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Deformation, chemical reactions, and fluid flow in geological formations are coupled
processes. Recent experimental and observational studies suggest that mineral
replacement is typically driven by coupled dissolution—precipitation processes, often
leading to variable changes in porosity and solid volume depending on the specific
reaction conditions. This article builds upon our previous micromechanical model for
mineral replacement reactions and the associated deformation processes. Our new model
accommodates externally applied stresses and stresses generated as a result of chemical
reactions through elastic, viscous, and plastic deformation mechanisms. Our model
predicts changes in both porosity and solid volume as a result of the chemical reaction,
with these changes governed by the relative rates of deformation of the solid and pore
volumes. Porosity reduction often limits the extent of the reaction, while solid volume
increase, accompanied by a lesser reduction in porosity, facilitates achieving complete
reactions. An interesting finding of our model is the emergence of two solid bulk moduli,
typically associated with the presence of a non-connected pore space. However, in our
case, they are associated with chemical alterations. We also introduce an effective stress
law for reactive porous rocks. We use a two-phase continuum medium approach and local
equilibrium thermodynamic models to investigate the coupling between reaction,
deformation, and fluid flow on a larger scale. This framework offers valuable insights into
the complex interplay between geological processes and the mechanical behavior of rocks

undergoing mineral replacement reactions, with implications for understanding
subsurface fluid flow and the evolution of geological formations.

1. INTRODUCTION

Coupled chemical reactions and deformation play a crucial
role in understanding the dynamic processes that shape the
Earth’s surface and subsurface. In geology, these processes
are fundamental for explaining the formation of rocks,
minerals, and the overall evolution of our planet. For in-
stance, the process of mountain building, known as
orogeny, involves the deformation of rocks due to tectonic
forces. During this process, chemical reactions occur within
the rocks, leading to their metamorphism or transforma-
tion into new minerals (e.g., Schenker et al., 2015). Melt
transport and chemical differentiation, essential for
oceanic crust formation and intraplate volcanism, are aided
by mechanical compaction and decompaction (e.g., Bessat
et al., 2022). Deformation at tectonic plate boundaries in-
volves coupling between rock deformation, fluid flow, and
metamorphic reactions, where a propagating reaction front
causes an effective, reaction-induced weakening of the het-

erogeneous rock (Schmalholz et al., 2020). Understanding
coupled chemical reactions and deformation is crucial for
predicting and mitigating geological hazards. Chemical re-
actions within fault zones can affect the strength and be-
havior of rocks, influencing their ability to slip or fracture
during seismic events (e.g., Rohmer et al., 2016). In civil
and petroleum engineering, chemical reactions lead to the
degradation of the building materials and cement when in
contact with carbon dioxide or strong acids (Fabbri et al.,
2009; Lesti et al., 2013; Vralstad et al., 2019). In environ-
mental engineering, CO, storage in mafic and ultramafic
rocks has gained attention as a potential solution for mit-
igating greenhouse gas emissions. These rocks can react
with CO, through mineral carbonation, which converts CO,
into solid mineral forms, providing long-term CO, stor-
age options. However, a debate surrounds the possibility of
achieving a complete reaction within these rocks and the
role of fracturing in enhancing this process (Kelemen &
Hirth, 2012; Snaebjornsdoéttir et al., 2020; Van Noort et al.,
2017; Yarushina & Bercovici, 2013).
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The models of coupled processes incorporate equations
for fluid flow, chemical transport, and mechanical defor-
mation. These equations are governed by the principles of
conservation laws in thermodynamics, ensuring mass, mo-
mentum, and energy conservation throughout the system
(Malvoisin et al., 2015; Vrijmoed & Podladchikov, 2022;
Yarushina & Podladchikov, 2015). However, to fully de-
scribe the system’s behavior, a complete set of governing
equations is required. This is achieved through the devel-
opment of closure equations, which establish the necessary
additional relationships between key variables, such as
stress and strain, porosity and permeability, porosity and
reaction, porosity and effective pressure, and reaction rate
and temperature. Differences in the formulation of closure
equations can lead to significant variations in model pre-
dictions (Malvoisin et al., 2021). These closure equations
are either obtained by extrapolating the experimental data
or derived from micromechanical models, which consider
the processes occurring at the scale of individual grains or
particles.

Mineral replacement reactions have traditionally been
explained by solid-state mechanisms, where one phase
transforms into another via volume diffusion through the
crystal lattice. However, such processes are typically too
slow under geological conditions unless very high temper-
atures are present, as diffusion rates increase rapidly with
temperature. When fluid is involved, mineral replacement
is more effectively described by a coupled dissolution and
reprecipitation process (A. Putnis, 2009). Two major types
of fluid-mediated replacement models have been proposed.
The first type, often referred to as interface-coupled dis-
solution-precipitation, emphasizes chemical control at the
reaction front. In this model, the parent mineral dissolves
at the interface, creating a localized supersaturation that
promotes nucleation and growth of the product phase (An-
derson et al., 1998; A. Putnis, 2002, 2009). This mechanism
relies on the chemistry of the boundary layer fluid and dif-
fusion across short distances, explaining pseudomorphic
textures through close spatial coupling of dissolution and
precipitation. The second class of models includes those
that incorporate mechanical or stress-driven processes.
Some models propose that a growing product phase exerts
stress on the adjacent parent mineral, the so-called “force”
of crystallization, inducing pressure-driven dissolution
(Fletcher & Merino, 2001; Merino & Dewers, 1998; Schmid
et al., 2009). These models account for rheological feedback
between crystal growth and the mechanical response of
a surrounding rock matrix, particularly under confined or
non-hydrostatic conditions. In contrast, classic pressure
solution models (Rutter, 1976; Weyl, 1959) describe mineral
dissolution at stressed grain contacts with subsequent dif-
fusion and reprecipitation at distant, unstressed surfaces.
Here, dissolution and precipitation are often spatially and
temporally decoupled, and the rate-limiting step is typi-
cally solute diffusion through thin fluid films. While in-
terface-coupled models effectively explain the role of fluid
composition, supersaturation, and boundary layer trans-
port, they may neglect the mechanical constraints present
in confined systems. Pressure solution models predict a

very limited extent of reaction due to loss of porosity and
reactive surface area (Malvoisin et al., 2017). Yet, field ob-
servations report that natural rocks can undergo 100% hy-
dration/carbonation (Kelemen & Matter, 2008). The stress-
based models of Fletcher and Merino (2001); Merino and
Dewers (1998), and Schmid et al. (2009) consider alter-
ations and deformation due to mineral growth but do not
consider their feedback on porosity evolution. Recent ex-
perimental and observational studies suggest that mineral
replacement is associated with both the change in the solid
volume and porosity (Malvoisin et al.,, 2020; A. Putnis,
2002; C. V. Putnis et al., 2021).

Thus, the plausible solution is to combine both ap-
proaches by considering a microscale model where porosity
changes and mineral replacement will be combined and dri-
ven by changes in the fluid chemistry. Microscale models
are often based on simplified analytical solutions obtained
for idealized conditions that may not capture the full com-
plexity of real-world situations. For example, it is often as-
sumed that deformations that develop in the rock are small
and obey the linear elastic law. At the same time, ther-
modynamic databases such as that of Holland and Pow-
ell (1998) present a nonlinear Murnaghan equation of state
(EOS) for the deformation of common minerals. Observa-
tions show that reaction-induced volume change can be as
large as 30-70% (Lyu et al., 2015; Malvoisin et al., 2020).
One way to tackle this discrepancy is to derive nonlinear fi-
nite strain analytical solutions. However, it may not always
be possible, and the results obtained will be too cumber-
some to be practical. Another approach is to keep simplified
solutions but compare them with nonlinear finite strain nu-
merical simulations to assess their validity (Moulas et al.,
2023). If the analytical solution matches the results of the
numerical simulation, it provides confidence in the accu-
racy of the mathematical model.

In this work, we present a new analytical model and sup-
porting numerical results that extend the micromechanical
approach introduced in Yarushina et al. (2023), with key en-
hancements. Building on that framework, we derive macro-
scopic compaction relations for reacting porous materials
by accounting for elastic, viscous, and plastic deformation
of the solid matrix. Our approach accounts for the influence
of chemical reactions on microscale deformation, and cru-
cially, incorporates plastic failure or fracturing ahead of the
reaction front. This feature improves fluid access to reac-
tive surfaces and naturally limits unrealistic stress buildup
within the evolving microstructure. A central contribution
of this study is the development of an effective rheology in
which porosity evolves as a function of the relative defor-
mation rates of the solid and pore volumes. This provides
a more general and physically grounded framework for ex-
ploring the coupled evolution of deformation and reaction
in porous media. Our model targets mineral replacement
reactions occurring under deforming conditions, as illus-
trated in figure 1. In this setting, a reactive fluid within the
pore space interacts with the solid matrix to form a prod-
uct phase with different mechanical and transport proper-
ties. The analytical formulation is developed within a 2D
plane strain approximation, appropriate for systems with
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cylindrical symmetry, and can be extended to fully 3D cases
in an analogous manner. The inclusion of fracturing mech-
anisms allows the model to realistically capture porosity
generation, enhanced transport, and stress relaxation near
the reaction front. To complement the analytical model, we
present nonlinear finite-strain numerical simulations that
validate and extend the analytical results. These numeri-
cal investigations are an important addition to the work of
Yarushina et al. (2023), broadening the model’s applicabil-
ity beyond linear regimes. Finally, we formulate a closed,
macroscopic system of equations that governs the coupled
evolution of fluid flow, reaction, and deformation. This
framework is broadly applicable to both natural systems
and engineered processes involving reactive porous materi-
als.

2. EFFECTIVE RHEOLOGY OF REACTING
POROUS MEDIA

In this section, we follow the micromechanical procedure
developed in Yarushina et al. (2023) to define an effective
medium representation of a reactive porous material un-
dergoing deformation. Our goal is to derive macroscopic
rheological laws that capture the essential coupling be-
tween chemical reactions and deformation within a fluid-
saturated porous medium. The model is constructed to ex-
plore the range of behaviors between two end-member
regimes: porosity-preserving and porosity-clogging min-
eral replacement reactions. Rather than representing dis-
crete modes, these two regimes emerge naturally from the
relative rates of deformation and reaction and thus define a
continuous spectrum of behaviors.

We consider a representative elementary volume (REV)
of a porous matrix, fully saturated with a single, reactive
fluid. Chemical alteration is assumed to be driven by a fluid
phase that is out of equilibrium with the surrounding solid,
initiating a reaction at the fluid-solid interface and pro-
gressing into the solid matrix (fig. 1A). The model assumes
isothermal conditions and does not account for thermal
stress. We acknowledge that the reactive surface area and
mineral distribution are critical in natural settings; how-
ever, our model simplifies these complexities by assuming
a uniform reactive interface. This simplification allows us
to focus on the coupled evolution of porosity, reaction, and
mechanical deformation, and should be viewed as a first-
order approximation of more complex, heterogeneous sys-
tems.

We idealize the geometry of the REV as a 2D array of
cylindrical pores surrounded by concentric shells of de-
formable solid (fig. 1B). This 2D formulation serves as a
computationally tractable abstraction of the 3D problem.
While the dimensionality reduction simplifies mathemat-
ics, it implies that the pores behave as infinitely long cylin-
ders in the out-of-plane direction. This assumption limits
the model’s ability to capture certain 3D features such as
complex non-isotropic stress states or complex pore
shapes. Nonetheless, comparisons with experimental data
and prior modeling efforts suggest that this cylindrical ap-
proximation captures the essential mechanics of porosity

evolution and solid deformation (Carroll & Holt, 1972;
Yarushina et al., 2020; Zimmerman, 1991). Zimmerman
(1991, p. 91) and Mavko et al. (1998, p. 42) suggest that
while different pore shapes affect the numerical coeffi-
cients, the functional dependence of rock compressibility
on stress and porosity remains the same across a wide
range of pore geometries. The model allows for fluid mo-
bility across the porous network, assuming interconnected
pores that facilitate mass transport between neighboring
regions. We do not explicitly model fluid flow but assume
that the fluid is always present in the pore space and that
reaction rates are not limited by large-scale fluid supply but
by local interface kinetics and deformation.

Geomaterials such as basaltic rocks and cementitious
materials exhibit both instantaneous elastic deformation
and time-dependent viscous creep, as documented in ex-
perimental studies (Heap et al., 2011; Nermoen et al., 2015;
Neville et al., 1983; Sabitova et al., 2021; Wolterbeek et al.,
2016; Yarushina et al., 2021). We incorporate these two de-
formation mechanisms as limiting cases of the solid matrix
response. To define the mechanical loading in the model,
we apply boundary conditions at the inner and outer sur-
faces of the cylindrical volume. In the viscous formulation,
the fluid pressure p; is applied at the pore wall, while the
total confining pressure p; is applied at the outer boundary
(fig. 1B). In the elastic model, the corresponding pressure
rates, py and p,, are prescribed at the internal and external
boundaries, respectively. This difference arises because vis-
cous constitutive relations are formulated in terms of
stresses and velocities, so boundary pressures directly in-
fluence stress and flow. In contrast, the elastic constitutive
equations are rate-based, where velocities are related to
stress rates rather than stresses themselves, requiring the
specification of pressure rates at the boundaries. These
boundary conditions govern the stress evolution within the
solid shell and control its mechanical response to ongoing
reaction and deformation.

We consider reactions where the mass of immobile
species is conserved. For instance, during the hydration of
periclase, magnesium and oxygen remain in the solid phase
despite compositional changes. Although these elements
remain immobile, ensuring their conservation within the
solid matrix, the overall mass of the solid increases as water
is incorporated to form brucite. Similarly, during the hy-
dration of olivine, silicon, magnesium, and iron remain
immobile as they are retained within the newly formed
hydrated mineral, serpentine. In the carbonation of port-
landite, calcium and oxygen are immobile species, remain-
ing in the solid phase as portlandite transforms into calcite.
In addition to these mineral alteration reactions, various
other types of reactions also conserve the mass of immobile
species, provided they remain in the solid phase without
undergoing dissolution or volatilization. Additional exam-
ples can be found in Appendix A.

Macroscopic porosity in the model is characterized by
the ratio of the fluid volume, Vf, to the total volume, V (see
table 1 for the list of notations). For cylindrical pores, it can
be defined in terms of the pore radius, a, and the outer ra-
dius of a cylindrical shell, b, (fig. 1), so that

American Journal of Science 3



A Micromechanical Model for Mineral Replacement Reactions and Associated Deformation: From Pore Clo...

2
The macroscopic extent of reaction, &(t), can be defined as
the volume fraction of the reacted portion of the solid:
gty — A —a(®?
b(t)* — a(t)?
Changes in &(t), and consequently in c(t), are influenced by
mass transfer or diffusion in cases where the reaction oc-
curs under thermodynamic equilibrium or is extremely fast.
In such cases, &(t) should be determined by solving the full
set of equations governing mass and momentum balance
(see Sections 3 and 4). For reactions governed by chemical
kinetics, the time derivative of the extent of reaction cor-
responds to the reaction rate, which can be expressed us-
ing various kinetic laws. The bulk volume strain is a func-
tion of changes in pore volume and changes in the volume
of the solid matrix. These together lead to changes in the
total volume. Thus, only two equations are needed to de-
scribe the expansion or compaction of porous materials.
For the micromechanical approach, it is convenient to con-
sider changes in porosity and the total volume. It is practi-
cal to rewrite the porosity equation in the following differ-
ential form used in further derivations:
dp  2¢p da 2<pdb_2 (v

()

v

dt  a dt b dt T‘r:b) )
where v is the radial velocity of the solid. The applied far-
field pressure, pore pressure, and ongoing chemical trans-
formations induce non-uniform deformation on the mi-
croscale.  Macroscopic, or averaged, volumetric
deformation, is determined by changes in the total volume
of the Representative Elementary Volume (REV):

de 1dv v

T va vl )

r

r=a

2.1. Elastic adjustment of the matrix

The constitutive equations for a linear elastic material re-
late the shear strain rate to the shear stress and the volu-
metric strain rate to the mean stress:

ov v o, — 0p
o T 26 5)
Ov v  0,+0y
T o (©)

where G is the elastic shear modulus, K is the elastic bulk
modulus, o, and oy are the radial and tangential compo-
nents of the stress tensor at the microscale. The dot rep-
resents the Lagrangian time derivative. Both reacted and
non-reacted parts of the solid volume must be in mechani-
cal equilibrium and satisfy the force balance equation

do, o, —o0p

T 0 ™
These equations must be satisfied in the solid’s reacted
and nonreacted parts. Conservation of momentum requires
normal stress to be continuous at the reaction front. As-
suming that the mass of immobile species is conserved at
the reaction front, as in hydration or carbonation reactions,
the following jump condition must be satisfied:

dc
— X1 — p2 X
i (p1X1 — p2Xo) (8)

(p1X1v1 — paXovd)|,_. =

where X is the concentration of the immobile component.
Index 1 denotes quantities in the non-reacted phase, and
index 2 marks the reacted phase. This jump condition is
similar to the classical Stefan condition in thermal prob-
lems (Mainguy & Coussy, 2000; Rubinshtein, 1971), but it
arises from mass balance rather than energy balance.

Equations - form a system of three equations with three
unknowns: v, o, and a4. We solve these equations sepa-
rately for the non-reacted and reacted parts of the volume,
ensuring that o, is equal to the fluid pressure at the pore
boundary and the total pressure at the external boundary,
as illustrated in figure 1. The remaining condition at the in-
terface between two regions is provided by the equation .
By substituting c(t) with &(t) using the equation, we obtain
the following velocities:

dpe
1 2_g2 All
v = ——r (b ) (9)
2rG +A19 df +A13

A dpc
vy = — 1A (bz PRIEEY) S ) (10)
2rG +Ag df + A23
and stresses around the pore
dpf
1 B + B
o'i - <b2_a2 11 dt 127 > (11)
Gr? (0* — 12)¢B13 %
pe dl’f
1 =C +C
O“é:/\_<b2 @ lld 127 ) (12)
Gr? —(®? + r2)¢C13 % 3
dp
s 1 <b2 = By G + By ) (13)
Gr2 \ +(r?—a?)(1 5)323%
d
5 1 <b2 a2021dt+022 =L ) (14)
Gr? +1-8(r? +a )023%

where p. = p, — py is the effective pressure. All the coef-
ficients in equations — are dimensional shorthand nota-
tions and do not represent meaningful physical quantities.
A summary of these coefficients is provided in Appendix B.

2.1.1. Effects of nonlinearity and comparison with
the numerical solution

The volumetric behavior of minerals is widely recognized to
possess inherent nonlinearity, as acknowledged by Angel et
al. (2018) and Moulas et al. (2023). Thermodynamic data-
bases commonly employ nonlinear elastic equations of
state (EOS) to describe the behavior of minerals (Holland
& Powell, 1998, 2011). The extent of strain depends on the
nature and magnitude of the reaction, as well as the me-
chanical properties of minerals. Various chemical reactions
can generate finite strain, including hydration or carbon-
ation reactions, that involve the addition of water or car-
bon dioxide molecules to compounds, leading to changes in
molecular structure and volume. Notably, Malvoisin et al.
(2020) observed a volume change of 59% to 74% during the
serpentinization of dunite samples collected at depth dur-
ing the Oman Drilling Project. Similarly, Lyu et al. (2015)
reported data on significant shale swelling of up to 30% due
to water adsorption.

We use numerical simulations to study the effect of finite
strain and material nonlinearity of the minerals on the
porosity and volume changes. Our numerical code is based
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Figure 1. Schematic model for mineral replacement reaction. (a) The total volume, V, consists of solid, V;, and
pore fluid, V;. The reaction starts at the fluid-solid contact and progresses into the solid volume (green). The
fluid pressure, p¢, and the external total pressure, p;, act on the volume in a viscous model. In the elastic model,
the rates of fluid pressure, p;, and total pressure, p;, are prescribed at the internal and external boundaries of the
volume, respectively. (b) Representative Elementary Volume (REV) for mineral replacement reaction in porous
media. The reaction starts around the cylindrical pore and progresses into the initial solid phase. Reacted and
non-reacted materials have different densities and mechanical properties. Pore radius, a, and radius of REV, b,
are determined by porosity. A reaction rim of radius c grows into the shell starting from the pore radius, a.

on the Lagrangian hyperelastic formulation of Lurie (1990),
Levin et al. (2013), and Levin et al. (2021). Numerical as-
pects of its implementation are described in Moulas et al.
(2023). The nonlinear elastic behavior in our numerical
model is described in terms of the strain energy function,
W, as follows:

\j OW
%=, (15)
W = 2G(i; — 3)
Ky 1-K' Y (16)
+—K,(K, — 1) [23 + (K 1)23i|

Here, o; are the true (Cauchy) stress components, \; are the
principal stretches, and i1, izare the invariant forms defined
as

i1= (A1 X2+ A3) —3V/d3, iz =MAaAs  (17)
Equations and reduce to the isothermal Murnaghan EOS for
pure-hydrostatic compression. G, K, and K are the non-
linear material parameters. In the linear limit, Ky, and G
reduce to the usual bulk and shear moduli.

In the numerical examples presented below, we set both
the total confining pressure p, and fluid pressure ps to
zero at the boundaries. This choice ensures that the result-
ing stresses are driven solely by the extent of the chemi-
cal reaction and associated deformation, rather than by ex-
ternally imposed boundary loads. This approach provides
conservative estimates that can be interpreted as pertur-
bations from the geological stresses developed due to nat-
ural confinement. It is important to emphasize that the de-
rived analytical solution is general and allows for arbitrary
boundary pressures. Figure 2A and 2B illustrate increments
of stress and displacements within the REV computed for

nonlinear hyperplastic materials under traction-free
boundary conditions when p; = p; = 0 corresponding to a
small increase in reaction progress from £ = 0.4 by the
amount given by d¢. The incremental linear elastic ana-
lytical solution is also shown for comparison. The incre-
mental nature of the analytical solution implies that the
final values of the external loads and reaction progress
are reached in several steps by applying small incremental
changes to the external parameters and evaluating how the
internal parameters, i.e., stress and displacement change
in response to the small loads. This approach gives an im-
proved estimate in case of large strains in comparison with
small-strain elastic solutions. Figure 2A and 2B show a
comparison of the numerical and analytical solutions for
two different values of incremental steps in solution, given
as increments in the reaction progress d¢ at zero fluid and
total pressures. They show that the analytical solution ob-
tained with small incremental steps d¢ = 0.01 is indistin-
guishable from a fully nonlinear large-strain numerical so-
lution. Larger increments in the analytical solution
d¢ = 0.1 lead to minor deviations from the nonlinear nu-
merical solution. Moreover, comparison of numerical so-
lutions obtained for two different values of the nonlinear
parameter K', show that nonlinearity has an insignificant
influence on the solution. The material’s response to the
applied load and reaction progress are mainly controlled by
the linear elastic bulk and shear moduli.

2.2. Elastoplastic adjustment of the matrix

As the reaction continues, stress discontinuity grows at the
reaction front (fig. 2). Stresses might eventually reach the
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Table 1. List of principal notations

Symbol Meaning Unit
a Internal radius of RVE m

b The external radius of RVE m
Aij, Bij, Cij Coefficients in the elastic solution summarized in Appendix B

c Position of the reaction front in RVE m
C,, C; Mass fraction of species in solid and fluid

Ciot Total mass concentration of species kg/m3
D, Effective diffusivity of species in fluid s

g Gravity m/s2
G Elastic shear modulus Pa

k Permeability m?
K Elastic bulk modulus of solid material within REV Pa
K, Kg» K¢ Macroscopic solid, drained and effective pore space bulk moduli Pa
K, K’ Parameters in the nonlinear Murnaghan EOS

Pts Pg Pe Total, fluid, and effective pressures Pa
dp Darcy’s flux m/s
r Radial coordinate within RVE m

t time s

v Velocity within RVE m/s
Vg Vi Solid and fluid velocity m/s
VIV Vs Total, solid, and fluid volumes within RVE m2
Xs Mass fraction of nonvolatile components in solid

X1 X5 Mass fraction of immobile solid within RVE before and after reaction

Y. Yy Yield limit of non-reacted and reacted part of REV Pa

a Biot-Willis parameter

6“. Kronecker delta, or identity matrix

€ Macroscopic volumetric strain

n Viscosity Pas
(<] The density ratio of an immobile component before and after the reaction, equation

Key Kd Reaction expansion coefficient of pore space and total volume

Ks Reaction expansion coefficient of solid, equation (41)

M¢ Viscosity of fluid Pas
M1, Mo Solid shear viscosity within RVE Pas
Koy Specific chemical potential of species in fluid J/kg
13 Reaction progress

Ps: Pfr Pt Densities of solid, fluid and total density of porous material kg/m3
01, P2 Densities of non-reacted and reacted part of REV kg/m3
o; Components of stress tensor within RVE Pa
T Macroscopic tensor of stress deviator Pa
[0} Porosity

X Sign of effective pressure in REV

strength of the rock. This will lead to the development of
the failure region either from the pore radius or ahead of
the reaction front. Where the failure region will develop de-

pends mainly on the fluid pressure increase and reaction
kinetics. Indeed, observations show that reaction-induced
micro-cracks were developed in natural systems (Malvoisin
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Figure 2. Comparison of elastic stress and displacement increments within REV: incremental analytical vs. fully
nonlinear numerical solutions corresponding to a small increase in reaction progress from £ = 0.4 by the amount
of d¢ as indicated on the figures. All simulations were performed at ¢ = 0.15, % = O.S,g—f =0.7, % =3.3.

et al., 2020; Pliimper et al., 2012) and laboratory experi-
ments (Fabbri et al., 2009; C. V. Putnis et al., 2021). Failure
around the pore radius might be expected when the reac-
tion product is weaker than the original material, and the

following condition is satisfied:
2

\” —‘76‘,« a
€+ (1 —-8¢)pe
. +G1(1— )’ (1—-©)(1 — &) (18)
(G10(1 = &p + G28) (1 — )
=2Y,
where © = ”ZXZ . Failure will start ahead of the reaction

front if the reactlon product is stronger than the original
material and the following condition is fulfilled:

o7 — a3,
feri-gmom |
~ 26, ~Gatll — ) (1—© (19)
€+ a-90 (s £’“") (1-9)

=2Y;
Failure ahead of the reaction front will open pathways for
fluid flow and will provide fluid access to new reactive sur-
faces. Below, we focus on the case when fractures develop
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ahead of the reaction front. The analysis for the case when
fractures are induced in the reacted region is similar.

We assume that the entire non-reacted region in figure 1
is in a state of plastic failure and obeys the von Mises
(20)
where x = sign(p.). For simplicity, we assume that the
solid is incompressible, i.e., that % = 0 in equations and
. Together with the force balance equation and boundary
conditions at the external radius, the failure criterion fully
defines the stresses in the fractured, non-reacted zone:

Or — 09 = 2Y3X

b
—pt +2Y1xIn —,
"y (21)
o = —pi +2Y1x <ln— - 1>
T

The solution to the equation under the condition that
+ =0 determines the following form of radial displace-
ment

ul = ul(t) -

(22)

Elastic equations — define the mechanical equilibrium in
the reacted (non-fractured) zone, giving
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1 1
2 _ 2
0, = —ps+2Gae (ﬁ - ﬁ) uc(t),
1 1
0 = —p;+2Gsc (—2 + —2> u?(t)u? (23)
a T
=ul(t)

Unknown displacements at the reaction front ul(¢) and
u2(t) can be found by satisfying the equation, namely

1-0
ul(t) = (2—)C + 0u’(t)
2
9 _ E ca
w20 == (pe0 + 2000 (3)) 55—y
Velocities can be found by differentiating displacements,
giving

(24)

(25)

(b —a?) (1-0©) d¢
v = 120 + TE (26)
) a?+¢ (b2 — a2) dpe
vy = Q' ———————
286Gy (b2 —a?)r dt
%
xYa? (b% — a?)¢ + 2a® ‘i ( (b2—a?)é+a ) L3 (27)
Gor  4€2(b2 — a?) v dt
2¢(b?—a?)

G
We replaced reaction radius, ¢, with reaction progress, &,
using the equation. Figure 3 shows the obtained elastoplas-
tic distribution of stresses and displacements in the REV
under traction-free boundary conditions. The stresses in
the REV are solely a result of the advancing reaction.

2.2.1. Effects of nonlinearity and comparison with
the numerical solution

To evaluate the impact of nonlinearity, we compared the
obtained analytical solution with the finite-strain numeri-
cal solution (fig. 3). Our numerical code incorporates an as-
sociative plastic flow rule with a von Mises yield criterion.
Using a commonly adopted multiplicative approach, the
strain gradient is decomposed into elastic and plastic com-
ponents. For a more comprehensive understanding of the
numerical implementation, further information can be
found in the work by Moulas et al. (2023). Like in the pre-
vious elastic analysis, the influence of the nonlinear elastic
parameter K remains minor. The effect of plastic failure
on the solution is more pronounced than nonlinear elastic
effects. Our analytical solution was obtained assuming the
entire nonreacted region experiences plastic flow. In the
numerical solution, increasing load caused the gradual
spreading of the plastic zone before reaching a fully plastic
state. Comparison with the numerical solution shows that
ignoring the gradual growth of the plastic zone in the ana-
lytical solution did not affect the result.

2.3. Viscous and viscoplastic deformation of the rock

Viscous and viscoplastic solutions can be obtained quite
similarly by replacing Hook’s law with linear viscous New-
ton’s law:

ov v ov v or+ 09

o, — 0
- _ = — 4+ — = 28
or r 2u 7 or + r 2n (28)
Solution of equations together with the stress balance

equation, condition at the reaction interface and boundary

06 |
> 04
)
2 r

—
L7l ;
1 15 2 95
%1073
M_
2 ] MM-.—-
s, —K'=4
= K'=40
0 L SEREAEER AR analytic 4
1 15 2 25

Figure 3. Comparison of elastoplastic stresses and
displacements within REV: analytical vs. fully
nonlinear numerical solutions corresponding to a
reaction progress £ = 0.4. Simulations were performed
atp =015, 2 =08, = 0.7, £~ = 100, $- = 1500.

> p;

conditions give the following expressions for the velocities
in the reacted and non-reacted zones for the purely viscous

case:
1 b2 d¢
=———|5—=4 A Ais— ) (29
vy 0 ( p7 gz Aupe + Anps + A ) (29)
1 b? d¢
=———(=——=4up.+ 4 Ay—] (30
V2 s (b2 2 AP + Apy + A2 it > (30)

The shorthand notations used in equations and are summa-
rized in Appendix B. For the viscoplastic case, one has to
add a yield criterion, obtaining the following velocities:
(b*—a?) (1-©) a¢
U= 2r dt
a’0 (a2 + (b2 — az) §)
2 (%2 — a?) rus
a2 + (b2 _ a2)§
b2
a® (a® + (b* — a?)f)
28(b% — a®)rps

2 b2 — a2
Gnmii%riﬁ

(31)

(XY1 In

)
»)

Vg = —

(32)
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2.4. Averaging

The previous relationships can be used to obtain expres-
sions for the effective rheology of a porous, two-phase
model. To derive macroscopic compaction equations for
reacting materials, we substitute the obtained velocities
given by equations and for the elastic case, and for the
elastoplastic case, and for the viscous case, and for the vis-
coplastic case into the equations and . This results in the
following elastic/elastoplastic compaction equations

de¢ 1 dpe
d K, dt
+ 1 _ 1 dpy 7 d¢ (33)
\&x k)@
de® 1 (dp: dpy dé
- (2 & 4
dt Ky ( @ Y )T (34)

Viscous/viscoplastic compaction equations take the follow-
ing form:
de” _ pe 3

=P = 35
dt ne  fdt (35)
de®  p. de
& ng + K4 7t (36)

Cases with and without plasticity will have different co-
efficients in the compaction equations, as summarized in
tables 2-4. Combining both endmembers, we obtain the
following macroscopic Maxwell-type viscoelastoplastic
equations for reaction-induced volume change and porosity

evolution:
d’e 1 (dp,  dps\  pe ds¢
- —a L) Pe 37
dt Kd(dt Tt e g B0
do 1 (dspt dfpf)
dt K, \ dt  dt
’ (38)
oL L\ pe o d¢
P\& " K7) @t " q, "t

In equations and , the reaction contributes to both porosity
changes, as in classical dissolution-precipitation models,
and solid volume change, as suggested by Malvoisin et al.
(2021). In addition to explicit reactive terms in compaction
equations, reactions also affect effective compressibility
K4, K, and viscosity 74, 1,. Interestingly, the progressing
reaction, in combination with the compressibility of the
solid phase, leads to the appearance of two solid bulk mod-
uli K ; and K :. These are usually attributed to the existence
of a non-connected pore space (Detournay & Cheng, 1993).
In our case, the difference between the two moduli results
from the presence of a compressible solid phase with differ-
ent mineralogical compositions and densities. Even when
the bulk and shear moduli of mineralogical components are
the same, these two moduli will still be different due to on-
going reaction and density differences. Effective bulk mod-
uli and effective viscosities in equations and generally de-
pend on porosity, reaction progress, density contrast, and
material parameters of the constituents (tables 2—4). In the
case of a reactive but incompressible solid, K ; =K ,:. In the
non-reacting limit with an incompressible solid, equations
and reduce to compaction equations derived in (Yarushina
& Podladchikov, 2015), which are shown to be consistent

with Biot’s theory of poroelasticity (Biot, 1941) and
Gassmann’s relations (Gassmann, 1951).

3. PROPERTIES OF DERIVED RHEOLOGY

Solid compressibility, effective stress law, and independent
set of equationsOur solution is obtained under the condi-
tion that immobile species are preserved in the system, i.e.,
that the following mass conservation equation holds:

9(psXs(1—-¢)) 0 i
— + oz, (psXs(1—@)v]) =0

where X, is the mass fraction of nonvolatile components in
the solid. X, is closely related to the reaction progress, &,

defined earlier:

é_ _ Xs - Xs,im'tial _ Xs - Xs,initial

- Xs,final - Xs,im'tial B Xs,eq

Both X, and & can be calculated for each given reaction
based on the molar masses of the compounds (see examples
for various reactions in Appendix A). Mass conservation
for immobile species can be combined with derived com-
paction equations and , leading to the very general form of
the equation of state for a solid:

1 d°p, 1 d*p: d¥p;
pe dt  K,(1-¢) \ at " dt (1)
d* X,
dt

Here, solid bulk modulus K, can be a complicated function
of porosity, stress state, and reaction. Yet, it is related to
the drained and pore bulk moduli through the relation fa-
miliar from non-reactive poroelasticity (Yarushina & Pod-
ladchikov, 2015)

(39)

(40)

+Kg

1 1-¢ 1
K, Ki; K,
Changes in density due to reaction only are defined by the
additional reaction expansion coefficient (see table 1 for

notations)

(42)

. 1 Kd Ko

1-X, Xs,eq (1 - (P)Xs,eq
The influence of fluid pressure on the density of the solid is
given by the partitioning coefficient o’ that depends on the
nature of the reaction as well as on porosity:

o= G051 —¢) +(© —1)(Ky +G>) (44)
G204(1 — ) + (0 — 1)(K> + Ga)p
When approaching the nonreactive limit, we recover the
conventional relation a' = ¢ (e.g., Yarushina & Podlad-
chikov, 2015).

By incorporating the equation along with the equations
provided in table 2, one can derive the following equation
for the Biot-Willis parameter (Biot & Willis, 1957)

1-— O(I Kd

1-¢ K
that quantifies the partitioning of stress between the solid
framework of the material and the pore fluid in the equa-
tion . The latter can be interpreted as an effective stress
law for volumetric deformation. In the nonreactive limit
a’ = ¢, the equation reduces to the classical relation be-
tween elastic moduli and the equation to the classical elas-
tic effective stress law. Note, however, that reaction

K (43)

a=1-—

(45)
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Table 2. Coefficients in the compaction equations with elastically compressible reaction product and

incompressible pristine material, without plasticity

Elastic

Viscous

_ (1 —9)(1—0)((1 - &Kz + G2)G1 + KrG»§)

_p(1—=9)(1 = 0) (u1(1 = &) + pa2f)

(G2 + K2)p +£G2(1 — ¢)) G1O(1 — §) + K2Go€

? T KiGrf + 0G1(1—§) (K2 1 G + £Ga(1— 9)) e O (1— ¢ + ok
)y — ko0 (K> + G2) (§+ (1 — &)yp) e o
(1-¢)*(1—-0)((1 - &)(K: + G2)G1 + K2Gf) T o (1= ) + paf)
1 _e(d-9et
K, (1-¢) 1 p(1-09)(+ (1 —-8y)
(K2 + G2)(1 — Op) — G2O(1 — p)¢ Ne (=) (Op1(l —&p + p2b)

P (K2(1-0¢) + G2 (1 -0 (£+(1-&)yp)))
O (pK2 + G (E+ (1 - &)yp))

Kq,=K,

1
77d:77y><§*90)

o — (Kz + G2)<p
PKy + G2 (1 =&y +§)

T G20 (199 1§
K; G19(1 - &) ((Ga+ K2)p +£G2(1 — @) + K2Go€
PR o) (R

TGy —Gi(1-9)(1-¢)O

Table 3. Coefficients in the compaction equations with failure ahead of the reaction front

Elastoplastic strong product

Viscoplastic strong product

ke —p(1—¢)(1-0) 1 _
ki—(1—¢)(1—0) =Y Ky =p(1—¢)(1-0)
_ xY1 ©¢ oy —
Nd—(lfe)(lfw)*G—2T+ 1=
OpYi(§+9(2—9) [ Ipel
2G2€2(1 — @) ( Y; +In(p+(1- (P)g))

1 p(1-09p)(p+(1-¢))

X

1 p(1-09)(p+ (199 M p26(1 =)

K G0 -9 (1+ i+ 1 -09)
|pe|

Kd*KW(é“”) nd:nw(é—w)

Table 4. Coefficients in the compaction equations with failure in the reacted region

Elastoplastic weak product Viscoplastic weak product
_(1-9)(1-06) _(1-9)(1-0)
= T v — T
kg=0 kg=0
1 e+ (1-9) i_(l—@w)(w(l—w)é)X(H Yo @ )
K, Gi(1-§(1-9) M pi(l =€) (1 —¢)® lpel o+ (1—9)¢
1 1

Kd:K¢<6—<P> nd:%(g—w)

progress generally depends on fluid pressure (Llana-Finez
et al., 2012). Thus, the partitioning between the total stress
and fluid pressure in the effective stress law for reactive
systems can be modified even further.
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Let us note at last that equations , and are linearly de-
pendent. Thus, only two of them can be used simultane-
ously. Given that equations of state for various solids are
well documented in thermodynamic databases such as Hol-
land and Powell (1998) or Johnson et al. (1992), it is more
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convenient to use the equation and determine their para-
meters from databases for each given pressure, tempera-
ture, and reaction.

3.2. The relative importance of reactive terms

The dominance of either volume expansion or porosity re-
duction is contingent upon the relative significance of the
reactive terms in equations and . In the absence of failure
during the reaction, the ratio of effective reaction expan-
sion coefficients can be determined by equations

Kd _ G2
e (elastic) (Gl(l - 5) + G2€) ¥ ’ (46)
Kd w2k

(11(1 = &) + p28) ¢

During the initial stages of the reaction, when ¢ < 1, the
volume expansion induced by the reaction is minimal, pri-
marily leading to porosity reduction akin to dissolution/
precipitation models. However, as the reaction progresses,
the importance of volume expansion becomes comparable
to porosity reduction. In materials with low porosity or
when porosity becomes clogged due to the reaction, volume
expansion is more important than porosity reduction, facil-
itating further accommodation of the reaction.

If inelastic failure or micro-cracking ahead of the reac-
tion front is involved, the volume expansion and pore size
reduction due to the reaction become equally important in
both elastoplastic and viscoplastic cases, as given by the
following ratios of reactive expansion coefficients

Ko (viscous)

Ky — (1 —¢)(1-0) =
ki—(1—¢)(1-0O) (elastoplastic) © (47)
o 1
Ko (viscoplastic) 14

In low-porosity rocks, volumetric expansion due to reaction
will be more pronounced than porosity reduction in vis-
coplastic rocks and of the same order of magnitude in
elastoplastic rocks, as follows from the equation . If failure
occurs in the reacted zone, then the influence of the reac-
tion on the total volume will be minimal and result only in
the porosity changes due to the reaction.

3.3. Dependence of failure limit on reaction

Failure criteria and can be used to evaluate the influence of
chemical reactions on the material’s strength. The critical
effective pressure required to start failure in the rate-inde-
pendent elastoplastic case can be estimated as a minimum
of p! and p? that are given below:

L Gat(1-)’(1-0)

be= B (£+ (1-¢&y) ; (48)
N SIS
o Gill-pa-e)i-g,
c £+ 10y )

G2l + G10p(1 — )
G2 (E+(1—8y)
Similarly, the failure limit in reacting viscoplastic rocks is

given by a minimum of p! and p? that are given below:

+xYa(1 - )

L Epe(1-9)’(1-0) d¢

© Bp(E+(1-8p) di

£+ (1-£)p0 (%)
+XY1(1 . <p) K2 o, POUL
2 _ pa(l — @)2(1 -9)(1-9 L3

p2f + (1 — €)pOpuy

p2 (E+ (1= &e)
In the limiting cases of no reaction £ = 0 and fully reacted
material (£ = 1), the usual limits for critical effective pres-
sure [pel,_q = Y1(1 — ) and |pe|,_, = Ya(1 — ¢) are recov-
ered (Yarushina & Podladchikov, 2010, 2015). Figure 4
shows an example of the resulting critical pressure for vis-
cous materials. Depending on whether the pristine material
is weaker or stronger than the final reaction product, the
material strength during the reaction will deteriorate or in-
crease non-linearly. Experiments on exposure of Portland
cement to CO,-rich or HyS-rich fluids indeed show an evo-
lution of mechanical strength with reaction progress. Car-
bonated cement shows higher yield stress than unreacted
cement (Lecampion et al., 2011), while cement exposed to
H,S loses its strength (Vralstad et al., 2016). Cement weak-
ening is associated with converting denser and harder iron
to pyrite. In contrast, the conversion of portlandite into
denser and harder calcite leads to the strengthening of ce-
ment.

+xYa(1 - )

3.4. Implications for the “force” of crystallization

Our model predictions contribute to reconciling the varying
estimates of the “force” of crystallization. It has long been
recognized that chemical reactions involving an increase in
the solid volume, or crystal growth, can generate stresses
(e.g., Korenaga, 2025; Steiger, 2005; Weyl, 1959 and refer-
ences therein). These stresses are often evaluated in terms
of the “force” of crystallization, defined as the difference
between the pressure on a growing crystal’s surface and
the fluid pressure. Note that, as such, the “force” of crys-
tallization has units of stress, not force. The thermody-
namic models relate the “force” of crystallization to either
the oversaturation of the solution phase (Correns & Stein-
born, 1939) or the curvatures of the solid-liquid interface
(Everett, 1961) and predict the “force” of crystallization
that is on the order of several GPa (Wolterbeek et al., 2018).
However, direct measurements of the “force” of crystalliza-
tion generated during CaO hydration show stresses of up to
153 MPa, which constitute only 5% of the maximum value
predicted by the thermodynamic theory for the “force” of
crystallization (Van Noort et al., 2017; Wolterbeek et al.,
2018). Similarly, experimental estimates for the “force” of
crystallization during MgO hydration ranged from 20 to 200
MPa (Ostapenko, 1976). This mismatch can be attributed
to the assumption of the ideal elastic behavior of a solid
crystal in the previous models. As stresses reach the shear
failure limit, which is on the order of several hundred MPa
for many rocks, the inelastic processes will interfere with
stress build-up. In our model, the “force” of crystallization
can be estimated as the normal stress arising at the reaction
front. It depends on the mechanical properties of the con-
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p/(1-9)

£

§

Figure 4. Model predictions for failure limits in reactive viscous porous materials. (a) The reaction product is

stronger than the pristine material, %

X
Y

indicated in the figure.

d¢

= 3, £+ = 2. Simulations were performed at 7;

stituents, applied effective pressure, density change during
the reaction, porosity, reaction kinetics, and the reaction
progress:

elastic __ dpe Gl (1 B g)(('-) B 1)(1 B (P)2
e raee. @
viseous _ Pe | 1 (1=8(© —1)(1—)? d¢
st e erage @ ™Y
Here,
1 Go€
“15 G1@<P(1/;§§) + Ga¢ (54)
K mOp(1 — ) + paf

When plastic failure is not accounted for, the model may
lead to high values of the “force” of crystallization for fast
reactions (solid line in fig. 5). With the onset of shear fail-
ure, the “force” of crystallization is limited by the plastic
flow. It depends on the applied external load, porosity, ex-
tent of reaction, and failure limit of the unreacted solid:
FPote = Yiln (€ + (1 =€) + pe (55)
Its values are very close to the shear failure limit (dashed
line in fig. 5). Given that the elastic, viscous, and plastic
moduli and porosity depend on the curvatures of the solid-
liquid interface and pore geometry and reaction progress,
&, which is directly related to the supersaturation of the
solution, our model is a generalization of both classical
approaches by Correns and Steinborn (1939) and Everett
(1961). Note, however, Mohr-Coulomb or Drucker-Prager
failure criteria for rocks depend not only on the shear stress
but also on the mean stress. Thus, under high lithostatic
pressure, the failure criterion will be more difficult to reach,
and thus, elastic or viscous estimates of the force of crystal-
lization might be more relevant. This discussion is closely
related to the broader debate surrounding tectonic over-
pressure—the phenomenon where pore pressures or local-
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=3, % = 2 (b) The reaction product is weaker than the pristine material,
= 1073, © = 0.8 and two different values of porosity as

elastic/viscous
elasto/visco-plastic

Figure 5. Model predictions for the “force” of
crystallization in reacting elastic, viscous,
elastoplastic, and viscoplastic porous media. For
calculations, we assumed ¢ = 0.25, 0 = 1.2,

Gy =543MPa, & = 2 = 1.5, Y = 100MPa, a/dt _ g 2.

wro

ized stresses exceed lithostatic pressure in the Earth’s crust
(Petrini & Podladchikov, 2000; Taj¢émanova et al., 2014).
Our model provides a framework for understanding how
such overpressures might develop during mineral reactions
that involve crystallization under confinement.
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4. CLOSED SYSTEM OF EQUATIONS FOR
REACTIVE TRANSPORT IN DEFORMABLE
MEDIA

The previous results can be used to derive a closed system
of equations for reactive transport in deformable media.
Consider a single chemical reaction in porous media satu-
rated with a reactive fluid. Let us further assume that the
solid phase consists of a nonvolatile component that re-
mains in the solid and one or more volatile components
that can easily be exchanged between the solid and fluid.
We use its mass fraction to quantify the nonvolatile com-
ponent in the solid phase X, = Tumddie The closed system

Mesolid

of equations governing reactive transport in deformable
porous rocks is summarized in table 5. It consists of three
total momentum conservation equations (1)-(3), three
fluid momentum conservation equations in the form of
Darcy’s law, equations (4)—(6), the total mass conservation
equation (7), and the mass conservation equation for the
immobile species (8), as formulated by Malvoisin et al.
(2017), Omlin et al. (2017), and Schmalholz et al. (2020).
When fluid consists of k components, concentration bal-
ance equations can be written for k-1 mobile species. A sin-
gle balance equation must be formulated for a two-compo-
nent fluid (such as a blend of H,O and CO,). It can be, e.g.,
the concentration of CO, with Oy = -2 and C, = =2

M fluid Mesolid *

which changes due to chemical diffusion and advection
(Beinlich et al., 2020; Vrijmoed & Podladchikov, 2022).
Maxwell-type viscoelastic equations (10)-(15) given in
table 5 can relate deviatoric stress and shear deformation.
Porosity equation (16) can describe compaction. We still
need fluid and solid equations of state and closure equa-
tions for chemical reactions. If the system is in local equi-
librium, closure relations for chemical potential pc,, con-

centration of immobile solid X, and weight fraction of
mobile components can be obtained from precalculated
(lookup) tables. Given that fluid and solid can have quite
complicated nonlinear equations of state depending on the
temperature, pressure, and chemical composition, it is
more convenient to use thermodynamic databases to re-
cover those quantities as well (Beinlich et al., 2020; Vrij-
moed & Podladchikov, 2022). Note that the commonly used
mass exchange between fluid and solid (e.g., Rudge et al.,
2011; Spiegelman et al., 2001) can be calculated from the
mass balance equation for the solid instead of formulating
explicit relations

1 d%ps 1 dfp

ps dt 1—¢ dt

+V.v,=T (56)

5. DISCUSSIONS AND CONCLUSIONS

A new micromechanical model for mineral replacement re-
actions and associated deformation is proposed. In contrast
to previous models, where continuity of displacements is
strictly enforced across the reaction front (Poluektov et al.,
2018) or simply ignored at a risk of kinematic mismatch
(Fletcher & Merino, 2001), we treat the reaction front as a
sharp moving boundary with possible jumps in mechanical
fields, analogous—mathematically—to second-order phase
transitions, although not in the strict thermodynamic
sense. We formulate the mass conservation law at the dis-
continuity. Stresses applied externally or generated during
chemical reactions are accommodated by elastic, viscous,
and plastic deformation. Obtained analytical solutions for
deformation within the REV show good agreement with fi-
nite strain nonlinear numerical solutions.

An important outcome of the micromechanical model
is the derivation of macroscopic (de)compaction equations
that link changes in porosity and solid volume to stress,

Table 5. Closed system of equations for coupled flow, reaction, and deformation.

No equation variable
vl A(ry—pidi i . ;
1-3 P = (TTIZH) — gips v, -3 Conservation of total momentum
4-6 qh = _%“j’) (Z_’Z T gipf) q5-3 Darcy’s law
7 % + % (pfq{) + ptv‘];) =0 Df Conservation of total mass
8 pr=pro+ps(1—) Dt definition
9 w + aizj (sts(l _ Lp)vg) =0 @ Conservation of immobile species
- 1 ( 0v vl 1 0vt _ 1 d'n T - i i
10-15 1 (E + %) — 350 = e T -6 Viscoelastic shear rheology
16 Lo 1 (d’Pf _ @) _ kb Ky X Dt Compaction equation
dt K, \ dt dt 7 Xy
17 «9({;‘;.” + 6% (—prfipDcf 3;:@ 4 prfqé + C’tot’vi) -0 Chot Ba!ance equation for mobile species inthe
J J fluid, only for 2-component fluid
18 Ciot = Cprp+ Csps(1 — ) C, definition
19-23 ps = ps(ps,Cs) Py From thermodynamics
Ps = ps(pt, Cs) Ps
X :XS(pfch) X
Cr = Cs(ps, Cs) %
pe; = po; (s, Cs) Koy
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fluid pressure, and chemical reaction. Our results demon-
strate that the interplay between reaction-induced defor-
mation and stress can lead to a spectrum of behaviors: at
one extreme, solid volume increase outpaces pore volume
expansion, reducing porosity and potentially limiting fluid
access and reaction progress; at the other, solid and pore
volumes evolve in a balanced way that maintains fluid con-
nectivity and allows the reaction to proceed toward com-
pletion. This continuum highlights the importance of cap-
turing the relative rates of deformation in the solid and
pore space when modeling reactive porous media.

Inelastic failure at the pore scale limits the unrealisti-
cally high build-up of the “force” of crystallization and fa-
vors the solid volume increase. In our model, the “force” of
crystallization is on the order of the yield strength of the
rock, which agrees well with experimental data. We show
that chemical reactions lead to the appearance of two solid
bulk moduli, which are usually attributed to the existence
of a non-connected pore space (Detournay & Cheng, 1993).
We formulate the effective stress law for the reactive porous
rocks, which resembles the classical elastic effective stress
law. However, the partitioning between the total stress and
fluid pressure in the reactive systems is slightly altered. Our
model predicts the dependence of effective bulk moduli,
effective viscosities, and critical failure limits on porosity,
reaction progress, density contrast, and material parame-
ters of the constituents. To fully account for the coupling
between reaction, deformation, and fluid flow, we derive
a self-consistent macroscopic closed system of equations
ready for implementation in numerical codes.
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APPENDICES

Appendix A. Examples of different reactions

Example 1. One-fluid reaction: hydration of
periclase (periclase + water = brucite)

The transformation of periclase (MgO) into brucite
(Mg(OH),) through the process of hydration is a subject
of frequent investigation in the context of geodynamic
processes occurring at tectonic plate boundaries (e.g.,
Schmalholz et al., 2020). This transformation can be de-
scribed through the following simplified reaction:

MgO + H,O = Mg(OH), (A1)
In this reaction, mobile components O and H can be present
both in the fluid and solid phases. Thus, the mass fraction
of the immobile compound in the solid, X, varies through
the reaction. Magnesium (Mg) has a molar mass of
ms g = 24.31-%, hydrogen (H) of m,y =1.01-%, and
oxygen (0) of m,p= 16.00%. Therefore, we set

X initial = XsMg0 = % =0.60 for periclase and
=0.42

_ _ M Mg
Xs,final - Xs,Mg(OH)z - (m,7A4y+2m,7(Z+2m5_H)

brucite. With the help of an equation , the reaction progress
is defined as

for

£ =5.56(0.60 — X) (A2)
Since only one fluid is present, there is no need for a fluid
component conservation equation.

Example 2. One-fluid reaction: hydration of olivine
(olivine + aqueous fluid = serpentine + brucite)

The process of serpentinization, which includes the hydra-
tion of olivine, resulting in the formation of serpentine and
brucite, i.e.,

2Mg25i04 + 3H20 = MggS’i2O5(0H)4

+Mg(OH),

is frequently regarded as pertinent to earthquake physics
and is a natural analog to mineral carbon sequestration
(e.g., Evans et al., 2018; Malvoisin et al., 2021). Both Mg
and Si are preserved in this reaction. However, changes in
their mass fraction are not independent from each other.
Thus, it will represent the mass fraction of Mg in the solid.
Given that
M Mg3Si,05(OH), = 277.11%, and MMg(OH), = 58.32%, X,
will vary between

(A3)

MaLg,si0, = 140.69-%

mol ?

M5, Mg
M MgySi0

Xs,initial = Xs,Mg_2SiO_4 = = 017,

X5, final = X5 Mgy8i,05(0H), T XsMgi0m), =  (A4)

Ms Mg Ms Mg — 050
M5, Mgy SinO5(0H) 4 Mg Mg(OH), '

With these provided values, the equation will establish a
correlation between the reaction progress and the mass
fraction:

£=3.03(X; —0.17) (A5)
Since only one fluid is present, there is no need for a fluid
component conservation equation.

Example 3. One-fluid reaction: carbonation of
olivine (olivine + carbon dioxide = magnesite +
quartz)

The carbonation of olivine is described with the simplified
equation:

MgySiO4 4+ 2C04 = 2MgCO3 + SiO4 (A6)
It primarily occurs in peridotite-rich rock formations, often
deep within the Earth’s mantle or in the Earth’s crust. As
this reaction converts mobile CO, into an immobile form, it
has a great potential to permanently remove carbon diox-
ide from the atmosphere (e.g., Kelemen & Hirth, 2012). For
this reaction, X, will represent the mass fraction of Mg in
the solid, with values between

ms M
Xy initial = X5 Mgi0y = ——2—— = 0.17,
mMggSiO4 (A7)
_ . Msymg
Xs,fz'nal = Xs,MgCOg =——=0.29
M, MgCO3
Then
¢ = 8.33(X, — 0.17) (A8)

Since only one fluid is present, there is no need for a fluid
component conservation equation.

Example 4. Two-fluid reaction: carbonation of
portlandite (portlandite + carbon dioxide =
calcium carbonate + water)

Portlandite (Ca(OH),) is a main compound in borehole ce-
ments. Its reaction with CO,

Ca(OH), + COy — CaCO3 + H,0 (A9)
is an important process in borehole cement alteration dur-
ing geological carbon storage (Lesti et al., 2013; Vralstad
et al., 2016; Wolterbeek et al., 2018). Carbonation of port-
landite is also observed in the natural weathering of con-
crete and mortar structures over time, as well as in car-
bonation curing techniques used in construction and
cement-based industries to enhance the strength and dura-
bility of concrete materials. Assuming that all Ca is repre-
cipitated and not washed out of the system, we can for-
mulate the conservation equation for Ca, where the mass
fraction of Ca in a solid with

Mg Ca
Xs,initial = Xs,Ca(OH)2 - 7777, = 0.54,
e SO, (A10)
Xs,fz'nal = XS,CILCO:; =29 0.40
Ms,CaCO;
Then
€=1711(0.54 — X,) (A11)

Since this reaction involves two fluid phases, CO, and H,0,
the conservation of CO, can be formulated.

Example 5: Two-fluid reactions: soapstone
formation from serpentinite (serpentinite + carbon
dioxide = magnesite + talc + water)

Beinlich et al. (2020) studied soapstone formation from ser-
pentine as a natural analog for geological carbon storage.
This process can take place via the reaction:
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2Mg352205(0H)4
+3COQ — 3MgCO;;
+Mg3S’i4O10(OH)2
+3H>0

The mass fraction of immobile species (Mg) in the solid is
defined as

(A12)

X initial = Xs,Mg35i205(0H)4
ms M
It it S 0.09,
M Mg;Si,05(0H),
Xs,final = XS,MQCOS + XSvM93Si4OIU(OH)2
Ms Mg Ms Mg

(A13)

M, MgCOs

=0.35
The reaction progress can be defined as
£ =3.85(X, — 0.09)

M 5,Mg35i4019(OH),

(A14)

Appendix B. Coefficients in the elastic (viscous)
solution with compressible constituents

Coefficients for the elastic solution with compressible con-
stituents in the equations are given by the following ex-
pressions:

G =c? (0K (1 — &) + K1¢) G2Gy

A15
F (00— ga  Gt) KKy )
An = (a2Kz + C2G2) (7‘2G1 + C2K1) ©
Ky + ¢'Ga) (7 (A16)
+ (0 —a®) (' — ) €KaCs
Ap =12 (2Gs + a*(1 - O K3) OG, (A17)

+b2 (62@K1 + (7‘2 — C2) Kz) £Go
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A13 = (@ - 1)(1)2 — (12)

(r*Gy + b’ K1) €K»Gy (A18)
Ag = (K1 + G1)(r?Gy + a’K>) (A19)
Az = (1—¢&)a® (’K2+ 0O (r* — %) K1) Gy (A20)
+7* (*G1 + b’ K1€) Ga
Az = (1 — ©)(b? — a®)(r’Gy + a’K>) (A21)
(1—-¢8)G1K,
By =0(r - %) (02G2 + a2K2) K.G,q (A22)
+£(b% — a?) (c2G1 + T2K1) K>G,
Biy = ¢* (K107 + &* (K2 — K10)) G1G2 (A23)
+r% (a®O(1 — §)G1 + €°G>) K1K,
Bz = (b2 — a®)(1 — ©)K 1 K,G1G> (A24)
By = (2 — a®) (K1 4 G1)K2Gs (A25)
Bas
=c? (rPK; +a*(1 - €) (0K, — K,)) G1Gy  (A26)
+7? (a’0(1 — §)G1 + b*¢Gs) K1 K,
Cy = (c2 + 1"2) (c2G2 + ang) OK,G; (A27)
+(b% — a?) (r’K; — ¢®G1) €K,G
Ciz = & (K10r° + &° (0K, — K)) G1G> (A28)
+r% (a’0(1 — §)G1 + &°Gs) K1 K,
Ca = 2(r? + a*)(K1 + G1)K1Gs (A29)
022
=c?(a*(1 - &) (K2 — ©K1) +1°K>) G1G2  (A30)
+r? (0a*(1 — £)G1 + G26b°) K1 K,
B3 = C13 = Cy3 = By3 (A31)

For a viscous solution, K;, K» need to be replaced with 7,

19 and G1, G2 with p1, us. Here, © = Zf—igf.
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