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ABSTRACT

The safe and permanent geological storage of carbon dioxide (CO:) in deep carbonate-bearing sandstone
formations requires a rigorous understanding of the coupled geomechanical and geochemical responses of the
host reservoir to sustained fluid injection. Fluid injection simultaneously raises pore pressure, reduces effective
stress on pre-existing faults, triggers carbonate mineral dissolution under acidic CO:-saturated brine, and
drives heterogeneous permeability evolution, a set of interdependent processes whose combined effect on
reservoir integrity, cap-rock seal security, and induced seismicity risk is not adequately captured by existing
single-process risk assessment frameworks. This comprehensive review synthesizes 96 peer-reviewed studies
published between 1980 and 2024 to characterize the mechanistic basis and field-scale consequences of these
coupled responses in carbonate-bearing sandstones. We examine: (i) the theoretical framework linking pore
pressure increase, Biot effective stress reduction, and Coulomb failure on critically stressed faults; (i1) the
geochemistry of carbonate dissolution under CO:-acidified brine, including reaction kinetics, dissolution
regimes, and their dependence on mineralogical composition; (iii) the coupled evolution of permeability
anisotropy under combined mechanical and chemical loading; (iv) the mechanisms of cap-rock integrity failure
including hydraulic fracturing, fault reactivation, capillary leakage, and wellbore cement degradation; (v)
quantitative evidence from active geological carbon storage (GCS) sites including Sleipner, In Salah, Decatur,
and Otway; and (vi) the limitations of current continuum-scale risk assessment practice. We identify four
critical gaps in the literature and propose a six-phase integrated geomechanical-geochemical risk assessment
framework for GCS operations in carbonate-bearing formations. The framework directly addresses the
systematic underestimation of geomechanical instability risk arising from the failure to couple dissolution-
driven permeability evolution with mechanical stability analysis in current engineering practice.

Keywords: Geological carbon storage, Carbonate dissolution, Fault reactivation and induced seismicity, Cap-
rock integrity, Permeability evolution and effective stress

Table G1. Glossary of abbreviations and technical terms used throughout this review.

Term Definition
GCS Geological Carbon Storage
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CFS / ACFS Coulomb failure stress / change in Coulomb failure stress

MAP Maximum allowable (injection) pressure

TLP Traffic light protocol (seismicity-based injection management)

a (Biot—Willis coefficient) Poroelastic coupling coefficient linking pore pressure to effective stress
Wormholing Localized, channelized dissolution pathway that produces highly anisotropic

permeability enhancement

Pe (capillary entry pressure) | Threshold pressure at which a non-wetting fluid (CO:) can invade a water-wet,
fine-pored cap-rock

Reactive surface area (As) Mineral surface area actually exposed to and participating in dissolution
reactions
Rate-and-state friction Friction framework describing whether a stressed fault slips seismically or creeps
aseismically
INTRODUCTION

Geological carbon storage (GCS) in deep saline aquifers and carbonate-bearing sandstone formations is a
cornerstone technology in the portfolio of strategies required to meet the climate targets of the Paris
Agreement. The Intergovernmental Panel on Climate Change projects that carbon capture, utilization, and
storage must contribute approximately 15% of cumulative global CO. abatement by 2050 under a 1.5°C
warming pathway, translating to a required storage capacity of several thousand gigatons of CO: by mid-
century [1,2]. Against this scale imperative, the safe, permanent, and verifiable containment of injected CO- in
the subsurface is the fundamental engineering and scientific challenge of the discipline.

The geological integrity of a GCS operation depends on the interplay of two classes of subsurface processes
that have traditionally been studied in isolation. The first is geomechanical: sustained CO: injection raises pore
pressure in the reservoir, reduces the effective confining stress on the host rock and on pre-existing faults, and
can drive the reservoir and its surrounding formations toward mechanical failure [3,4]. The second is
geochemical: CO: dissolves in formation water to produce carbonic acid, which acidifies the brine and
dissolves reactive carbonate minerals in the reservoir sandstone, progressively restructuring the pore geometry
and altering both the transport properties and the mechanical stiffness of the rock [5,6]. In carbonate-bearing
sandstones, these two classes of processes are intimately coupled: dissolution weakens the grain framework
(amplifying mechanical response to pressure changes), while altered permeability changes the spatial
distribution of injection-induced pressure (modifying effective stress on faults) [7,8]. The coupling operates
simultaneously and on overlapping timescales, from hours (seismicity, pressure equilibration) to decades
(dissolution extent, permeability evolution) to centuries (mineral trapping).

Despite the critical importance of this coupling, current GCS risk assessment practice is predominantly a single
process. Reservoir simulators compute the pressure-driven CO: plume without mechanical coupling;
geomechanical models compute fault stability assuming fixed permeability; geochemical models compute
mineral dissolution without accounting for the stress-dependent permeability changes that in turn control the
reactive fluid supply [9,10,93]. Each simplification is justified individually as conservative or negligible for a
specific purpose. Still, together they accumulate into a systematic underestimation of instability risk, most
severely in reservoirs where carbonate content is high enough for dissolution to be mechanically significant on
the injection operational timescale [11,12].

Carbonate-bearing sandstones occupy a disproportionately important position in this challenge because they
are among the most widespread and commercially attractive GCS target formations globally. The Mt. Simon
Sandstone (Illinois Basin, USA), the Utsira Sand (North Sea), the Krechba Formation (In Salah, Algeria), and
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numerous formations in the Northwest Shelf of Australia all contain calcite or dolomite as intergranular
cement or as detrital carbonate grains [13,14]. These formations also host the largest-scale current injection
operations: Sleipner has injected approximately 1 million tons per annum (Mtpa) of CO: since 1996; In Salah
injected approximately 0.5 Mtpa before suspension following detection of surface deformation attributed to
fault reactivation; Decatur has injected 1 Mtpa into the Mt. Simon Sandstone [15,16,17]. The diversity of
outcomes across these sites, from stable storage at Sleipner to fault reactivation concerns at In Salah, reflects
the inadequacy of site-generic risk assessment and the need for site-specific, coupled geomechanical-
geochemical analysis.

This review addresses the coupled geomechanical and geochemical response of carbonate-bearing sandstones
to CO: injection through a systematic synthesis of 96 peer-reviewed studies. The review is organized around
four questions: (i) What are the mechanistic links between CO: injection, pore pressure increase, effective
stress reduction, and fault reactivation in carbonate-bearing reservoirs? (ii)) How does carbonate dissolution
modify reservoir mechanical properties, permeability anisotropy, and fault stability under injection conditions?
(ii1)) What does the record of active GCS sites reveal about the consequences of these coupled processes in
practice? (iv) What improvements to risk assessment frameworks are required to represent these couplings
adequately?

The paper is structured as follows. Section 2 describes the review methodology. Section 3 establishes the
theoretical foundations of poroelastic effective stress and fault mechanics. Section 4 reviews carbonate
geochemistry and dissolution-driven mechanical changes. Section 5 examines permeability evolution under
coupled dissolution and mechanical loading. Section 6 addresses cap-rock integrity and wellbore failure
mechanisms. Section 7 reviews induced seismicity in GCS contexts. Section 8 synthesizes evidence from
major active GCS sites. Section 9 identifies critical gaps and proposes an integrated risk framework. Section
10 concludes.

REVIEW METHODOLOGY

Search strategy

A systematic literature search was conducted in Scopus, Web of Science, ScienceDirect, and Google Scholar
using combinations of primary search terms (‘geological carbon storage’, ‘CO: sequestration’, ‘CO: injection’)
with secondary terms (‘geomechanics’, ‘effective stress’, ‘fault reactivation’, ‘cap-rock integrity’, ‘carbonate
dissolution’, ‘permeability evolution’, ‘induced seismicity’, ‘wellbore integrity’). Snowball expansion was
applied to the reference lists of five foundational review articles and the reference sections of the In Salah and
Sleipner operational reports. The synthesis pool comprises 96 peer-reviewed primary and review articles
spanning 1980-2024.

Inclusion/exclusion criteria

Inclusion required: peer-reviewed publication in a recognized journal; quantitative analysis of at least one of:
pore pressure, effective stress, permeability, dissolution extent, seismicity, or cap-rock breach; direct relevance
to GCS or analogous CO:z-rich geological fluid injection. Studies restricted to hydrocarbon production without
COq-specific chemistry and studies on pure carbonates without sandstone context were excluded unless they
provided direct mechanistic insight transferable to carbonate-bearing sandstones. Conference abstracts without
quantitative results were excluded.

Quality assessment

Review-type entries were assessed against a SANRA-adapted rubric [18] scoring objective clarity, search
transparency, reference appropriateness, scientific reasoning quality, and conclusion validity. Primary research
entries required: stated reservoir or formation context; quantitative property measurements or simulations;
explicit statement of boundary conditions or experimental conditions; and validation or comparison against
field data or laboratory measurements. Studies failing two or more criteria were excluded from quantitative
synthesis but retained as contextual references.
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Theoretical Foundations: Poroelastic Effective Stress and Fault Mechanics
Biot poroelastic effective stress

The effective stress principle is the foundational framework governing the mechanical response of a fluid-
saturated porous rock to changes in pore pressure. Terzaghi’s original formulation for saturated soils [19]
expresses the effective stress tensor ¢’ as:

0'lj = oij = 0ij Bf (1)

where oij is the total stress tensor, dij is the Kronecker delta, and Pf is the fluid pore pressure. Biot’s extension
to compressible porous elastic solids [20] introduces the Biot—Willis poroelastic coefficient o

o’ij =oij —ooij Pf (2)

where o = 1 — Kdry/Kgrain, Kdry is the drained bulk modulus of the rock frame, and Kgrain is the intrinsic
grain modulus [21]. For well-cemented quartz-dominated sandstones, a lies between 0.3 and 0.5. For
carbonate-cemented sandstones in which carbonate dissolution has progressively removed grain-contact
cement, Kdry falls and a approaches unity. This systematic increase in o under dissolution means that a given
injection overpressure produces a proportionally larger effective stress reduction as dissolution proceeds,
coupled with positive feedback absent from risk assessment frameworks that treat o as a time-invariant
constant [22]. As illustrated schematically in Figure 1, processes 1-5 are simultaneously active throughout the
injection period.

The hydraulic diffusivity D = k/(uSs) governs how rapidly the injection-induced pressure perturbation
propagates through the reservoir, where k is permeability, p is fluid viscosity, and Ss is the specific storage.
Because dissolution increases k (see Section 5), it accelerates pressure diffusion and extends the effective-
stress reduction zone faster than predicted from initial reservoir properties [23,24].

Coulomb failure stress and fault reactivation

A pre-existing fault slips when the shear stress acting on the fault plane exceeds the Coulomb shear strength.
Fault slip is triggered when the Coulomb failure stress, CFS = t — pufe’n — ¢, becomes positive, where ¢ is
cohesion and pf is the coefficient of friction (typically 0.6-0.85 for most rock types, following Byerlee’s law
[25]). The injection-induced pressure perturbation APf reduces the effective normal stress on the fault by
ufAPf, advancing the stress state toward the failure envelope, as shown in Figure 2(a). Ellsworth [3]
documents that effective-stress reductions of as little as 0.1-1.0 MPa on critically stressed faults have been
sufficient to trigger detectable seismicity in wastewater injection cases. Figure 2(b) quantifies the change in
Coulomb failure stress (ACFS) for representative injection scenarios, showing that dissolution-coupled
scenarios reach the seismicity threshold at injection pressures that would be considered safe in a non-reactive
reservoir.

Vilarrasa and Carrera [27] argue that GCS-specific injection pressures, if maintained below the minimum
horizontal stress ch,min, are unlikely to trigger large earthquakes, but acknowledge that pressure diffusion on
decadal timescales can reach faults far from the injection well. The key parameter is the critically stressed
fault’s initial proximity to the Coulomb failure envelope, which is site-specific and cannot be assessed without
adequate in-situ stress characterisation [28].

Stress-dependent permeability

Permeability in sandstone is a function of effective stress because increasing effective stress closes narrow
pore throats and grain-boundary micro-cracks, reducing the available flow cross-section. The relationship is
commonly expressed as an exponential decay [29,30]:

k(o’) =koexp(—y (6’ —c’0) (3)
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where ko is the permeability at reference effective stress 6’0, and v is the stress sensitivity coefficient (typically
0.03-0.15 MPa! for sandstones). In carbonate-bearing sandstones, dissolution additionally widens pore throats
at constant effective stress, producing permeability increases that operate on a different mechanism and
timescale than the stress-driven component [31]. Figure 3 illustrates both (a) the stress-dependent permeability
curves for intact and post-dissolution sandstones and (b) the departure of dissolution-driven permeability
increases from Kozeny—Carman predictions. Permeability is, in general, a second-rank tensor whose
anisotropy ratio k max/k min can reach 3—6:1 under extensive dissolution [34]. This anisotropy steers the
injection-induced pressure front preferentially toward specific fault orientations, with direct implications for

seismicity risk.

Table 1. Summary of coupled geomechanical and geochemical processes in carbonate-bearing sandstones
under CO: injection: mechanism, key equations, controlling parameters, and consequences for GCS risk

assessment.

Process

Mechanism

Key equation /
parameter

Controlling
factors

GCS risk consequence

Pore pressure

Injection raises Pf

APf = Pinject —

Injection rate Q;

Reduces o’ on all faults within

increase above hydrostatic; | Phydrostatic permeability  k; | pressure front; speed increases
diffuses outward at storage Ss with dissolution
rate D = k/(uSs)
Effective Rising Pf reduces | 6’ =6 — a Pf; a | Biot-Willis 50-70% larger o’ reduction for
stress effective confining | > 1  under | coefficient a; | dissolved vs intact rock at same
reduction stress by  Biot | dissolution increases ~0.4 to | APf
factor a ~0.8 under
dissolution
Fault Reduced o’ | ACFS = At — | Fault orientation; | Induced seismicity risk;
reactivation advances Mohr | pAc’n >0 uf; initial | dissolution accelerates timeline by
circle toward proximity to | 30—45% (Section 5.3)
failure  envelope failure envelope
(Figure 2)
Carbonate CO:-acidified brine | R = kdiss - As - | pH; carbonate | Reduces UCS by 20-55%; raises o
dissolution dissolves (aH+)*n - (1 — | content; by 0.2-0.4; weakens cap-rock seal
calcite/dolomite at | Q) temperature;
grain contacts reactive  surface
area As
Permeability | Dissolution widens | k(c’) = ko | Dissolution Misdirects pressure front toward
evolution throats;  develops | exp(—yc’); k | extent; flow | faults not identified in isotropic
anisotropic anisotropy ratio | direction; spatial | models (Decatur case, Section 8.3)
channels; stress- | 3-6:1 correlation of
dependent closure carbonate
(Figure 3)

Cap-rock Hydraulic fracture, | Pf > ch,min + | Minimum CO: migration to shallower
failure fault reactivation, | To (fracture); Pf | horizontal stress; | formations;  surface  leakage;
capillary leakage, | > Pe (capillary) | tensile strength; | regulatory violation

or wellbore cement cap-rock pore
degradation (Figure size
5)
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Figure 1. Coupled geomechanical and geochemical processes during CO: injection in deep saline aquifers.
Cross-sectional schematic (left) shows the injection well, CO: plume, pre-existing fault, and pressure diffusion
front within the layered stratigraphy from surface to basement (~2500 m depth). Process panel (right)
summarizes the five simultaneously active processes: (1) pore pressure increase, (2) effective stress reduction,
(3) carbonate dissolution, (4) permeability evolution, and (5) geomechanical instability, with their governing
equations and a coupled feedback loop. Monitoring strategy and CO: trapping mechanisms are also shown.
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Carbonate Geochemistry and Dissolution-Driven Mechanical Changes
CO:-brine-rock reaction chemistry

When supercritical COs: is injected into a saline aquifer, it partitions between the free-phase CO: plume and the
aqueous phase. CO: dissolved in formation water produces carbonic acid (H.COs), which dissociates in two
steps to bicarbonate (HCOs") and carbonate (COs?") ions, lowering the pH of the formation brine to values in
the range 3—5 under the partial pressures characteristic of GCS injection (10-30 MPa) [5,35]. At these pH
values, calcite dissolves by the reaction:

(4)

and dolomite dissolves by the analogous reaction:

CaCOs; + H"— Ca’ + HCOs

CaMg(COs); + 2H* — Ca? + Mg?* + 2HCOs~  (5)

The rate law for calcite dissolution under far-from-equilibrium acidic conditions follows [36,37]:

(6)

where Rdiss is the dissolution rate (mol m™2 s™'), kdiss is the temperature-dependent rate constant (~10~* mol
m2 s at 25°C), As is the specific reactive surface area (m? mol '), aH+ is the hydrogen ion activity, n is the
reaction order (~1 at pH 3-5), and Q is the saturation ratio. Dolomite dissolves approximately one order of
magnitude more slowly than calcite under the same conditions [38]. This kinetic contrast is significant in
sandstones containing mixed calcite—dolomite cement: early-stage dissolution preferentially removes calcite,
creating a modified pore structure and altered mechanical state before dolomite dissolution becomes
significant.

Rdiss = kdiss - As - (aH+)"n - (1 — Q)

The reactive surface area As is the actual area of carbonate mineral exposed to the acidic brine and depends
strongly on the spatial distribution of carbonate within the pore space. In carbonate-bearing sandstones,
carbonate cement is commonly concentrated at grain contacts and pore-throat constrictions [39,40], so
dissolution first attacks the most mechanically critical locations: the grain bridges that support the load-bearing
framework. This grain-contact dissolution is the primary mechanism by which geochemical alteration
translates into the geomechanical weakening described in Section 3.1 and illustrated schematically in Figure 1.
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Dissolution regimes and spatial patterns

The spatial pattern of dissolution within a reservoir depends on the competition between advective fluid
transport and mineral reaction rate, characterized by the dimensionless Péclet number Pe = ul/D and
Damkdhler number Da = kdiss L/D [33,41]. Three dissolution regimes are recognized: compact front (high Da,
low Pe), wormholing (intermediate Pe and Da), and uniform dissolution (low Da, high Pe). The wormholing
regime is the most geomechanically consequential because it produces strongly anisotropic permeability
enhancement and concentrated mechanical weakening along specific orientations [42,43]. Experimental core-
flooding studies demonstrate that wormhole formation at injection-relevant Péclet numbers can increase axial
permeability by factors of 10—100 while leaving transverse permeability nearly unchanged, creating anisotropy
ratios far exceeding those of intact rock [31,34].

Consequences for rock mechanical properties

Carbonate dissolution has quantifiable consequences for the mechanical stiffness and strength of the host
sandstone. Bemer et al. [11] demonstrated through systematic laboratory testing that progressive calcite
dissolution reduces the unconfined compressive strength (UCS) by 20-55% at dissolution extents of 5—15%
porosity increase, depending on the initial cementation texture. Young’s modulus and bulk modulus show
analogous reductions. Ghabezloo et al. [22] documented that the Biot—Willis coefficient o increases from
0.35-0.45 (intact) to 0.65-0.85 (post-dissolution) for calcite-cemented sandstones with an initial carbonate
content of 15-25%. This increase in a is the mechanical amplifier that translates geochemical alteration into
enhanced geomechanical susceptibility: a reservoir rock that develops o = 0.75 under dissolution responds to a
given injection overpressure APf with an effective stress reduction that is 50-70% larger than that of the same
rock with its initial o = 0.45.

(a) (b)  coulomb Failure Stress Change (ACFS)
Mohr-Coulomb Fault Reactivation Analysis under CO; Injection

124

ACFS = 8.1 MPa
(=25% locrease)
e g
T 8- — 6
o
= [
- = Ervpiricad Selermcilty
- N Theesdols (4.0 MPa)
- w ‘- .........
2 S
£ 4 Q
? 24 ACTS = 1.EMPs
b / f )
=
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(] --- 0-
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Figure 2. Mohr—Coulomb fault reactivation analysis under CO: injection. (a) Mohr circle diagram showing
initial stress state (blue semi-circle), progressive shift under injection overpressure (orange dashed), and
critical failure state (red), with the Coulomb failure envelope (red line). The failure point marks the condition
at which ACFS = 0 and fault slip initiates. (b) Coulomb failure stress change (ACFS in MPa) for five injection
scenarios: overpressure alone (5, 10, 15 MPa), overpressure plus concurrent carbonate dissolution, and
dissolution at zero overpressure. The horizontal dashed line marks the empirical seismicity threshold of 4.0
MPa. Dissolution increases ACFS by approximately 25% relative to the same overpressure without dissolution
and contributes 1.8 MPa of ACFS even at zero injection overpressure.

Permeability Evolution Under Coupled Mechanical and Chemical Loading
Stress-dependent permeability: experimental evidence

Laboratory measurements of stress-dependent permeability in carbonate-bearing sandstones consistently
demonstrate exponential decay of permeability with increasing effective confining stress, with stress
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sensitivity coefficients y in the range 0.03-0.15 MPa™ [29,30,44]. Carbonate-cemented sandstones are
generally more stress-sensitive than quartz-cemented equivalents because carbonate cement is more
compressible (Kcarbonate = 70-76 GPa compared to Kquartz = 37 GPa), meaning that grain contacts
supported by carbonate cement close more readily under increasing stress. The stress-path dependence of
permeability is particularly important for GCS applications: during primary injection (rising Pf, decreasing ¢’),
permeability increases along the loading path, but the permeability recovery on the unloading path is
substantially less, a hysteresis attributable to irreversible closure of grain-boundary micro-cracks [45,46]. This
means that cyclic injection (injection-rest-injection sequences in operational practice) produces ratcheting of
the permeability state that is not captured by purely elastic effective-medium models.

Dissolution-induced permeability enhancement: laboratory evidence

Core-flooding experiments provide direct evidence of the rate and spatial pattern of dissolution-induced
permeability change. Luquot and Gouze [31] measured continuous permeability during acidic brine injection
through calcite-cemented sandstone, observing permeability increases of 200—-1500% over 5-15% porosity
gain, following a power-law k—¢ relationship with exponents of 5-10, substantially larger than the exponent of
3 predicted by Kozeny—Carman, as illustrated in Figure 3(b). The permeability increase was strongly
anisotropic: axial permeability (parallel to flow) increased 3—6 times faster than radial permeability
(perpendicular to flow), establishing an anisotropy ratio of 2—5 at moderate dissolution extents. Menke et al.
[47] extended these observations using synchrotron micro-CT imaging during reactive flow at reservoir
conditions, demonstrating that dissolution-induced permeability anisotropy develops before any measurable
bulk porosity change.

Implications of permeability anisotropy for pressure diffusion

The directional preferential permeability that develops under dissolution fundamentally alters the pattern of
pressure diffusion from the injection well. In an isotropic reservoir, the pressure front propagates as an
ellipsoid reflecting the initial permeability anisotropy. In a reservoir with dissolution-induced anisotropy, the
pressure front propagates preferentially along the high-permeability wormhole direction, reaching faults
oriented in that direction substantially earlier than predicted from the initial isotropic permeability [48,49].
Sundal et al. [50] quantified this effect using reservoir simulations of the Johansen formation: accounting for
dissolution-induced anisotropy reduced the predicted time to fault reactivation on a critical fault by 30—45%
compared to the isotropic permeability simulation. Reservoir simulators that represent permeability as an
isotropic scalar systematically overestimate the time available for safe injection in this scenario [50,51]. This
finding directly informs the risk framework proposed in Section 9.2.

100 10000
~&—Intact Sandstone =& 0Observed Data
-~ Post-Dissolution — Kozeny-Carman Prediction
1000 Anisotropy Effect
a 104 permeability 5
£ enhancementafter | 'S Dissolution-induced
-, dissolution. = permeability 4
2 2 100 enhancement.
% 1 T 3
© ©
g ‘E’ 10
o o
01 t
1
0.01 + + - - 0.1+ - - -
0 10 20 30 40 50 10 15 20 25 30
Effective Stress (MPa) Porosity (%)

Figure 3. Permeability evolution under coupled mechanical and chemical loading: (a) stress-dependent
permeability curves for intact and post-dissolution carbonate-bearing sandstones; (b) k—¢ relationships
showing dissolution path (n>3) departing substantially above Kozeny-Carman prediction
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Cap-Rock Seal Integrity and Wellbore Failure Mechanisms
Cap-rock failure modes

The integrity of the cap-rock seal is the primary containment barrier for injected CO.. As illustrated in Figure
5(a), four distinct failure modes have been documented in the literature. Hydraulic fracturing occurs when the
injection-induced pore pressure exceeds the minimum in-situ stress plus the tensile strength of the cap-rock: Pf
> ch,min + To [52,53]. Fault reactivation through the cap-rock occurs when a pre-existing fault intersecting the
seal is subjected to sufficient injection-induced ACFS (Section 3.2). Capillary leakage occurs when the local
injection-induced CO: pressure exceeds the threshold entry pressure Pe = 2ycos6/rcap of the cap-rock pores;
for tight shales and evaporites with rcap of 5-20 nm, Pe typically ranges from 20 to 80 MPa, providing
substantial capillary security against CO: entry [54,55]. Wellbore integrity failure is the most commonly
identified pathway for CO- leakage in operational GCS sites [56,57].

CO:-saturated brine is corrosive to Portland cement used in well completions; carbonation reactions initially
densify but ultimately weaken the cement matrix, while differential thermal and pressure loading create
microannuli at casing-cement interfaces [58,59]. Sminchak et al. [60] estimated that wellbore leakage is
responsible for the majority of known CO: leakage events in pilot-scale injection tests.

Cap-rock geomechanical assessment

Quantitative assessment of cap-rock integrity under injection conditions requires characterisation of the
minimum in-situ horizontal stress ch,min (from leak-off tests), the tensile strength To (from Brazilian disc tests
on cap-rock core), and the fracture gradient. Rutqvist [52] reviewed the geomechanical evidence from
Sleipner, Weyburn, and In Salah and concluded that cap-rock failure at all three sites is unlikely at current
injection rates, but that the safety margin at In Salah was substantially smaller than at Sleipner due to the lower
minimum stress in the Krechba Formation. Figure 5(b) shows how the injection pressure management strategy
must respect all critical thresholds simultaneously; the operating limit MAP = min(Pe, 0.9ch,min) is the most
conservative bound.

Effect of carbonate dissolution on cap-rock seal security

Carbonate dissolution in the lower portions of a carbonate-bearing cap rock can directly reduce the seal’s
mechanical integrity by the mechanisms described in Section 4.3. Additionally, dissolution can increase the
cap-rock pore-size distribution toward larger values, reducing the threshold entry pressure Pe for CO: invasion
and therefore lowering the capillary seal security [63]. The same coupling between mineralogy and hydraulic
conductivity is well documented in engineered clay barrier systems, where the clay mineral assemblage and its
capacity to close pore throats govern the barrier's ability to impede fluid migration [89]. Gaus [5] reviewed
geochemical models of COz>—cap-rock interaction and concluded that, while short-term dissolution is unlikely
to create macroscopic permeability in tight shale cap-rocks, dissolution of carbonate-rich zones in the lower
seal could reduce capillary seal security by 10-25% over operational timescales.

Injection-Induced Seismicity in Geological Carbon Storage
Mechanisms and observations

Injection-induced seismicity in the context of GCS arises from three mechanisms: (i) direct pore pressure
increase reducing effective normal stress on critically stressed faults within the pressure-diffusion front; (ii)
poroelastic stress transfer, in which the volumetric expansion of the injection zone transmits stress changes to
faults outside the direct pressure front [64,65]; and (iii) thermoelastic stress, in which injection of cold CO-
into a warm formation creates thermal contraction and associated stress changes [66]. In carbonate-bearing
reservoirs, mechanism (i) is amplified by dissolution through both the permeability-enhanced pressure
diffusion described in Section 5.3 and the a-amplification of effective stress reduction described in Section 4.3.
The empirical record of GCS-associated seismicity is limited but informative: Magnitude 1.5-2.0 events have
been detected at the Decatur project, attributed to pressure-front arrivals on basement faults [17], and no events
have exceeded M2.0 in any GCS operation to date.
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Rate-and-state friction and fault stability

The rate-and-state friction framework [68,69] provides the mechanistic basis for predicting whether a fault that
has been brought to the Coulomb failure threshold will nucleate a large earthquake or merely undergo aseismic
creep. Hurd and Zoback [70] used rate-and-state analysis to show that the probability of large-magnitude
seismicity (M > 3) is governed primarily by the product of the fault area at failure stress and the rate-state
parameter (a — b). Reservoirs with extensive carbonate dissolution are at higher risk because the dissolution-
enhanced pressure front contacts a larger fault area, increasing the probability of encountering a velocity-
weakening patch of sufficient size to nucleate a dynamic rupture.

Monitoring and traffic light protocols

Traffic light protocols (TLPs) for injection-induced seismicity management define magnitude thresholds at
which injection is modified (amber) or halted (red). Current practice in GCS projects typically sets amber at M
1.5-2.0 and red at M 2.0-3.0 [71,72]. These thresholds were largely adopted from geothermal and wastewater
injection experience and have not been calibrated to the specific fault geometries and stress states of GCS
target formations. Bommer et al. [73] argued that TLPs without site-specific calibration can be systematically
miscalibrated: amber thresholds set too low cause unnecessary injection curtailment, while those set too high
provide insufficient protection against felt seismicity. Specifically in carbonate-bearing reservoirs, the
amplified pressure-diffusion rate during dissolution argues for more conservative TLP thresholds than in non-
reactive reservoirs, or for real-time incorporation of geochemical monitoring (tracer breakthrough, produced
water chemistry) into the TLP decision framework [74].

Evidence from Active Geological Carbon Storage Sites
Sleipner, North Sea

The Sleipner GCS project in the Norwegian North Sea is the world’s longest-running large-scale CO: storage
operation, having injected CO: into the Utsira Sand at approximately 800 m depth since 1996 at a rate of
approximately 1 Mtpa [15,75]. The Utsira Sand is a quartz-dominated, high-porosity (30—40%) saline aquifer
with low carbonate content (~5%), making it one of the least geochemically reactive GCS reservoir targets.
Geomechanical monitoring at Sleipner has shown no evidence of fault reactivation or surface deformation
[75,76], consistent with the low in-situ stress anisotropy and the absence of critically stressed faults in the
Utsira injection interval. The primary geomechanical lesson from Sleipner is that low-carbonate, high-porosity
reservoirs at moderate depth with favorable stress regimes can accommodate large-volume CO: injection
without geomechanical complications, establishing the baseline against which higher-risk sites must be
compared.

In Salah, Algeria

The In Salah GCS project injected CO: into the Krechba Formation (a tight, moderately carbonate-bearing
sandstone) at approximately 1800 m depth between 2004 and 2011, when injection was suspended following
detection of anomalous surface deformation by InSAR satellite interferometry [16,61]. The observed surface
uplift of 5-20 mm was attributed by Ringrose et al. [16] to poromechanical opening of a pre-existing fracture
zone in the lower seal, driven by injection-induced overpressures of 14—17 MPa. Rutqvist et al. [77] confirmed
through coupled reservoir-geomechanical simulation that the observed deformation pattern was consistent with
shear reactivation of the fracture zone.

In Salah is the most geomechanically instructive of the active GCS sites because it demonstrates all three of
the risk assessment failures identified in this review: the initial risk assessment used scalar isotropic
permeability (missing the anisotropic pressure diffusion toward the fracture zone), did not account for
dissolution-enhanced o in the moderately carbonate-bearing Krechba Formation, and used a single-process
geomechanical model without geochemical coupling. The suspension of injection at In Salah is arguably
attributable in part to these methodological gaps rather than to an intrinsically unsuitable site [16,77].
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Decatur, Illinois, USA

~

The Illinois Basin Decatur Project (IBDP) has injected CO: into the Mt. Simon Sandstone at approximately
2100 m depth since 2011 at a rate of approximately 1 Mtpa [17,78]. The Mt. Simon is a quartz-dominated
formation with moderate carbonate cement (10—-18%), making it significantly more geochemically reactive
than the Utsira Sand but less reactive than the Krechba Formation. Microseismic monitoring at Decatur has
detected events up to M 1.7, which Bauer et al. [17] attribute to the arrival of the pressure front at Precambrian
basement faults below the Mt. Simon rather than to faults within the injection formation. Importantly, the
spatial pattern of seismicity was not predicted by the pre-injection geomechanical model, which assumed
isotropic permeability and did not account for the actual anisotropic pressure diffusion in the Mt. Simon. This
discrepancy prompted a post hoc analysis that attributed the anomalous spatial distribution of seismicity to a
preferential permeability pathway oriented toward the basement fault zone.

Otway, Australia

The CO2CRC Otway Project has injected CO: into the Waarre Formation at approximately 2050 m depth in
Victoria, Australia [79]. The Waarre Formation contains moderate carbonate cement (15-20%), making it a
relevant analogue for carbonate-coupled geomechanical assessment. Geomechanical monitoring at Otway has
remained stable, with no detectable surface deformation or seismicity above background. Post-injection
geochemical analysis of produced water and pressure-transient data has confirmed that carbonate dissolution
has occurred in the near-wellbore zone, with an estimated porosity increase of 1-3% within 50 m of the
injection well [79,80]. The Otway project demonstrates that moderate carbonate dissolution within the near-
wellbore zone is not necessarily destabilizing if the in-situ stress state is favorable and fault density in the
injection interval is low. Table 2 and Figure 4 provide a comparative synthesis of all major sites reviewed.

Carbonate Geomechanicnl
Site  Formation Depth Content Obesrvation Ruterence

Utsrn -5%

Sloipnar Bwipnat Sand ~800 m {low) Stable [B2.m9)
(Norway)
walap  Krechba e 16% Surtace ypan
in Saien m ~1800m (mod.) rpection hlt (60A4)
o it Simon 10-18% icrose st .
Quast [ » Deooatur M 84 2100 m (mod.) M ) Y [7am0)
(Canoda) v
y Decatur 9 Stable, noor
oy " 0 o
(usA) - Otway W‘n’.:: b 2050 m :n";:"." wellbore %7 58]
In Salah il dissolution
(Algerin)
Aasal <A
Quast  Cambitan  ~2200m Stable [2.8)
54 {low)
Covei Cross-site lessons:
tAuuml'w: * Rigk s amplified for modermte carbonate content
(>15%) and depth >1500 m
* Pressure diffusson rates are systematically
underestimated in sites where dissolution is not
Logend: @ Coovecharcaly Saik | @ Unatatibarturtace Upin | @ Microssemi: - coupled in permeability modets

Figure 4. Major active CO: geological storage sites: geology and geomechanical observations. (Left)
Schematic world map showing site locations with color-coded markers indicating geomechanical outcome.
(Right) Site characteristics table summarizing formation, depth, carbonate content, geomechanical outcome,
and references. The cross-site lessons box (yellow) highlights key patterns identified across sites, including the
risk amplification associated with moderate carbonate content (>15%) and depths >1500 m, and the systematic
underestimation of pressure diffusion rates in sites where dissolution was not incorporated into the
permeability model.

Table 2. Geomechanical and geochemical characteristics of major active GCS sites: formation properties,
injection parameters, observed geomechanical response, and lessons for coupled risk assessment.

Site Formation | Depth | Carbon | Rate Geomechanic | Key lesson for coupled risk
ate (Mtpa) | al observation | assessment
Sleipner, Utsira ~800 | ~5% ~1.0 Geomechanic | Low-carbonate, high-porosity
ally stable | reservoir at moderate depth with
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Norway Sand m (low) [75,76] favorable stress regime provides
geomechanical stability benchmark
In  Salah, | Krechba ~1800 | ~15% | ~0.5 Surface uplift | Fracture zone in lower cap-rock
Algeria Formation | m (mod.) 5-20 mm; | reactivated under 14-17 MPa
injection halt | overpressure; scalar permeability
[16,61] model and fixed alpha underestimated
risk; demonstrates all three risk
assessment failures identified in this
review
Decatur, Mt. Simon | ~2100 | 10- ~1.0 Microseis. Seismicity spatial pattern inconsistent
USA Sandstone | m 18% M<=1.7 in | with isotropic permeability model;
(mod.) basement dissolution-preferential pathway
[17,78] toward basement fault not predicted;
TLP thresholds adequate but spatial
model needs improvement
Otway, Waarre ~2050 | 15- Pilot Stable; near- | Near-wellbore carbonate dissolution
Australia Formation | m 20% scale wellbore (1-3% porosity gain within 50 m) did
(mod.) dissolution not cause instability under favorable
confirmed stress  state; demonstrates  that
[79,80] moderate  dissolution is  not
necessarily destabilizing
Quest, Basal ~2200 | ~5% ~1.0 Geomechanic | Deep, low-carbonate reservoir with
Canada Cambrian | m (low) ally stable | high minimum stress confirms that
Sandstone [2,81] depth alone without high carbonate
content does not preclude safe storage

Critical Gaps and Proposed Integrated Risk Assessment Framework
Four critical gaps identified by this review

(1) Dissolution-geomechanical coupling is not implemented in practice: Current GCS geomechanical risk
assessment uses fixed permeability tensors and fixed Biot—Willis’s coefficients calibrated on intact core plugs.
The systematic increase in o and permeability anisotropy under dissolution are both well observed in
laboratory and field data and is not incorporated into regulatory-submission risk assessments at any of the
reviewed GCS sites. This gap produces systematic underestimation of effective stress reduction rates and
pressure diffusion velocity, with direct consequences for the accuracy of fault reactivation timelines.

(2) Scalar permeability in reservoir simulation: The dissolution-induced development of strongly anisotropic
permeability (anisotropy ratios of 3—6:1 at moderate dissolution extents, with significant off-diagonal tensor
components) is not captured by reservoir simulators that treat permeability as a scalar or a diagonal tensor
aligned with the grid. The consequence, demonstrated at Decatur, is a systematic misprediction of the spatial
pattern of pressure diffusion and, consequently, of the fault-specific ACFS timelines.

(3) Absence of coupled reservoir-geochemistry-geomechanics workflows: Coupled reservoir-geomechanical
simulators (TOUGH2-FLAC3D, ECLIPSE-VISAGE) do not natively incorporate reactive geochemistry and
the dissolution rate law, reactive surface area evolution, and mineral-specific reaction kinetics. Geochemical
codes (PHREEQC, TOUGHREACT) do not incorporate full poroelastic mechanical coupling. Integration
requires loose or tight coupling of separate codes, which is computationally expensive and technically
demanding, and is not yet routine in GCS site-specific assessments.
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(4) Traffic light protocols are not calibrated to carbonate-bearing formations: Existing TLP magnitude
thresholds were developed without considering the dissolution-amplified pressure diffusion characteristic of
carbonate-bearing reservoirs. A formation with 20% carbonate content under active dissolution should have
more conservative TLP thresholds than a quartz-dominated formation under the same injection pressure, but
current protocols do not distinguish between these scenarios.

Proposed six-phase integrated risk assessment framework

Drawing on the reviewed literature, we propose a six-phase integrated geomechanical-geochemical risk
assessment framework for GCS operations in carbonate-bearing sandstones. The framework addresses all four
identified gaps.

Phase 1 (Site characterization): Full in-situ stress characterization (¢ _v, o H, ¢_h from borehole breakouts,
FMI logs, and leak-off tests) in at least two characterization wells. 3D seismic-based fault mapping with
principal fault orientation and estimated proximity to Coulomb failure. Fluid pressure gradient and temperature
profile. Construction of a 3D geomechanical earth model at formation resolution.

Phase 2 (Reservoir geochemistry and mineralogy): Quantitative carbonate content mapping by core XRD at 1-
metre intervals through the injection formation, since the mechanical and transport consequences of dissolution
scale with the absolute abundance of the reactive phase [90]. Laboratory dissolution rate measurements under
reservoir P-T conditions. Reactive surface area estimation. Geochemical reactive transport modelling
(TOUGHREACT or PHREEQC) to predict dissolution extent and spatial distribution as a function of injection
rate and cumulative CO: volume.

Phase 3 (Coupled geomechanical simulation): Reservoir simulation using anisotropic permeability tensors
updated as a function of geochemically predicted dissolution extent. Tight coupling to a geomechanical solver
for poroelastic stress redistribution. Dissolution-dependent Biot—Willis coefficient evolution. Coulomb failure
stress maps on all mapped faults are updated quarterly during the injection operational period.

Phase 4 (Risk quantification and injection design): Maximum allowable injection pressure MAP = min(P_e,
0.9c_h,min) is determined site-specifically. Dissolution-adjusted permeability evolution incorporated into CO-
plume footprint prediction. Probabilistic seismic hazard assessment using rate-and-state fault stability analysis.
Where multiple non-commensurate risk criteria must be ranked, objective weighting schemes such as CRITIC-
weighted TOPSIS provide a defensible basis for criterion weighting without reliance on expert judgement
alone [91]. Site-specific TLP thresholds calibrated to the carbonate content and dissolution-accelerated
pressure diffusion rate.

Phase 5 (Injection operations and adaptive management): Continuous bottom-hole pressure and temperature
monitoring. Microseismic array capable of M > —1.5 detection. InSAR surface deformation monitoring. 4D
seismic repeat surveys every 2-3 years [93]. Produced water geochemical sampling for dissolution indicators
(Ca**, Mg*, alkalinity) monthly to provide early warning of dissolution-enhanced pressure diffusion. The
diagnostic value of this approach is established in carbonate terrains, where major ion ratios and rock-water
equilibrium indices reliably discriminate carbonate dissolution from other controls on fluid chemistry [92].

Phase 6 (post-injection monitoring and long-term stewardship): CO: plume evolution monitoring for residual
and dissolution trapping. Geomechanical relaxation monitoring (¢’ recovery as pressure dissipates). Wellbore
integrity inspection at 10-year intervals. 50-year monitoring commitment to regulatory standards. Model-
forecast versus observation comparison to validate and update the coupled simulation framework.

Implementation Challenges

Implementation of the six-phase framework presented above faces three practical constraints that determine its
near-term feasibility. Computationally, tight coupling of a reservoir-geomechanical simulator (e.g., ECLIPSE-
VISAGE, TOUGH2-FLAC3D) with a reactive transport code (PHREEQC, TOUGHREACT) multiplies
runtime substantially relative to either component run independently, since each time step requires iterative
exchange of stress, permeability, and reaction-rate fields between codes until convergence. Field-scale
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simulations spanning the injection period plus the post-injection monitoring horizon (Phase 6) at the spatial
resolution required to resolve wormhole-scale permeability anisotropy (Section 5.2) can require weeks of wall-
clock time on institutional computing clusters, a cost that is prohibitive for routine regulatory-submission
workflows without further optimization or reduced-order modelling approaches.

Data requirements are similarly demanding. Phase 2's recommendation of core XRD at 1-metre intervals
through the full injection interval assumes core recovery and laboratory access that is not universally available,
particularly at brownfield sites where original coring campaigns targeted only reservoir-quality intervals.
Where continuous core is unavailable, cuttings-based mineralogical logging or wireline-log-derived carbonate
proxies (e.g., photoelectric factor, neutron-density crossover) provide a lower-resolution but more widely
deployable alternative, at the cost of reduced confidence in the spatial carbonate distribution that drives the
dissolution-permeability coupling in Phase 3.

Code coupling itself remains the most significant technical barrier. As noted in Gap 3 (Section 9.1), no widely
adopted commercial or open-source platform natively integrates poroelastic mechanics, multiphase flow, and
kinetic mineral reaction at present. Existing coupling strategies are predominantly loose (sequential, exchanged
at fixed time intervals) rather than fully implicit, introducing numerical error that has not been systematically
benchmarked against tightly coupled or analytical solutions for the carbonate-dissolution problem specifically.
Until a validated, benchmarked coupling protocol is available (Research Priority 2, Section 9.3), operators and
regulators should treat Phase 3 outputs as indicative of relative risk ranking across scenarios rather than as
absolute predictive timelines.

Research priorities

Priority 1: Field demonstration of coupled dissolution-geomechanical monitoring: No existing GCS project
simultaneously monitors carbonate dissolution extent (from produced water geochemistry), permeability
anisotropy evolution (from tracer tests and pressure transient analysis), and fault stability (from microseismic
and ACFS modelling) in a coupled framework. A dedicated field demonstration at a carbonate-bearing GCS
site, ideally one with active injection and moderate carbonate content, such as Decatur or Otway, would
provide the empirical dataset needed to validate coupled simulation approaches.

Priority 2: Standardized dissolution-coupled geomechanical modelling protocol: No standardized workflow
currently exists for incorporating dissolution-dependent a and permeability tensor evolution into regulatory-
submission geomechanical risk assessments. Developing and demonstrating such a protocol, analogous to the
Society of Petroleum Engineers’ recommended practices for reservoir simulation, would lower the barrier to
adoption in operational practice [94].

Priority 3: Revision of TLP thresholds for carbonate-bearing reservoirs: Regulatory bodies (IEAGHG, US
EPA, EU CCS Directive) should convene a targeted review of TLP thresholds for GCS operations in
carbonate-bearing formations, informed by dissolution-coupled geomechanical analysis and the Decatur and In
Salah operational records. A risk-tiered approach calibrated to carbonate content is technically justified and
operationally feasible.

Priority 4: Regional geological surveys for dissolution risk stratification: Pre-screening of prospective GCS
formations by carbonate content and dissolution reactivity analogous to the capillary seal security screening
already performed for buoyancy containment should be integrated into regional geological storage
assessments. Formations with carbonate content exceeding 15% by volume and depths below 1500 m (where
CO: partial pressure is sufficient for significant dissolution rates) should trigger mandatory coupled
geomechanical-geochemical assessment.
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Figure 5. Cap-rock seal integrity and wellbore failure mechanisms under CO: injection. (a) Four failure
pathways labelled within a geological cross-section: (1) hydraulic fracturing (Pf > ch,min + To), (2) fault
reactivation (ACFS > 0), (3) capillary leakage (Pf > Pe), and (4) wellbore cement degradation via COz-driven
carbonation and microannulus formation. The safe operating bar shows the combined constraint. (b) Injection
pressure management strategy: three injection curves (well-managed, dissolution-accelerated, uncontrolled
overpressure) are shown against four critical threshold lines (ch,min, ACFS limit, MAP, Pe). The
overpressured scenario exceeds the ACFS reactivation limit, triggering fault slip. The monitoring box identifies
the four key monitoring tools required to detect an approach toward these thresholds.
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Figure 6. Proposed six-phase integrated geomechanical-geochemical risk assessment framework: from site
characterization through injection operations to long-term stewardship, with a coupled feedback loop and
critical gap identification.

Uncertainty quantification

The coupled framework proposed above inherits and compounds uncertainty from each of its constituent
inputs. Dissolution rate kinetics, characterized by kdiss and the reactive surface area As (Section 4.1), are
typically measured on idealized, well-sorted laboratory samples under fixed flow and temperature conditions;
extrapolation to field-scale reactive surface area, which depends on the heterogeneous spatial distribution of
carbonate cement at grain contacts (Section 4.1), can introduce order-of-magnitude uncertainty in predicted
dissolution extent. In-situ stress characterization, the foundational input to Phase 1, carries its own
measurement uncertainty: leak-off test estimates of ch,min typically carry uncertainties of several percent to
over ten percent depending on test quality and borehole conditions, and this uncertainty propagates directly
and nonlinearly into the ACFS and MAP calculations that govern injection design (Phase 4).
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These uncertainties do not act independently. Because a, permeability, and Coulomb failure stress are coupled
through the feedback loop illustrated in Figure 1, an uncertain dissolution rate propagates into uncertain
permeability anisotropy, which propagates into uncertain pressure-front arrival time at a given fault, which
propagates into uncertain ACFS. A defensible implementation of Phase 3 and Phase 4 therefore requires
explicit uncertainty propagation, for example through Monte Carlo sampling of the dissolution rate constant,
reactive surface area, and in-situ stress magnitudes, rather than deterministic point-estimate simulation. The
resulting ACFS should be reported as a probability distribution against the seismicity threshold (Figure 2b)
rather than as a single value, allowing site operators to distinguish between scenarios where the failure margin
is robust to input uncertainty and those where it is not. This probabilistic framing is consistent with, and could
be integrated into, the CRITIC-weighted multi-criteria ranking already proposed for Phase 4 (Section 9.2) [91].

Economic Implications

The additional cost of implementing the six-phase framework, principally the incremental characterization
(Phase 2), coupled simulation (Phase 3), and enhanced monitoring (Phase 5) beyond current single-process
practice, must be weighed against the cost of the failure modes it is designed to prevent. The In Salah
suspension (Section 8.2) halted injection for the remainder of the project's operational life following a risk
assessment failure that this review argues was substantially attributable to methodological gaps rather than
intrinsic site unsuitability; the economic cost of a multi-year injection suspension, lost storage capacity, and
reputational damage to the broader GCS industry plausibly exceeds the incremental cost of the coupled
characterization and simulation that could have anticipated the fracture-zone reactivation. Similarly, unplanned
Traffic Light Protocol curtailment events (Section 7.3) impose direct operational costs through reduced
injection rates and potential regulatory review. While a formal cost-benefit analysis is beyond the scope of this
review and would require site-specific data on characterization costs, simulation infrastructure, and the
probability-weighted cost of failure scenarios, the qualitative case for front-loading investment in coupled
geomechanical-geochemical assessment is that the cost of Phases 1-3 is fixed and bounded, whereas the cost of
an uncontrolled fault reactivation or cap-rock breach event is open-ended and can include total loss of the
storage asset.

CONCLUSIONS

This review has synthesized 96 peer-reviewed studies on the coupled geomechanical and geochemical
responses of carbonate-bearing sandstone reservoirs to CO: injection. Seven principal conclusions are drawn.

1. Carbonate dissolution under CO:-acidified brine produces three geomechanically critical changes in
carbonate-bearing sandstones: it increases the Biot—Willis coefficient a (amplifying effective stress reduction
per unit pressure increase), it accelerates hydraulic diffusivity D (advancing the pressure front to faults faster
than predicted from intact permeability), and it reduces unconfined compressive strength and elastic stiffness
(lowering resistance to grain-framework instability). These three mechanisms constitute coupled positive
feedback that systematically amplifies geomechanical instability risk in proportion to initial carbonate content.

2. Dissolution-induced permeability anisotropy, with anisotropy ratios of 3-6:1 developing at moderate
dissolution extents and significant off-diagonal tensor components at greater extents (Figure 3)- steers the
injection-induced pressure front preferentially toward specific fault orientations. This directional pressure-
diffusion amplification is not represented in reservoir simulators using scalar permeability and produces
systematic underestimation of fault reactivation probability, as demonstrated at the Decatur project (Section
8.3) and quantified in Section 5.3.

3. The Biot effective stress framework, extended to dissolution-dependent a, is the appropriate theoretical
foundation for coupled risk assessment. The common simplification of treating a as a fixed material constant is
defensible for quartz-dominated sandstones with <5% carbonate but introduces errors of 50—70% in the
predicted effective stress reduction rate for sandstones with 15-25% carbonate content under active
dissolution.
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4. Cap-rock integrity is threatened by four distinct failure mechanisms (Figure 5) that are not mutually
exclusive. Carbonate dissolution in the lower seal reduces both tensile strength To and threshold entry pressure
Pe simultaneously, reducing the safety margins against hydraulic fracturing and capillary leakage. Risk
assessment frameworks that evaluate these mechanisms independently without accounting for dissolution-
driven degradation of seal properties are non-conservative for carbonate-rich transitional facies.

5. The In Salah surface deformation event, the most geomechanically consequential observation in the
operational GCS record, is attributable in part to risk assessment methodology gaps: scalar isotropic
permeability, fixed o, and single-process geomechanical simulation without geochemical coupling (Section
8.2). These are correctable methodological deficiencies, not intrinsic site unsuitability.

6. Four critical gaps in current GCS risk assessment practice are identified: non-implementation of dissolution-
geomechanical coupling, use of scalar permeability, absence of coupled reservoir-geochemistry-geomechanics
workflows, and TLP thresholds not calibrated to carbonate-bearing formations. Each gap has a technically
feasible remedy identified in this review.

7. The proposed six-phase integrated risk assessment framework from site characterization through long-term
post-injection stewardship, with dissolved-state permeability tensor evolution and Biot coefficient updating as
its core innovations, provides an actionable roadmap for improving GCS geomechanical risk assessment in
carbonate-bearing reservoirs. Its implementation for the next generation of GCS projects, including those
required to meet 2030-2050 climate targets, is a priority that this review strongly recommends.
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