from the Dec-
atur CO2 sequestration project to rank faults based on their containment risk. The analysis emphasizes the
importance of fault throw relative to reservoir thickness and pore pressure change in assessing reactiva-
tion risks. Integrating this mechanical assessment with geological and dynamic fault analyses contributes
to derisking fault containment for geoenergy applications, providing valuable insights for the successful
development of subsurface storage projects.

INTRODUCTION

Within the next decades, the use of the deep subsurface for geoenergy applications is likely to increase as the number of storage projects for

CO2 and subsurface energy storage (e.g., hydrogen) and extraction (e.g., methane, geothermal) is expected to grow. Carbon Capture and

Sequestration (CCS) alone needs to scale up from storing millions of tons of CO2 per year at present to a scale of gigaton storage per year.1

For gigaton storage to have a significant impact on reducing the concentration of CO2 in the atmosphere, there cannot be any significant

leakage of CO2 out of the storage complex.2 Current operating commercial-scale projects have demonstrated that the sequestration of

CO2 in the deep subsurface provides a safe long-term storage solution.3–8 These existing projects do have the advantage of access to priv-

ileged pore space, with limited or no legacy wells or faults within the storage license area that could threaten containment integrity. Upscaling

CCS from the current megaton scale to the yearly injection of gigatons will require making use of pore space with faults within the storage

area, as geological faults are ubiquitous in the subsurface and injection near faults cannot always be avoided. Faults similarly form a potential

threat to storage integrity for subsurface hydrogen storage9 or cold water breakthrough in geothermal projects. As long as injection near

faults does not induce leakage or induced seismicity, successful storage projects could include faults, but given the wide array of possible

fault geometries and compositions, identification of faults that pose a potential containment threat is not straightforward.

Faults intersecting the primary seal of a storage site could under certain conditions be conductive, acting as a conduit for CO2 or other

stored fluids to migrate out of the storage site into the overburden (Figure 1). The risk for fault-related leakage needs to be quantified as

part of the storage site permit application and in instances where the potential for fault leakage cannot be sufficiently de-risked, injection

near susceptible faults needs to be avoided. Leakage of reservoir fluids into the overburden through conductive faults has been observed

in the hydrocarbon industry,10,11 as well as for natural occurrences of CO2 in the subsurface.12–15

The probability of a fault acting as a conduit or barrier depends on the fault geometry, including the fault damage zone size and compo-

sition, the maximum burial depth and corresponding temperature and pressure history and the stress states over geological time and pre-

sent-day storage conditions.16,17 The lateral flow potential across a fault plane has been studied extensively in the context of reservoir

compartmentalization resulting in transmissibility definitions based on concepts such as the Shale-Gouge-Ratio (SGR), often calibrated using

transient pressure data fromwells on both sides of the fault.18–21 The SGRmodel focuses only on the fault core as the core is assumed to have

the lowest permeability, forming the limiting factor of cross-fault flow. Containment integrity for subsurface storage activities requires how-

ever an assessment of the vertical, along-fault integrity risk, i.e., in the up-dip direction parallel to the main fault plane (red flow paths in Fig-

ure 1). The flow potential in this direction is defined by the sum of flow contributions from all fault zone components, not just the core.22,23

Assessing fault-related containment risks in the subsurface requires an integrated approach of along- and across-fault leakage through the

characterization of the geological, mechanical and fluid flow characteristics of fault zones.12,24–33 However, dedicated workflows for CCS and

hydrogen storage that integrate all these components remain rare. Figure 2 shows the four main components that control fluid flow along
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Figure 1. Sketch illustrating the possible flow paths that influence potential consequences of impaired fault integrity

The blue arrows indicate how the injected fluids can migrate laterally through the storage reservoir and adjacent fault blocks. The red arrows show possible

vertical flow paths along the fault surfaces into overlying aquifers or to the seabed. The yellow and red features represent potential hazards associated with

injection, including leakage to the seafloor, induced seismicity, out of zone injection and losses (during drilling).
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faults introduced by Chan et al.34While designed for drilling through faults, this integrated analysis can be replicatedwithminormodifications

to faults in the context of containment integrity for CO2 storage and other fluid injection sites in proximity to subsurface faults (e.g.,

geothermal energy and hydrogen storage). In this article, we will demonstrate how we adapt and apply this workflow developed for safe dril-

ling operations into a framework to rank fault integrity risks for CO2 storage sites. The focus will be on the mechanical integrity of faults as

reactivation-induced seismic activity and stress-induced fault leakage are key potential threats to the storage integrity of subsurface energy

storage projects. The resulting fault integrity ranking framework helps identify faults that could pose a threat to containment integrity.While it

provides no explicit quantification of leakage or seismicity risks, the ranking is based on a probabilistic framework to capture the large un-

certainty space that is typically associated with subsurface geoenergy applications. The workflow is demonstrated using a case study of in-

jection-induced fault reactivation in the Decatur CCS project in Illinois, USA.35
The four pillars for fault integrity

Faults are ubiquitous in the subsurface and they pose various levels of threats to geoenergy applications ranging from exploration and devel-

opment of hydrocarbons and geothermal resources, well abandonment, CO2 storage and hydrogen storage. For instance, a fault that poses

no threat to drilling a well could be a major top seal leakage risk for long term injection and storage projects. To thoroughly investigate the
Geological Considerations

Dynamic ConsiderationsMechanical Considerations

Geometrical Considerations

The Four Pillars for De-Risking Fluid Loss Potential Along Faults

A

C D

B

Figure 2. The four pillars for fault integrity

(A) Geological considerations, such as the fault type or damage zone dimensions; (B) Geometrical, referring to the fault in relation to wells drilled through the fault

or injector wells in the vicinity; (C) Mechanical, addressing the mechanical reactivation potential of faults and (D) Dynamic, focusing on the flow behavior of the

fault zone.
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potential impacts of drilling through faults, a systematic integrated assessment framework was introduced by Chan et al.34 The framework was

set up with well engineering in mind and takes into consideration fault characterizations from various aspects: Geological, geometrical, me-

chanical and dynamic behavior (Figure 2). Dynamic refers to the fluid flow behavior within the fault zone. While the original design of the

framework focused on well design and drilling strategy, the same concept can be applied for evaluating fault integrity during fluid injection

with some minor modifications to the various pillars:

� Geological considerations – the first pillar represents the static architecture of the risk assessment framework and is driven by geolog-

ical and geophysical evaluations. The focus is to assess the presence and the complexity of the fault zone. For example, assessing the

confidence level of the existence of an interpreted fault, the impact of basin or structural evolution on the fault zone architecture and

the impact of lithology on fault zone complexity.
� Geometrical considerations – In the context of well engineering this pillar focuses on the geometry between thewell and the fault zone,

since the area of exposure in a wellboremay lead to operational challenges. This pillar is one of the easiest to bemodified in the design

phase of a subsurface development project. However, geometrical considerations can be further extended to estimate the size of the

damage zone from observed fault throw or offset, to guide placement of injection points to minimize leakage and seismicity risks for

e.g., CO2 sequestration. In other words, how close should and injection point be to minimize potential leakage threats posed by a fault

damage zone?
� Mechanical considerations – The threshold at which mechanical failure can occur along a fault zone. Stress changes induced by for

example CO2 injection or seasonal storage of hydrogen can result in normal and shear stress changes along faults, potentially inducing

microseismic events or stress-dependent changes in fault permeability. This pillar is the main subject of investigation of this article and

will be discussed in greater details in the following sections.
� Dynamic considerations – One commonlymissed element when evaluating fluid loss or leakage potential along a fault damage zone is

the fluid flow behavior within the fault damage zone. The dynamic flow behavior can be affected by various factors from operational

constraints (i.e., flow rate), fluid rheology, pressure-induced stress changes to stress-dependent fault and fracture permeability. This

pillar can be the most complex among the four pillars yet provides opportunities for engineering design to mitigate some of the chal-

lenges. Chan et al.36 have demonstrated that lost circulation materials (LCM), when deployed properly, can effectively cure losses

across faulted (or fractured) zone and strengthen the pressure threshold such that subsequent drilling and completion activities can

be conductedwith a downhole fluid pressure exceeding themechanical failure limits.Meanwhile, stress-dependent along-fault perme-

ability changes during the production/injection period can also affect the threat profile of a ‘‘stable’’ or ‘‘sealing’’ fault. In case of a fault

intersected by a well, the dynamic behavior can be measured directly; but in long-term CO2 sequestration projects fault-well intersec-

tions are typically avoided, and there is typically no other direct measure of fault flow. In these projects, stress changes within the reser-

voir close to faults can serve as an indirect constraint on assessing potential changes in fault flow behavior.

Through an integrated assessment of these Four Pillars, threats of fluid losses and leakage potential across fault damage zone during the

entire lifetime of the injection project (from well drilling to injection to post-injection monitoring) can be systematically risk-assessed. This

integrated approach can improve the decision quality of well placement and design, drilling and completion fluid strategies, lost circulation

management, injection philosophy and site monitoring and surveillance plans.

Mechanical integrity workflow

We extend the mechanical pillar from the Four Pillars workflow to include the effects of changes in pore pressure and fault offset on mechan-

ical fault stability. In the absence of direct measurements of fault permeability, which are typically not available in CO2 storage sites as drilling

through faults is avoided,37 we focus on mechanical integrity as a proxy for leakage risks. The along-fault permeability is partly influenced by

the fault stress state, based on observations from the single-fracture scale38 to subseismic fault damage zones39–42 and seismic-scale faults.32

Following the geological and geometric description of a fault, quantifying the change in fault stress associated with a pore pressure increase

(storage or heating) or decrease (depletion or cooling) is the next step toward assessing fault integrity and aids in the relative ranking of fault-

related containment risks between different faults in a potential storage site or across different prospective faulted store locations (Figure 3). A

fault stress assessment can also contribute toward an improved understanding of induced seismicity risks, although a stress assessment in

itself is insufficient to quantify these risks.

The risk of mechanical fault reactivation during injection is quantified by the change in Coulomb Failure Stress (CFS), based on the incre-

mental normal and shear stress changes on a fault induced by pore pressure changes:

DCFS = Dktk � m
�
Dsn � Dpf

�
(Equation 1)

where t and sn are the shear and normal stresses respectively, pf the fluid pressure in the fault and m is the static friction coefficient.43 An

increase in the CFS indicates a destabilizing effect on the mechanical fault integrity. The fault friction coefficient is typically the most chal-

lenging parameter to constrain, as in-situ measurements are rare and lab measurements are not easily upscaled.44 Many studies assume a

constant value of 0.6, but values as low as 0.4 have been observed based on field observations during a drilling campaign through a heavily

faulted formation.45

To evaluate the CFS along an entire fault plane, Finite Element (FE) numerical models are often used.29,35,46,47 However, FEmodels require

a highmesh resolution around faults to accurately capture the onset of slip, resulting in computationally expensivemodels which prohibit any
iScience 27, 109957, June 21, 2024 3



Figure 3. Changes in fault stress state (normal and shear stress) potentially impact the stress-dependent flow and reactivation potential of faults
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robust sensitivity analysis.Mesh-freemethods exist48 but thesemethods still require a formof fault domain discretization that remains compu-

tationally expensive, whereas the objective of the Four Pillars workflow is to provide a fast screening of fault integrity. This screening approach

requires an extensive uncertainty analysis considering a wide parameter space to capture the uncertainties associated with limitations in sub-

surface fault zone characterization, requiring a large number of model realizations.

Analytical CFS analyses methods such as the Fault Slip Potential (FSP) tool do accommodate extensive uncertainty quantifications.49 FSP

and similar analytical CFSmethods provide an analysis of fault failure risk as a function of stress state, fault orientation, fault friction coefficient

and pore pressure increase. These analytical methods have been used extensively for fault reactivation risk assessments.50,51 Some of these

methods account for the potential destabilizing effect of vertical fault offset, relative to reservoir thickness.52–55 These latter studies indicate

that for a population of faults within a CO2 storage site the maximum pore pressure threshold required to ensure CO2 containment with

respect to frictional fault stability will depend on themost critically oriented faults with respect to the initial stress, with the largest fault throws

exposed to the largest pore pressure increases. Fortunately, due to their size, these faults will be themost-readily recognizable.When consid-

ering suitable offset distances between existing faults and future injectionwell locations, these fault stability considerationsmean larger throw

faults will require larger offset distances than similarly oriented small throw faults. Not accounting for this effect could lead to an underesti-

mation of the fault reactivation risk as the shear stress limit could otherwise be overestimated.55

To facilitate the mechanical risk ranking of faults, we develop a probabilistic analytical fault integrity analysis workflow for 3D fault geom-

etries based on CFS analysis developed by Jansen et al.56 to calculate the extent of failure along a fault based on the CFS criterion, using the

fault throw to reservoir thickness ratio, Coulomb prestress and pore pressure change (Figure 4). The fault input geometries can be obtained

from 3D seismic interpretations or structural frameworkmodels constrained by available subsurface data, with no need for upscaling or down-

sampling. The fault failure extent is calculated along densely spaced cross-section lines (pillars) oriented perpendicular to the local fault strike

direction, using the local fault dip angle, reservoir thickness, and fault throw. To compare failure risks between different faults, the failure

extent can be normalized by the length of the failed segment versus the vertical extent of the storage site or primary store seal. The workflow

supports a range of data and models for input of stresses, pore pressure, fault geometries and mechanical fault and rock properties.

Uncertainties in the input data are included through aMonte Carlo analysis where for each stochastic realization, uncertainties drawn from

the specified input distributions are added to the reference values per fault node for the fault failure calculation. For each reservoir-seal

segment along a fault dip line, the local fault throw-reservoir thickness ratio and pore pressure change are used to calculate the fault failure

risk. Perturbations throughout the storage site and life cycle in for example pore pressure can be included to calculate the change in fault

failure risk in different parts of the model at different time steps. Dedicated visualizations including tornado charts, histograms, and cumu-

lative distribution functions help to quantify and communicate risks and uncertainties in support of for example prioritization of additional
Figure 4. Flow diagram showing each calculation step in the probabilistic workflow between the inputs and the fault failure analysis
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Figure 5. N-S cross-section (3x vertical excegeration) through the storage reservoir showing the simulated history-matched CO2 saturation at the end

of the two injection phases in January 2020 (Adapted from Zulaski and Lee61)

The reservoir-basement interface is indicated by the purple line marked ‘‘Precambrian.’’ The observed microseismic events during both injection phases are

shown as black dots. The dipping lines represent mapped faults.
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data acquisition or design of an MMV (Monitoring, Measuring, and Verification) program for site-specific monitoring of storage containment

integrity. The probabilistic failure analysis is implemented into a dashboard through which the data can be loaded and failure extent models

can be generated and visualized.

Application

Decatur carbon capture and sequestration project

Demonstrating the validity of fault failure models is challenged by the lack of direct observations of fault failure outside of a laboratory envi-

ronment. In the subsurface, monitoring of (micro)seismic activity is commonly used to detect fault reactivation, but the absence of micro-

seismic events does not confirm the absence of fault failure as failure could be expressed as aseismic slip. Aseismic slip can be measured

using fiber-optic acoustic or strain sensing41 but this technology requires a well that is within close proximity of an active fault. In this article,

we will utilize a published dataset from the Decatur CCS project in Illinois, US57 to illustrate the proposed workflow.

The Decatur CCS project injected 2.7 megaton of dense phase CO2 into the Cambrian Mt. Simon Formation (Fm.) in two phases. During

phase 1, 1.0 megaton of CO2 was injected in well CCS1 at a depth of 2,140 m over a 3-year period from 2011 to 2014 into the deepest section

of the reservoir, theMt. Simon A Lower formation (Figure 5). In phase 2, 1.7 megaton of CO2 was injected via well CCS2 into theMt. Simon An

Upper andMt. Simon B formations, during another 3-year period from 2017 to 2020. The horizontal distance between the two injectors is 1 km

(Figure 6). Extensive seismic fault reactivation was observed during phase 1, compared to limited to no fault reactivation in phase 2, based on

observations from microseismic monitoring.

This public dataset encompasses all relevant data for demonstrating the application of the probabilistic fault failure assessment, including

the structural fault-horizon framework, history-matched pore pressure distribution and geomechanical stress and rock property distributions.58

We apply the probabilistic fault failure assessment workflow and compare the results with numerical hydromechanical models developed by

Luu et al.35 for the same dataset. Fault reactivation is considered as a possible prior indicator of changes in fault leakage behavior. Forecasting

seismic event activity is not within scope of this workflow as that requires dedicated probabilistic hazard and risk (PSHRA) workflows.59,60
iScience 27, 109957, June 21, 2024 5



Figure 6. Map view of the two vertical injector wells CCS1 and CCS2, the two vertical downhole microseismic monitoring wells (marked MS), the

distribution of microseismic events with magnitudes above the minimum magnitude of completeness detected between January 2011 and July

2018 (n = 1,885) and the colored contour lines indicating the temporal evolution of the CO2 plume during the two injection phases, from 2012 to 2020
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Model input parameters

As part of the Decatur project, the Illinois State Geological Survey (ISGS) has published 3D geological, reservoir engineering, and geo-

mechanical models that have been developed using 3D seismic reflection data and well data (petrophysical logs and cores) obtained

from the four wells drilled in the storage site and regional data.58 The models were calibrated to reservoir surveillance data acquired dur-

ing injection and these models form the basis for the fault stability analysis. The original input data and details of model development are

published by the ISGS.61 A detailed description of these models is out of scope but we discuss the elements that are used in the current

study. The geological model provides the fault and horizon interpretations, as well as the distribution of reservoir thickness and throws

along the faults. The Mt. Simon storage formations are approximately horizontal (<1� dip) with no folding and no significant lateral vari-

ation in reservoir rock properties.62 In total, 28 faults have been modeled based on interpretations from 3D seismic reflection data

(Figures 7A and 7B). The maximum measured vertical throw of these faults is 18 m (Figure 7C). The faults extend from the reservoir

into the upper part of the Precambrian basement. Based on the observed microseismic activity, there are additional subseismic deforma-

tion features in the basement, which have been represented in a stochastic discrete fracture network model.61 In the absence of direct

observations of the exact location and geometries of these sub-seismic features, we focus on the 28 interpreted faults, acknowledging

that these faults do not explain all observed seismic activity.

The reservoir pore pressure spatial distribution during injection is obtained from a history-matched reservoir flow model with pressures

and saturations calibrated to available well data. Pore pressures are available at monthly time steps (Figure 8). The subsurface stress state

has been characterized in detail by Luu et al.35 based on data obtained from the monitoring and injection wells drilled during the project.

The store is in a strike-slip faulting regime with the maximum horizontal stress oriented ENE-WSW (N068) based on a synthesis of borehole

breakouts and regional data from the World Stress Map.62,63 The minimum horizontal stress is derived from stress measurements obtained

from hydraulic fracturing, overcoring and downhole borehole pressure data. Themaximum horizontal stress gradient is not measured directly

but calculated by assuming that the host rock is near critically stressed conditions. The overburden stress gradient is based on integrated

density logs from the drilled wells in the storage site area.

The main evidence for fault reactivation comes from microseismic monitoring. Seismicity was monitored through two borehole arrays in

the vicinity of the injector wells (Figure 6). Between 2011 and 2020, 5,350 events were detected with magnitudes ranging between �2.1 and

1.2, of which 1,885 are above the minimummagnitude of completenessMc = � 0:7 (Figure 9).63,64 The spatiotemporal distribution of these

events provides insights into the seismic failure behavior of faults. Most of the events were observed during the first phase of injection and
6 iScience 27, 109957, June 21, 2024



Figure 7. Top view (North is up) of the mapped reservoir faults colored by strike direction (top), dip angle (middle) and vertical throw (bottom)
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Figure 8. History-matched reservoir pore pressure distribution as a function of time during the two injectino phases

(A) Average reservoir pore pressure in kPa as a function of time calculated from the history-matched reservoir flow model.

(B) Rate of pressure change per monthly time step.
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have been located in the basement (Figure 9), and have been attributed to basement fault reactivation during phase 1 of CO2 injection, where

the CO2 was injected in the deepest section of the Mt. Simon formation, below a shale baffle. The injection-induced pore pressure increase

could not be dissipated throughout the shallower part of the Mt. Simon reservoir rock, instead increasing the pressure in the basement faults

in the absence of a bottom pressure seal between the Mt. Simon and basement formations.64

Clustering of microseismic events with a correlation of the cluster orientations with the regional maximum horizontal stress direction is

observed, indicating that seismicity is not purely pressure-driven but at least in part influenced by pre-existing structural deformation.64

The orientation of the long axis of clusters of microseismic events is predominantly NE-SW, sub-parallel to the regional orientation of the

maximumhorizontal stress. Although themapped reservoir faultsmostly continue into the basement, there is only a weak correlation between
Figure 9. Recorded microseismic activity as a function of time

(A) Frequency of located microseismic events detected per week, including only events with magnitudes larger than the minimum magnitude of completeness

(n = 1,185).

(B) Distribution of microseismic events with magnitudes above theminimummagnitude of completeness (n = 1,885) as a function of time. Symbol size scales with

event magnitude and the symbol color represents the vertical distance from the event to the top of the basement. Positive values represent events above the

basement and negative distances are events within the basement.

8 iScience 27, 109957, June 21, 2024



Table 1. Model base case and uncertainty parameters

Parameter Base value Sensitivity Comments/source

Shmin gradient 16.4 kPa/m G1 kPa/m Using depth-dependent trends (reported values are averages) from Luu et al.35

Sv gradient 24 kPa/m G0.3 kPa/m Using depth-dependent trends (reported values are averages) from Luu et al.35

SHmax gradient 29 kPa/m G1 kPa/m Using depth-dependent trends (reported values are averages) from Luu et al.35

Virgin pore pressure 10.15 kPa/m G0.2 kPa/m Using depth-dependent trends (reported values are averages) from Luu et al.35

SHmax azimuth N068� G5� Regional stress/frac data

Fault strike Calculated per node G20� Interpreted surfaces

Fault dip angle Calculated per node G10� Interpreted surfaces

Fault friction angle 35� G10� Based on assumption that faults are close to critically stressed prior to injection.

Fault throw Calculated per node G5 m Exported from Petrel model, sensitivity based on standard deviation

Reservoir thickness Calculated per node G10 m Calculated from Mt Simon A – Lower to Argenta, sensitivity

based on thickness standard deviation

Seal thickness 10 m G5 m Mudstone baffle above Mount Simon A - lower
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the spatial distribution of microseismic events and the mapped faults. The remaining microseismic events are likely associated with sub-

seismic faults or fracture networks that cannot be interpreted from seismic in part because the interpretation is more challenging in the meta-

morphic rocks of the Precambrian basement.64 The presence of fractures in the basement is confirmed from image logs,64 but due to the

uncertainties in the exact distribution and geometry of these features, only the interpreted faults are included in the fault stress models.

The resulting models do not explain all observed seismicity due to the omission of sub-seismic features, but focus on capturing the seismicity

around the mapped faults.

The in-situ pre-injection fault friction coefficient cannot be measured directly but is instead inferred from the regional stress state and

the observed fault reactivation behavior. The pre-injection microseismic monitoring baseline shows no significant activity on the mapped

faults, but faults are reactivated throughout the storage site following a relatively minor pressure increase during injection. These obser-

vations indicate that pre-injection, the faults are close to critically stressed. Using Equation 1 with the measured regional stress state and

pore pressure, a fault friction angle of 35� best fits these observations. For this friction angle value, faults prior to injection are stable and

become partly unstable during injection. However, a wide uncertainty range is considered for this parameter in the absence of direct

measurements.

Using the fault stress assessment workflowwith the abovementioned geometrical, rock mechanical, and stress state parameters we assess

the likelihood of failure for both reservoir and basement segments of the mapped seismic faults during the two injection phases. The refer-

ence case model is based on the fault geometries as interpreted from seismic reflection data, combined with the history-matched pore pres-

sure model and stress gradients and mechanical rock properties per formation as derived by Luu et al.35 For the Monte Carlo uncertainty

analysis, sensitivity ranges for all input parameters are defined based on scatter observed in the data (Table 1). For the stress gradients

and orientation of the maximum horizontal stress component, uncertainty ranges are defined that include all observed stress measurements

in the region.62 A sensitivity range ofG10� is considered for the fault friction angle based on publishedmeasured values from a wide range of

rock types. To account for subseismic faults with varying orientations, a scatter ofG20� is included for fault strike andG10� for fault dip. The
uncertainty range for fault throw is two standard deviations calculated from the observed throw distribution (G5 m). The same approach is

used to define uncertainty ranges for reservoir (G10 m) and seal (G5 m) thicknesses.

During phase 1, pressure communication is allowed between the reservoir and the basement fault segments. The pressure distribution in

the basement is not included in the history-matched flow model, instead the reservoir pore pressure distribution is vertically projected onto

the basement faults. During phase 2, pore pressure changes are restricted to the reservoir interval only as injection is occurring above the

shale baffle that forms a pressure barrier between the injection interval and the lowest part of the Mt. Simon formation and underlying base-

ment (Figure 10).
RESULTS

Pre-injection stress state

The P50 Coulomb stress state prior to injection is negative and close to 0, governed by the choice for the average fault friction angle (Fig-

ure 11). The stress distribution for all fault nodes for all probabilistic realizations (n= 1,000) prior to injection considering the uncertainty ranges

defined in Table 1 shows however a wider range (Figure 12). The long tail of negative stress values is related to subvertical NNW-SSE striking

fault segments which strike normal to the regional maximum horizontal stress direction resulting in high normal and low shear stresses (Fig-

ure 13). Faults striking parallel to the regional maximum horizontal stress direction also have a low Coulomb stress whereas faults striking at a

small angle (5–35�) relative to the maximum horizontal stress direction have the relative highest Coulomb stress, resulting from large shear

stresses. In the strike-slip stress regime, the Coulomb stress increases with increasing fault dip angle. Although the average Coulomb stress
iScience 27, 109957, June 21, 2024 9



Figure 10. Schematic cross-sections of the two fault stress models considered during the two phases of CO2 injection (not to scale)
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per realization, averaged for all fault nodes, is negative inmore than 90%of the realizations, themaximumCoulomb stress on individual nodes

observed within each realization can be up to 10 MPa higher (Figure 14).

Injection-induced stress changes

The along-fault failure probability during the two injection phases is calculated given the same uncertainty ranges as used for the Coulomb

prestress calculation (Table 1) and the spatially distributed history-matched pore pressure distribution at eachmonthly timestep. The absolute

reservoir pressure prior to the start of both injection phases is approximately equal but the rate of change is higher at the onset of phase 2

compared to phase 1 (Figure 8B). The extent of the failed fault segments is calculated along each subvertical fault pillar and summed to obtain

the failure extent for all faults for each realization (Figure 15). During both injection phases, the failure extent is highest at the onset of injection,

corresponding to the largest increase in the rate of pore pressure change, and then decreases within the first six months. The initial increase in

failure extent at the onset of injection is of comparablemagnitude in both injection phases, but during continued injection the failure extent is

higher in phase 1 compared to phase 2, when observing the 95% confidence interval of the simulations.

Within the explored uncertainty range for themodel input parameters, there are scenarios that lead to failure and scenarios with no failure.

Only during the first month of injection in both phases, non-zero failure is observed in 95% of the scenarios. The fault segments with the high-

est normalized failure extent are mostly striking sub-parallel to the regional maximum horizontal shortening direction (Figure 16). The orien-

tation distribution of the failure extent is qualitatively comparable to the distribution of Coulombprestress (compare Figure 13 with Figure 16).

This direction is consistent with the NE-SW oriented clusters of microseismic events observed in the basement (Figure 17). Focusing on the

first year of injection of phase 1, which corresponds with the period when the largest amount of seismicity was observed, the fault segments

with the highest failure risk are those located close to the CCS1 injector well, where the pressure increase is highest, striking in an NE-SW

direction. There is a partial overlap between these fault segments and the locations of the clusters of microseismic events. The events further

away from faults are associated with subseismic fractures that were not included in the models due to lack of data.

DISCUSSION AND LIMITATIONS

Differences in normalized vertical failure extent between the two CO2 injection phases are small but the modeled probability of failure during

phase 1 is higher than during phase 2, even though the absolute and relative temporal pore pressure changes in phase 2 are larger compared

to phase 1 (Figure 15). The higher probability of failure during phase 1 compared to phase 2 is not explained by the Coulomb prestress or the

pore pressure change, but by a difference in the fault throw-reservoir thickness ratio between the two phases. In phase 1, pore pressure

changes are limited to fault segments in theMt. Simon A Lower formation and the upper part of the basement whereas in phase 2, pore pres-

sure changes are confined to the entireMt. Simon interval exceptMt. Simon A Lower, which is significantly thicker. The resulting larger throw-

thickness ratio in phase 1 relative to phase 2 contributes to a larger vertical failure extent under equal pore pressure changes as the pressure

change threshold for failure decreases with increasing throw-thickness ratio.

Luu et al.35 introduced vertical faults in the basement aligned with the spatial distribution of microseismic into their hydromechanical

models of the Decatur site tomodel seismic fault reactivation during from the onset of the first injection phase into the first year of the second

injection phase (November 2011 to April 2018). Thesemodels are based on the actual injection rates for wells CCS1 andCCS2, combinedwith

a hydromechanical reservoir model to simulate spatiotemporal fluid flow and pressure changes in the reservoir and basement. The normal-

ized fault failure extent calculation does not provide any assessment of seismicity, but in terms of failure probability changes between phase 1

and phase 2 the trend of a decrease in normalized vertical failure extent during phase 2 is consistent with the numerical model stress change

results from Luu et al.35
10 iScience 27, 109957, June 21, 2024



Figure 11. P50 distribution of Coulomb prestress per fault node
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The mechanical fault failure analysis yields a relative ranking of differences in mechanical fault stability across faults in one or more pro-

spective CO2 storage sites, without the need for numerical 3-D finite element models. This screening is based on the failure likelihood of fault

segments as a potential indicator of fault integrity risks but does not directly address the risk of microseismic events or leakage paths along

faults. Leakage risks can be more comprehensively assessed by integrating this mechanical analysis with the geological, geometric and dy-

namic pillars for fault integrity. The Four Pillars for fault integrity were initially developed as a framework for identifying and mitigating fault

integrity issues during drilling.34 These same pillars can be used to assess and rank integrity risks across faults in geoenergy applications in the

broader sense, including in CO2 sequestration projects. A few key differences between the applications for drilling versus the updated frame-

work for injection and storage include.

(1) Geometric de-risking: Instead of focusing on the intersection between wellbore and fault zone, the distance from injection points to

faults should be considered.

(2) In case of wells drilled through faults, fault flow potential can be measured directly but fault-well intersections are typically avoided in

CO2 storage projects. Elements from the other three pillars can however be integrated to estimate the fault leakage potential, using

core data and outcrop analogues.15

(3) The impact of the poroelastic effect and the dynamic flow injection behavior should be taken into consideration. We extend the orig-

inal mechanical pillar to include a probabilistic Coulomb stress assessment as a function of for pore pressure variations and the fault

geometry, including offset, which can introduce an additional destabilizing effect.55
Figure 12. Full distribution of Coulomb prestress in a box-and-whisker plot for all 6,883 fault nodes, per fault, for all 1,000 realizations

The y axis lists the different faults.
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Figure 13. P50 Coulomb prestress distribution as a function of orientation for each individual fault node in the network (n = 6,883)
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We recognize that geomechanical models may suggest faults can fail due to a prescribed stress condition,65 but the static architecture of

the fault damage zone and how fluid interact with the fault zone dynamically should not be overlooked during risk assessments.66–69 A fault

seal analysis without mechanical or dynamic evaluation can also mischaracterize the potential leakage threats from a fault. For instance, will a

fault that acts as an across-fault flow barrier due to a high shear gauge ratio become prone to slippage because of pressure changes and

create a new fault-parallel out-of-zone leak path? Different fluids may also affect fault seal potential in different ways, which has been studied

to some extent for CO2, indicating potentially different column height constraints for CO2 compared tomethane,70,71 andmay also play a role

in storage of hydrogen.9,72 The impact of subsurface operations on fault flow behavior is the ultimate question that the integrated Four Pillars

framework aims to address.

Conclusions

The use of the subsurface for geoenergy applications, ranging from the exploration and development of hydrocarbon and geothermal sour-

ces to seasonal storage of hydrogen and permanent sequestration of CO2 in depleted hydrocarbon fields or aquifers induces pore pressure

changes which can lead to changes in the Coulomb stress along geological faults. Changes in the fault stress state could under certain con-

ditions lead to mechanical fault failure, with possible consequences to the seismic susceptibility and leak potential of faults. Chan et al.34

developed the Four Pillars workflow to identify leakage risks associated with drilling through faults. These Four Pillars capture the geological,

geometric, mechanical and dynamic behavior of faults. We apply this workflow to assess fault integrity for CO2 storage, extending the me-

chanical pillar to consider pore pressure changes in a storage reservoir with faults through a probabilistic analytical frictional fault stability

framework for 3D fault geometries based on Coulomb Failure Stress. The resulting failure extent is used to assess the frictional fault stability

throughout the storage site and storage life cycle. The workflow is fully probabilistic to allow for a robust uncertainty analysis of the impact of

often poorly constrained reservoir and fault properties. The calculations can be applied directly on structural interpretations of faults with no

need of time-intensive meshing or computationally expensive numerical models, as a first screening step for the assessment of integrity risks

associated with the mechanical stability of faults in CCS projects.
Figure 14. Average (left) and maximum Coulomb prestress based on all nodes in the fault network per realization (n = 1,000)
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Figure 15. Along-fault vertical failure extent, normalized given the primary seal thickness, for eachmonthly pressure time step during phase 1 (left) and

phase 2 (right) injection (n = 500)

The average failure extent is indicated by the blue curve, the light blue bands indicate the 95% confidence interval.
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The mechanical integrity assessment is showcased using the Decatur Illinois CCS project. Model results show a high likelihood for fault

failure during injection, with a higher failure probability during phase 1 relative to phase 2, even though injection pressures and rates

were higher during phase 2. The higher fault throw to reservoir thickness ratio in the interval that is experiencing pressure changes during

phase 1 relative to phase 2 is identified as the main reason for the difference in fault failure likelihood between the two injection phases.

The difference in failure likelihood is consistent with hydromechanical numerical models developed using the same dataset,35 although there

is no direct measurement of the total amount of aseismic and seismic failure in the Decatur project to which the model results could be

compared.

The extendedmechanical analysis forms the third pillar of the Four Pillars developedby Chan et al.,34 applied to CO2 storage, providing an

indication of fault integrity risks based on the fault stress state, but without providing a direct leakage assessment. The Fourth Pillar by Chan

et al.34 describes the dynamic properties based on data from wells intersecting faults. However, wells in subsurface storage projects are

generally drilled away from faults, requiring the use of analogue data to quantify the fault leakage risk. The dynamic fault characterization

workflow based on lab and outcrop data developed by Snippe et al.15 can be used in combination with the mechanical workflow in this study

to form an updated Four Pillars approach toward derisking faults in CO2 storage projects.
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Figure 17. 3-D view of the P50 model Coulomb stress change results after one year of injection during phase 1 compared to the distribution of

microseismic events observed during the same period (points colored by magnitude, darker colors indicating smaller magnitude events)
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Illinois Basin - Decatur Project Dataset CO2 DataShare - https://co2datashare.org/

dataset/illinois-basin-decatur-project-dataset

https://doi.org/10.11582/2022.00017

Software and algorithms

Insights From Closed-Form Expressions for

Injection- and Production-Induced Stresses

in Displaced Faults (JGR Solid Earth Research Article)

Matlab code - https://doi.org/10.4121/uuid:

d8ca79ae-17fb-4c60-b86b-08c495b2722f

https://doi.org/10.4121/uuid:d8ca79ae-

17fb-4c60-b86b-08c495b2722f
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Kevin Bisdom (kevin.bisdom@

shell.com).
Materials availability

This study did not generate any new materials.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Coulomb failure stress analysis

The main method used in this manuscript is the semianalytical Coulomb Failure Stress analysis applied to the digital dataset of the Illinois

Basin – Decatur Project. The method is applied to the full deterministic dataset.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using standard Monte Carlo analysis. The sample size for all datasets is included in the figures and figure

captions. The random seeds used for the probabilistic analyses are stored as part of the results datasets.
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