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 a b s t r a c t

The interplay between dissolution and precipitation reactions critically governs the long-term evolution of geo-
logic media, yet the role of fractures in shaping these dynamics remains poorly understood. Here we employ a 
pore-network modeling framework that explicitly represents both matrix pores and a through-going fracture to 
investigate coupled dissolution-precipitation processes. We show that fractures fundamentally alter system be-
havior, for example, by promoting extensive precipitation through side-branching instabilities. A comprehensive 
parametric study reveals three distinct regimes–passivation, side branching, and uniform replacement–emerging 
as functions of the Damköhler number and the Fogler number. Importantly, we identify an optimal fracture-to-
matrix conductance ratio that maximizes secondary mineral deposition, whereas either absent or overly dominant 
fractures suppress precipitation. We also demonstrate that fractures can mitigate system clogging by redistribut-
ing precipitation away from the primary flow path into side branches. Under both constant flow and constant 
pressure inlet conditions, fractures reduce the likelihood of clogging by altering flow and reactive pathways. 
These results underscore the pivotal role of fractures in governing feedbacks among flow, transport, and reactions, 
with direct implications for geological processes such as diagenesis, ore formation, and carbon mineralization.

1.  Introduction

Dissolution and precipitation within fractured porous rocks gov-
ern many of Earth’s fundamental alteration processes. In sedimen-
tary basins, basinal brines dissolve framework grains while promot-
ing the precipitation of cement phases, thereby modulating reser-
voir quality through compactional cementation, silicification, and 
dolomitization  (Korzhinskii, 1968; Fowler and Yang, 2003; Put-
nis and Mezger, 2004; Merino and Canals, 2011; Ulrich et al., 
2014; Montes-Hernandez et al., 2016; Beinlich et al., 2020; Centrella 
et al., 2021). In volcanic and metamorphic terrains, hydrothermal re-
placement builds ore bodies (skarns, epithermal veins) as dissolving 
host minerals feed precipitating products along fracture-matrix net-
works (Putnis and Austrheim, 2012; Guo et al., 2021). In engineered 
settings, carbon mineralization, geothermal scaling, acidizing or in-
situ leaching similarly depend on whether fractures deliver reactants 
deep into the rock matrix or shut down by filling with precipitate
(Rege and Fogler, 1989; Eriksson and Destouni, 1997; Garcia-Rios et al., 
2015; Pandey et al., 2015; Matter et al., 2016; Nitschke, 2018; Nisbet 
et al., 2024; Soucey et al., 2025; Shen et al., 2025). Across these sys-
tems, dissolution and precipitation proceed concurrently, coupled with 
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evolving permeability and heterogeneous flow (Ruiz-Agudo et al., 2014; 
Kondratiuk et al., 2015; Putnis, 2021).

Coupled dissolution and precipitation exert a strong influence on 
subsurface flow properties. Dissolution can enhance permeability by 
widening pores and generating flow channels (Noiriel et al., 2013; 
Menke et al., 2015; Deng et al., 2015; Starchenko et al., 2016; Molins 
et al., 2021; Zhou et al., 2022; Deng et al., 2025; Lee et al., 2025), 
whereas precipitation often reduces permeability by clogging pore 
throats and conduits (Zhang et al., 2010; Noiriel et al., 2016; Jones and 
Detwiler, 2016; Poonoosamy et al., 2020; Nooraiepour et al., 2021; Yang 
et al., 2024b; Shafabakhsh et al., 2024; Yang et al., 2024a). The com-
petition between these two processes could lead to diverse outcomes, 
ranging from permeability enhancement through wormholing to severe 
flow reduction due to passivation and clogging. Understanding when 
and how these feedbacks occur is essential for predicting the evolution 
of reactive transport systems in both natural and engineered settings.

Classical results cover end-members – wormholing in dissolution-
only flows and passivation in precipitation-only systems – but field ob-
servations show mixed textures: lateral replacement bands off major 
fractures, arrested tips, alternations of sealed and open segments, and 
sharp contrasts in replacement depth across seemingly similar fracture 
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sets  (Palmer, 1991; Ford and Williams, 2007). Fractures play a pivotal 
role in this context. They are ubiquitous in rocks, frequently dominate 
subsurface flow, and provide preferential pathways for both fluids and 
chemical species. By focusing transport, fractures have the potential to 
strongly mediate dissolution-precipitation dynamics, redistributing re-
actions into the surrounding matrix and altering the balance between 
permeability enhancement and clogging.

Despite the recognized importance of fractures in reactive transport, 
previous studies have largely focused on dissolution and precipitation 
processes within individual fractures and on the evolution of preferen-
tial flow paths in fracture-dominated systems  (Békri et al., 1997; Dijk 
et al., 2002; Wang et al., 2022; Kaufmann et al., 2016), while the role 
of coupled fracture-matrix interactions in governing multiscale reactive 
transport and mineral alteration remains less well understood.

In this study, we employ a pore-network modeling framework that 
explicitly represents both the porous matrix and a through-going frac-
ture. The model ties chemistry (precipitation and dissolution reaction 
rates and mineral molar volumes) and hydraulic architecture (fracture-
matrix contrast), and is capable of reproducing these observable pat-
terns. Specific objectives are threefold: (1) to determine how fractures 
influence the competition between dissolution and precipitation and the 
resulting flow and transformation patterns; (2) to identify the condi-
tions and mechanisms under which fractures promote passivation, side 
branching, or uniform mineral replacement; and (3) to quantify the ex-
tent to which fractures mitigate or exacerbate clogging under different 
flow boundary conditions.

2.  Model

2.1.  System description

In this work, we consider a system consisting of a single fracture 
embedded in a porous medium composed of a dissolving mineral A. 
Water containing reactive species is injected pointwise at the fracture 
inlet. The fracture is aligned with the pressure gradient and, at least 
initially, constitutes the main flow pathway. The reactants injected with 
the water drive both the dissolution of mineral A and the precipitation 
of mineral E within the system, with the two reactions being coupled.

To study reactive coupling, we consider a two-step process: (1) dis-
solution of mineral A by B ions, which releases coupling ions C into 
solution:

Reaction 1: 𝜒𝐴A + 𝜒𝐵B→ C↑ (1)

and (2) reaction of C with another ionic species 𝐷, forming the sec-
ondary mineral E:
Reaction 2: C + 𝜒𝐷D → 𝜒𝐸E↓, (2)

where 𝜒𝑖 denote the stoichiometric coefficients. Reaction is coupled via 
the coupling ion C that leads to the precipitation of mineral E. At the 
inlet, water containing B is injected, while the source of C is reaction 
(1), such that 𝑐in𝐵 > 0 and 𝑐in𝐶 = 0. Real-world examples of such coupled 
reactions include sandstone acidizing and mineral carbonation (Matter 
and Kelemen, 2009; Oelkers et al., 2008; Andreani et al., 2009; Sanna 
et al., 2014; Lund and Fogler, 1976; Economides and Nolte, 2000).

The transport and reaction of chemical species are governed by a 
convection-reaction equation integrated along individual pores,
𝜕(𝑞𝑐𝑘)
𝜕𝑥

= −𝜋𝑑𝑅𝑘(𝑐1,… , 𝑐𝑁 ). (3)

We consider first-order, irreversible kinetics (Fredd and Fogler, 1998; 
Dreybrodt, 1990),
𝑅diss = 𝑘1𝑐𝐵 , 𝑅prec = 𝑘2𝑐𝐶 , (4)

where 𝑘1 and 𝑘2 represent the effective dissolution and precipitation rate 
constants, respectively, as in Budek and Szymczak (2025). Reactant D 
is assumed to be in excess, so the precipitation rate depends solely on 
the concentration of species C. Both reactions are therefore treated as 
single-species processes.

2.2.  Numerical model details

To study the complex interplay between fluid flow, transport, and 
chemical reactions in porous media, we employ a pore-network model-
ing approach, following our previous methodology (Budek and Szym-
czak, 2012, 2025) which was an extension of the network model pro-
posed by Hoefner and Fogler (1988), Rege and Fogler (1989). This 
framework offers a geometrically explicit and computationally efficient 
representation of porous rocks, allowing precise control over pore struc-
ture and resolution of concentration gradients at the pore scale. For this 
study, we extended our previous pore-network model to incorporate a 
through-going fracture intersecting the porous rock matrix, which acts 
as a preferential flow pathway.

Unlike traditional pore-network models, our approach tracks not 
only pore diameters but also the surrounding grain volumes. Their 
composition evolves over time, which determines the availability of 
dissolving material. In the network model (see Fig. 1a-b), we distin-
guish between pores where reactions occur (graph edges), pore inter-
sections (graph nodes) where complete mixing of reactants is assumed, 
and grains (graph faces) representing the solid material undergoing dis-
solution or precipitation. Each node 𝑖 is characterized by its pressure, 
𝑝𝑖(𝑡), and the concentrations of reactants, 𝑐𝐵∕𝐶𝑖 (𝑡). A pore 𝑖𝑗, spanning 
nodes 𝑖 and 𝑗, carries information about its geometry – diameter 𝑑𝑖𝑗 (𝑡)
and length 𝑙𝑖𝑗 (𝑡) – as well as its volumetric flow rate, 𝑞𝑖𝑗 (𝑡). Finally, each 
grain 𝑖𝑗𝑘, defined by the triplet of nodes 𝑖, 𝑗, and 𝑘, is characterized 
by the volumes of solid materials A and E, 𝑉 𝐴

𝑖𝑗𝑘(𝑡) and 𝑉 𝐸
𝑖𝑗𝑘(𝑡). Note that 

dissolution reaction occurs only when 𝑉 𝐴
𝑖𝑗𝑘(𝑡) > 0, and pore and grain 

geometries evolve over time as chemical reactions proceed within the
system.

In this study, we employ a random triangular network composed of 
𝑁𝑥 ×𝑁𝑦 nodes distributed within a rectangular domain of aspect ratio 
𝑁𝑥∕𝑁𝑦. The (𝑥, 𝑦) positions of the nodes are assigned randomly and in-
dependently of one another. The edges are constructed using Delaunay 
triangulation.

The pore structure used here should be interpreted as an idealized 
pore-network representation rather than as a direct reconstruction of a 
specific natural rock sample. The random Delaunay network captures 
a connected, disordered matrix pore space, whereas the imposed high-
conductance pathway represents a through-going fracture. The model 
is therefore most directly relevant to fractured porous rocks in which 
both the fracture and the surrounding matrix participate in transport 
and reaction. Examples include fractured sandstones, granular or bio-
clastic carbonates, dolostones with intercrystalline porosity, silicified or 
dolomitizing carbonate rocks, and fractured mafic volcanic rocks with 
connected matrix porosity.

In this sense, the model should be viewed as a reduced-order repre-
sentation of fracture–matrix reactive transport. Its purpose is to isolate 
the effects of fracture–matrix conductance contrast, reaction rates, and 
molar-volume change on coupled dissolution–precipitation dynamics.

The domain (see Fig. 1) has a constant thickness ℎ𝑧, forming a quasi-
2D microfluidic-like system. As mentioned before, the system has a sin-
gle inlet, while the outlet extends along the lower boundary, with the 
outlet pressure set to 𝑝out = 0, which is lower than the inlet pressure 
𝑝in. A single fracture is introduced along the shortest path on the graph 
between the inlet and the outlet.

An extrinsic control is the forcing protocol: laboratory corefloods fre-
quently impose constant total flow (pressure adjusted), whereas many 
subsurface systems evolve closer to constant pressure; as permeabil-
ity drops under constant pressure, throughput collapses–accelerating 
clogging–even when chemistry is unchanged. Thus, we examine two 
driving protocols: constant pressure between the inlet and the outlet, 
and constant total flow through the system. In the constant-flow case, 
the total flow is maintained by rescaling 𝑝in at each time step of the 
simulation. Periodic boundary conditions are applied along the left and 
right boundaries; the upper nodes that do not belong to the inlet are 
subject to impermeable (no-flux) boundary conditions.
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Fig. 1. Pore-network model. The porous medium is represented as a network composed of grains (panel a) and pores (panel b), where each pore body corresponds 
to a network node and each pore throat to an edge. Grains are composed of material A (shown in blue), material E (shown in red), or a mixture of both (shown in 
purple). The edges of the network (hereafter referred to as pores) can belong either to a fracture (panel c) or to the matrix (panel d). For fracture, the pore shape is 
approximated as a rectangular cuboid, with 𝑙 denoting pore length, 𝑑𝑓  its width, and ℎ𝑧 the height of the system (panel c). For matrix pores, the shape is assumed 
to be cylindrical (with length 𝑙 and diameter 𝑑) as long as 𝑑 ≤ ℎ𝑧; otherwise, it is approximated, similarly as before, as a rectangular cuboid. Both the hydraulic 
conductance (panel e) and the reactive surface area (panel f) depend on 𝑙, 𝑑, and the assumed pore geometry.

2.3.  Flow, transport, and reactions in the network

To calculate flow through all pores and pressure at all nodes, we 
assume Hagen-Poiseuille flow in each element (see Fig. 1). We distin-
guish between network edges belonging to the matrix and those form-
ing the fracture. For matrix pores, the geometry is approximated as 
cylindrical, and the hydraulic conductance, 𝐶𝑖𝑗 , is proportional to 

𝑑4𝑖𝑗
𝑙𝑖𝑗

(Shah and London, 1978). Edges forming the fracture are assumed to 
have a rectangular cross-section, 𝑑𝑖𝑗 × ℎ𝑧, where ℎ𝑧 denotes the out-
of-plane system width. For this geometry, the hydraulic conductance 
is approximated as 𝐶𝑖𝑗 ∼

𝑑3𝑖𝑗
𝑙𝑖𝑗
, valid for 𝑑𝑖𝑗 ≪ ℎ𝑧 (Witherspoon et al., 

1980). For both matrix and fracture pores, when the pore diameter ex-
ceeds the system width (𝑑𝑖𝑗 > ℎ𝑧), the conductance is estimated using 
𝐶𝑖𝑗 =

𝜋
128𝜇𝑙𝑖𝑗

𝑑𝑖𝑗ℎ3𝑧, where 𝜇 denotes the viscosity of water. This corre-
sponds to flow through a rectangular conduit of size 𝑑𝑖𝑗 × ℎ𝑧 in the limit 
𝑑𝑖𝑗 ≫ ℎ𝑧. Note that the exact solution for Hagen-Poiseuille flow in a rect-
angular conduit involves an infinite series (Shah and London, 1978). For 
simplicity, we retain only the leading term and assume a sharp transition 
between cylindrical and rectangular geometries. In summary, the rela-

tionship between pressure drop and total flow through a given element
is given by:

𝑞matrix𝑖𝑗 =

⎧

⎪

⎨

⎪

⎩

𝜋
128𝜇𝑙𝑖𝑗

𝑑4𝑖𝑗 (𝑝𝑗 − 𝑝𝑖) for 𝑑𝑖𝑗 ≤ ℎ𝑧
𝜋

128𝜇𝑙𝑖𝑗
𝑑𝑖𝑗ℎ3𝑧(𝑝𝑗 − 𝑝𝑖) for 𝑑𝑖𝑗 > ℎ𝑧

𝑞fracture𝑖𝑗 =

⎧

⎪

⎨

⎪

⎩

𝜋
128𝜇𝑙𝑖𝑗

𝑑3𝑖𝑗ℎ𝑧(𝑝𝑗 − 𝑝𝑖) for 𝑑𝑖𝑗 ≤ ℎ𝑧
𝜋

128𝜇𝑙𝑖𝑗
𝑑𝑖𝑗ℎ3𝑧(𝑝𝑗 − 𝑝𝑖) for 𝑑𝑖𝑗 > ℎ𝑧,

(5)

Combined with the mass conservation condition at each node, which 
ensures that the total flow through all its neighbor pores satisfies 
∀𝑖

∑

𝑗 𝑞𝑖𝑗 = 0, this results in a sparse system of linear equations for 
the nodal pressures, solved using the MUltifrontal Massively Parallel 
sparse direct Solver (MUMPS) (Amestoy et al., 2001, 2006). Once the
pressure field is obtained, the flow through each element is computed 
using Eq. (5).

We assume that the characteristic time scales of flow and transport 
relaxation are much shorter than those of dissolution and precipitation 
(i.e., changes in 𝑑𝑖𝑗 and 𝑙𝑖𝑗), because mineral-phase concentrations are 
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orders of magnitude higher than those of solutes in the fluid. This as-
sumption allows us to employ a quasi-static approach, treating the flow 
and concentration fields as stationary at each time step (Lichtner, 1988). 
Furthermore, we neglect longitudinal diffusion along the pore axes but 
incorporate the transverse component into the reaction rates (Budek and 
Szymczak, 2012). Under these assumptions, and for fixed 𝑑𝑖𝑗 and 𝑙𝑖𝑗 , ex-
act analytical solutions for the concentration fields of the reactants can 
be obtained (Budek and Szymczak, 2025).

Note that, similarly to the hydraulic conductance, the expression for 
the reactive surface area 𝑠𝑖𝑗 , as a function of 𝑑𝑖𝑗 and 𝑙𝑖𝑗 differs between 
fracture elements and matrix pores. We assume that the upper and lower 
surfaces are inert so we get 𝑠fracture𝑖𝑗 = 2𝑙𝑖𝑗ℎ𝑧 for a fracture. For matrix 
pores, the reactive surface area depends on 𝑑𝑖𝑗 : 𝑠matrix𝑖𝑗 = 𝜋𝑙𝑖𝑗𝑑𝑖𝑗 for 𝑑𝑖𝑗 ≤
ℎ𝑧 and 2𝑙𝑖𝑗ℎ𝑧 otherwise.

Once the concentration field is known, the consumption or produc-
tion of species A and E in each pore can be determined, corresponding 
to changes in the composition of neighboring grains

Δ𝑉 𝐴 = −𝜋𝑑Δ𝑡∫

𝑙

0
𝑘1

𝜒𝐴
𝜒𝐵

𝜈𝐴𝑐𝐵(𝑥)𝑑𝑥, (6)

Δ𝑉 𝐸 = 𝜋𝑑Δ𝑡∫

𝑙

0
𝑘2𝜒𝐸𝜈𝐸𝑐𝐶 (𝑥)𝑑𝑥. (7)

Assuming uniform distribution of the dissolved A and precipitated E 
within each pore, we can update the geometric parameters 𝑑𝑖𝑗 and 𝑙𝑖𝑗 ac-
cordingly. A detailed derivation can be found in (Budek and Szymczak, 
2025). Note that the simulation time step, Δ𝑡, is chosen dynamically so 
that, in each step, for no grain does the change Δ𝑉𝐴∕𝐸∕𝑉 (𝑡 = 0) exceed 
1%.

2.4.  Simulation procedure

At the beginning of the simulation, the entire system consists solely 
of material A, depicted in blue in Fig. 1a. Water containing species B is 
injected at the inlet. The system height is taken to be on the order of the 
mean pore spacing (ℎ𝑧 = 𝑙0), and the time unit, 𝜏, is defined as the time 
needed to inject the initial pore volume of B, excluding the fracture.

Each simulation step consists of the following stages:

1. Solving for the pressure field at the nodes,
2. Computing flow rates in the pores,
3. Evaluating reactant concentrations at the nodes,
4. Updating the geometry, including pore diameters, pore lengths, and 
grain volumes and compositions,

5. Adapting the time step and performing pore merging.

The simulation continues until a given time (𝑡max = 33𝜏). If clogging 
is severe and the pressure required to sustain the constant flow exceeds 
103 its initial value, the simulation is terminated earlier and interpreted 
as complete clogging of the system. In the case of constant inlet pres-
sure conditions, the simulation is terminated if the total flow rate drops 
below 0.001 of its initial value.

To ensure numerical stability, pores with diameters below a certain 
threshold (𝑑 < 0.01𝑑0) are removed, reflecting the physical loss of con-
nectivity due to severe clogging. Conversely, in regions of intense dis-
solution, grain volumes may become very small, and the imposed con-
nectivity between pores and grains may no longer be physically realistic 
(a small grain may artificially block access to a larger one). To address 
this issue, we introduce a merging procedure: grains whose volume falls 
below 20% of their initial value (corresponding roughly to a halving 
of their length) are merged with neighboring grains, thereby modifying 
the network topology. Importantly, this procedure conserves the total 
mass of species A and E, the reactive surface area, as well as the local 
hydraulic conductance. During the merging process, three pores are re-
placed by a single pore with parameters 𝑑 and 𝑙 selected to preserve the 
reactant area of the vanishing pores and to maintain a local conductivity 
(see Supplementary Materials).

2.5.  Dimensionless numbers

For a given initial geometry, the system’s evolution is fully deter-
mined by three dimensionless parameters. The first is the Fogler num-
ber, Fo, a dimensionless precipitation-to-dissolution rate ratio (Budek 
et al., 2026),

Fo =
𝑘2
𝑘1

, (8)

which quantifies the relative dominance of precipitation over dissolu-
tion processes (Budek and Szymczak, 2025).

The evolution of the pore space strongly depends on whether the 
reaction leads to a net increase or decrease in the solid volume. Thus, 
we introduce the second parameter Γ, which relates the volume of solid 
produced by precipitation of E to the volume of solid removed by dis-
solution of A:
Γ =

𝜒𝐸𝜈𝐸
𝜒𝐴𝜈𝐴

, (9)

where 𝜈𝐸 and 𝜈𝐴 are the molar volumes of the precipitating and dissolv-
ing phases, respectively, and 𝜒𝐸 and 𝜒𝐴 account for the corresponding 
stoichiometric factors. When Γ > 1 (e.g., mineral carbonation of mafic-
ultramafic rocks; serpentinization of olivine or aragonite - calcite re-
placement) void space tends to decrease and pathways seal; conversely, 
when Γ < 1 (e.g., replacement of calcite by quartz during chertifica-
tion, calcite - dolomite, gypsum - anhydrite or albite - kaolinite replace-
ment) porosity can reopen (Putnis, 2021). This helps explain why silica-
cemented intervals often act as barriers, while some dolomitized zones 
remain transmissive (Hollis et al., 2017).

The third parameter is the global Damköhler number, defined as

Da =
𝜋𝑙0𝑑0𝑘1(𝑑0)

𝑞0
, (10)

where 𝑙0 is the mean distance between neighboring nodes, and 𝑑0 and 
𝑞0 denote the initial diameter of matrix pores and the initial mean flow 
through those pores (in absence of the fracture), respectively. Note that 
in the present study, for the sake of clarity, the system width is kept 
constant, as is the pore density per unit length, and the initial flow rate 
is adjusted to achieve the desired value of the Damköhler number, 𝑄(𝑡 =
0) = 𝑁𝑦

𝜋𝑘1𝑙0𝑑0
𝐷𝑎 .

The geometry of the system, apart from the initial node positions, 
is further characterized by two additional parameters. The first is the 
initial porosity, 𝜑0, which is uniquely determined by the initial pore 
diameter, 𝑑0, through 𝜑0(𝑑0) = 1 −

(2−𝑑20𝜋)
3∕2

2
√

2
. This relation is derived for 

an ideal hexagonal network (for details, see Budek and Szymczak, 2025).
The second geometrical parameter is the initial fracture-to-matrix 

hydraulic conductance ratio, Cr, which quantifies the initial contrast in 
flow conductance between the fracture and the surrounding matrix. It 
depends on the ratio of the initial fracture and matrix pore diameters. 
The initial diameter of matrix pores is assumed uniform and equal to 
𝑑0 < ℎ𝑧, while the corresponding pore lengths vary due to the random 
placement of nodes. The initial fracture aperture, 𝑑f0, is also uniform but 
differs from 𝑑0. Accordingly, the initial fracture-to-matrix conductance 
ratio is given by

Cr =

⎧

⎪

⎨

⎪

⎩

(𝑑f0)
3ℎ𝑧

𝑑40
for 𝑑f0 ≤ ℎ𝑧

𝑑f0ℎ
3
𝑧

𝑑40
for 𝑑f0 > ℎ𝑧.

(11)

3.  Results

3.1.  Impact of the fracture

Let us investigate the impact of fracture on the evolution of the sys-
tem. Simulation results for a system consisting of 100 × 200 nodes 
with various fracture sizes are presented in Fig. 2. The default reac-
tion parameters, Da = 0.1, Γ = 1, and Fo = 1, were used and the total 
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Fig. 2. Simulation results for different fracture-to-matrix conductance ratios: Cr = 1 (panel a), Cr = 180 (panel b), and Cr = 7230 (panel c). Three stages of system 
evolution are presented, where blue denotes grains consisting of material A, red represents grains consisting of material E, and empty space is shown in white (see 
the color bar at the bottom). The images are accompanied by normalized permeability and deposition rate over time. Vertical dashed lines indicate the moments 
of image capture shown on the left. The default simulation parameters were used: 𝑁𝑥 ×𝑁𝑦 = 100 × 200, Da = 0.1, Γ = 1, Fo = 1, and 𝜑0 = 15%. Depending on the 
fracture size, we observe three distinct regimes: wormholing (no fracture), branching (small fracture), and fracture dominance (large fracture).

flow rate through the system was kept constant. The initial porosity 
of the matrix was set to 𝜑0 = 15% and the total flow rate through the 
system was held constant. Fig. 2(a) shows the time evolution of a sys-
tem without a fracture (Cr = 1). It includes plots of the normalized per-
meability, 𝐾(𝑡)∕𝐾0 =

Δ𝑃 0
in

Δ𝑃in(𝑡)
, where 𝐾0 denotes the initial permeability 

of the system. Alongside, the normalized precipitation rate is plotted, 
Δ𝑉𝐸 (𝑡)
Δ𝑉 max𝐸

= 𝑉𝐸 (𝑡+Δ𝑡)−𝑉𝐸 (𝑡)
Δ𝑡𝑄0

tot𝑐
in
𝐵 𝜈𝐴𝜒𝐴∕𝜒𝐵

, which is defined as the fraction of precipitate 
deposited at a given time relative to the maximum possible deposition 
from the injected reactants, Δ𝑉 max

𝐸 . Here, 𝑄0
tot is the total flow through 

the system. As long as the total system flow and the inlet concentration 
of species B remain constant, Δ𝑉 max

𝐸  also remains constant.
In the case without fractures, we observe the growth of a single 

wormhole in the system, although secondary reactions distort both its 
shape and growth direction. Instead of the straight, regular wormhole 
that would develop in the absence of precipitation, a bulbous structure 
forms, meandering through the system at an angle. This behavior results 
from the ongoing competition between dissolution and precipitation re-

actions. Precipitate accumulates in front of the most active part of the 
dissolution pattern, either halting its growth or forcing it to seek new 
pathways toward the system outlet. Consequently, the total permeability 
of the system oscillates over time until breakthrough occurs. Permeabil-
ity oscillations in dissolution-precipitation systems have been reported 
both experimentally (Rege and Fogler, 1989; Singurindy and Berkowitz, 
2003) and in numerical simulations (Budek and Szymczak, 2025). In 
contrast to typical wormhole behavior, where B gradually decreases 
along the channel and a characteristic maximum length emerges, the 
presence of precipitation alters the dynamics: the wormhole becomes 
surrounded by grains fully transformed into material E, so B concentra-
tion decreases only near the actively growing tip. This effect leads to 
the emergence of self-replicating patterns that propagate through the 
system.

Notably, after the wormhole tip reaches the system’s outlet, both the 
permeability and the precipitation rate stabilize. After breakthrough,
almost all reactants are flushed out of the system as the flow becomes 
focused solely in the wormhole, where dissolution ceases because the 

Earth and Planetary Science Letters 690 (2026) 120163 

5 



A. Budek et al.

surrounding grains consist entirely of secondary material E. As a re-
sult, until breakthrough, the deposition rate remains close to unity since 
all reactants are consumed at the tip of the growing wormhole. After 
breakthrough, however, the deposition rate drops to nearly zero. The 
final permeability is approximately 2.5 times higher than the initial 
value, as the wormhole serves as a flow channel with lower hydraulic
resistance.

The evolution of the system with a small fracture (conductance ratio 
180) is presented in Fig. 2b. Initially, most of the flow is concentrated 
within the fracture, leading to a rapid increase in permeability, which 
soon reaches a plateau. This early growth of 𝐾 is primarily due to the 
widening of the fracture. Once most of material A in the fracture vicinity 
is replaced by E (the initial stage of fracture rebuilding), permeability 
stabilizes, and precipitation starts to counterbalance dissolution by par-
tially clogging the preferential flow path. Unlike the no-fracture case, 
stabilization does not coincide with complete flushing of reactants from 
the system. The deposition rate is lower than in the no-fracture case 
and decreases over time, but remains significantly above zero through-
out the entire simulation. Following the initial replacement of A by E 
near the fracture (up to 𝑡 = 0.8) and the attainment of a steady 𝐾, in-
tense side branching occurs, distributing the precipitate away from the 
fracture (see video M1).

The side-branching that enables deep deposition of E within the ma-
trix arises from reactive-infiltration instability: the transverse flow into 
the matrix is not distributed uniformly but instead concentrates along 
paths that compete with one another for the available flow (Chadam 
et al., 1986; Ortoleva et al., 1987). In replacement systems, an anal-
ogous instability develops when a locally more porous–and thus more 
permeable–intermediate zone forms between the dissolution and pre-
cipitation fronts, which focuses flow and promotes finger growth (Kon-
dratiuk et al., 2017). The side-branching observed here is similar to the 
early stages of wormholing in rectangular geometry (linear inlet), where 
many channels nucleate and compete before wavelength selection and 
coarsening set in (Szymczak and Ladd, 2006; Cohen et al., 2008; Cabeza 
et al., 2020). Additionally, partial fracture clogging further redistributes 
flow into the matrix, reinforcing branch initiation. The number and 
thickness of the branches depend on Da, which governs the instability 
wavelength in reactive-infiltration systems. Note that at late times the 
deposition rate stabilizes at around 5% and remains at a similar level 
until almost the entire system has been transformed from A to E (see 
Supplementary Fig. S3).

Side branching of the dominant pattern, in which branches develop 
in the transverse direction, is observed in a variety of systems governed 
by a Laplacian field (so-called Laplacian growth), for example during 
dendrite formation (Couder et al., 2005) or viscous fingering on a rect-
angular grid (Budek et al., 2015). This behavior suggests that the emer-
gence of such structures is universal, provided geometric constraints are 
imposed, and that it is controlled by the interaction between the grow-
ing pattern and the Laplacian field.

Let us now consider a system with a larger fracture, with a conduc-
tance ratio of approximately 7000 (see Fig. 2c). In this case, almost all 
the flow is concentrated within the fracture. Following the initial trans-
formation of grains near the fracture (from A to E), the permeability 
stabilizes rapidly, remaining close to its initial value. The deposition 
rate is extremely low from the outset and continues to decrease over 
time. This dominance of the fracture results in effective passivation, as 
all grains in its vicinity are quickly converted into material E, which 
inhibits dissolution and slows further deposition.

In summary, we can observe three different regimes of system evo-
lution depending on the fracture size: wormholing (no fracture), side-
branching (small fracture), and fracture dominance (large fracture). Ad-
ditionally, supplementary materials include a discussion of the impact of 
system length (see Fig. S1 and S2), concluding that no qualitative differ-
ences are observed in either the wormholing or side-branching regimes, 
even in simulations performed on larger networks and over longer
times.

3.2.  Optimal fracture sizes and branching mechanisms

We now quantitatively analyze the deposition properties as a func-
tion of fracture size. The total E deposition and deposition depth for 
different conductance ratios and at different times are presented in 
Fig. 3a,b. The deposition depth is defined as the mean transverse dis-
tance from the fracture centerline to the centers of grains containing at 
least 50% of phase E, normalized by 𝐿𝑦. The results have been averaged 
over 30 realizations with different initial positions of the nodes. The 
longer the simulation lasts, the more pronounced the positive impact 
of the fracture on the total amount of deposition becomes. The optimal 
fracture-to-matrix conductance ratio lies between 50 and 1000, with the 
maximum for both total deposition amount and deposition depth occur-
ing at Cr ≈ 100. For Cr larger than 1000, both deposition depth and 
total deposition volume drop abruptly as the system shifts toward the 
fracture-dominance regime associated with fracture passivation.

Efficient deposition of E for Cr ≈ 100 in the presence of a fracture is 
associated with intense branching. To elucidate the branching mecha-
nism, conductance along the fracture was plotted at different time steps 
for Cr = 180 (see Fig. 3c). The permeability of the fracture increases in-
tensely only near the inlet, but deeper in the system there are regions 
where partial clogging of the fracture occurs - its conductance drops be-
low the initial value. This partial clogging reinforces the redistribution 
of flow into the matrix, resulting in branches that initially grow perpen-
dicular to the fracture and later bend while searching for the shortest 
path to the system outlet. As a result, we can deposit material E deep 
into the system, and the total amount of deposited material exceeds that 
in the no-fracture scenario.

To quantify the impact of fracture partial clogging on system evolu-
tion, we estimate the normalized reduction in fracture-matrix conduc-
tance ratio due to clogging, using the relation,

Cr′∕Cr =
⎛

⎜

⎜

⎝

1 − 𝑓 (𝑑0)Γ
(

(Γ − 1)Fo + 1
FoΓ

)
Fo

Fo−1 𝑙0
𝑑𝑓

⎞

⎟

⎟

⎠

3

, (12)

derived in the Supplementary Material S3, where Cr′ is the 
fracture-matrix conductance ratio due to clogging and 𝑓 (𝑑0) =
(

√

3 −
𝜋𝑑20
𝑙20

)3∕2
∕(2 4

√

3) is a factor depending on initial porosity. The 
clogging effect weakens as the initial fracture aperture increases. For 
a representative case with an initial porosity of 15%, Γ = 1, and Fo = 1, 
this simplifies to Cr′

Cr ≈ (1 − 1.2Cr−1∕3)3. The threshold value of Cr at 
which clogging fully compensates the fracture-matrix conductance con-
trast, estimated by solving (1 − 1.2Cr−1∕3)3 = 1∕Cr, is Cr𝑡ℎ ≈ 10. This 
agrees with Fig. 3a, where fractures with Cr < 10 have little influence 
or even reduce precipitation by shortening the wormhole. For the ref-
erence case (Cr = 180), the predicted maximal conductance reduction is 
Cr′∕Cr ≈ 0.49, consistent with the results in Fig. 3c.

Local partial clogging within the fracture plays a major role for small 
and medium Cr, while its effect vanishes for larger values. To determine 
the upper limit of Cr for which side branching can still occur, we ex-
amine the initial flow distribution before any reaction takes place. As 
shown in the Supplementary Material S4, the flow rate within the large 
fracture, 𝑞𝑓 , decays exponentially along the downstream distance along 
the fracture until it reaches an asymptotic value set by the fracture-to-
matrix conductance ratio:
𝑞𝑓
𝑄tot

= (1 −
𝑞∞𝑓
𝑄tot

)𝑒−𝑥∕𝜆 +
𝑞∞𝑓
𝑄tot

. (13)

The asymptotic fracture flow rate, 𝑞∞𝑓 , satisfies 𝑄tot = 2𝑁𝑦𝑞∞𝑚 + 𝑞∞𝑓 =
2𝑁𝑦𝑞∞𝑓 ∕Cr + 𝑞∞𝑓 , where 𝑞∞𝑚  is the characteristic flow rate through a ma-
trix pore far from the inlet, and the system width spans 2𝑁𝑦 matrix 
pores. Hence, 𝑞∞𝑓

𝑄tot
= Cr

Cr+2𝑁𝑦
 and 𝑞∞𝑚

𝑄tot
= 1

Cr+2𝑁𝑦
.

For the reactive-infiltration instability to develop, the reactant pen-
etration length must be comparable to the pore length or larger. Ap-
proximating horizontal flow from fracture to the matrix as 𝑞⟂𝑚 ≈ 𝑞∞𝑚  and 
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Fig. 3. Panel (a) depicts the deposition efficiency (total volume of material E) as a function of the fracture-to-matrix conductance ratio, Cr, for different total 
simulation times, 𝑡, where time unit is equal to time required to inject initial pore volume of species B. Note that the deposit volume is normalized by the volume of E 
deposited in the no-fracture scenario. Panel (b) depicts deposition depth as function of Cr for three different times. Additionally, panel (c) presents the time evolution 
of local conductance along the fracture: while the inlet part of the fracture opens intensively, the conductance of the remaining section can oscillate, occasionally 
dropping below its initial value, which facilitates side branching. The passivation mechanism for small Fo is analyzed in panel (d), where the local conductance 
distribution along the horizontal axis at 𝑥 = 0.5 is plotted for two different times for Fo = 0.1.

substituting into the local Damköhler number yields Damatrix = Da 𝑞0
𝑞⟂𝑚

≈

DaCr+2𝑁𝑦
2𝑁𝑦

, which becomes unity for Cr ≈ 1800. This value is consistent 
with Fig. 3ab, where for Cr > 103 the branching effect disappears. In 
summary, when 10 ≲ Cr ≲ 103, the fracture is sufficiently large to be sig-
nificant, yet not so large that Damatrix > 1; in this regime, partial clogging 
further increases Damatrix.

3.3.  Regime map: impact of Da and Fo

The dissolution and precipitation penetration lengths, 𝐿𝐵 and 𝐿𝐶 , 
which play a key role in controlling the system dynamics, depend on 
the Damköhler number (Da) and the Fogler number (Fo). In the ab-
sence of a fracture, these relationships are given by 𝐿𝐵 = 𝑙0∕Da and 
𝐿𝐶 = 𝑙0∕(FoDa). The presence of a fracture shortens the penetration 
length within the surrounding matrix while extending it along the frac-
ture, where the flow is concentrated. The extent of this shift depends 
strongly on the fracture aperture, quantified by the conductance ratio 
Cr. In the following, we examine how these reaction-related parameters 
influence the temporal evolution of the system.

The final stages of evolution for simulations on a network consist-
ing of 100 × 200 nodes for different values of Da and Fo are presented in 
Fig. 4a. Total time of a simulation was set to 𝑡 = 6𝜏. As before, the initial 
matrix porosity is set to 𝜑0 = 15%, and a single fracture with Cr = 180 is 
added in the middle of the system. The parameter Fo affects the shape 
of emerging pattern in a significant way. For large Fo, precipitation oc-
curs much faster than dissolution and takes place in situ, in the same 
pores where dissolution previously occurred. Since Γ = 1 and the instan-
taneous transformation A → E does not alter local porosity, reactive-

infiltration instability weakens, leading to the formation of a uniform 
front. As a result, instead of branching, we observe a carrot-like, regular 
shape of the precipitate around the fracture. As shown in Supplementary 
Materials S3, the uniform replacement regime behaves similarly in the 
absence of a fracture  (Budek and Szymczak, 2025), although the pres-
ence of the latter enables deeper deposition of the precipitate, whereas 
without a fracture, material E would accumulate primarily near the inlet 
(see video M2).

For intermediate values of Fo ∼ 1, as mentioned earlier, intensive 
side branching of the pattern is observed. Since the penetration lengths 
of the dissolving and precipitating reactants, 𝐿𝐵 and 𝐿𝐶 , are similar 
and greater than the length of a single pore, the competition between 
these two processes is very strong. On the other hand, for small Fo, pre-
cipitation and dissolution are spatially separated (Budek and Szymczak, 
2025), as the precipitate has a chance to travel deeper into the system 
before being deposited (𝐿𝑐 > 𝐿𝐵). As a result, rapid fracture passiva-
tion occurs, accompanied by permeability stabilization and a decline in 
deposition to almost zero. This is a consequence of the emergence of a 
thick layer of precipitate at some distance from the fracture–this clogged 
region inhibits flow into the matrix. Note that for smaller Da, this pas-
sivation region occurs further from the fracture; thus, at the beginning 
of the simulation, intense fracture widening is observed. However, once 
all of mineral A ahead of the passivation region has dissolved, no further 
chemical reactions occur in the system.

To elucidate this behavior, we analyzed the conductance profile 
across the cross-section (at 𝑥 = 0.5𝑁𝑥) at different time steps for Fo = 0.1
and Da = 1 (see Fig. 3d). At the beginning of the simulation, the con-
ductance of the matrix was uniform, with only the pores forming the 
fracture exhibiting high initial conductance (red peak). After a short 
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Fig. 4. Dissolution and precipitation patterns around the fracture for different Damköhler numbers (corresponding to different flow rates through the system) and 
different Fogler numbers, Fo, are presented in panel (a). We observe three distinct regimes depending on Fo: passivation for small Fo, characterized by a large 
spatial separation between dissolution and precipitation; branching for medium Fo, where the separation is smaller; and uniform replacement for large Fo, where 
precipitation occurs ’in situ’ without spatial separation. The effectiveness of A dissolution and E deposition are presented in panel (b) and (c), where the total volume 
of dissolved A (or deposited E) are shown for wide range of parameters Da and Fo. Both Δ𝑉𝐴 and Δ𝑉𝐸 are expressed as fractions of the total initial volume of solid 
material. Results are presented for 𝑡 = 6𝜏 and have been averaged over 30 realizations.

time (𝑡 = 0.8𝜏), the conductance distribution changes. While conduc-
tance increases around the fracture, it simultaneously drops significantly 
at some distance from it. This is the region that, on one hand, has not 
yet undergone much dissolution, but has accumulated a large amount 
of precipitate. In contrast, the conductance of the fracture (𝑦∕𝐿𝑦 ≈ 0.5) 
increases significantly as dissolution dominates there.

In summary, we observe three distinct pattern formation regimes 
depending on the relative rate of precipitation to dissolution, Fo. For fast 
precipitation, we obtain uniform A → E replacement; for intermediate 
values of Fo, side branching occurs; and for slow precipitation, fracture 
passivation dominates.

The Damköhler number, Da, also has a significant impact on pattern 
formation, primarily influencing the diffuseness of the patterns. It deter-
mines both reactant penetration lengths (𝐿 ∼ 1∕Da). For small Da (long 

penetration length), patterns become more diffuse, and more reactants 
are flushed out of the system. On the other hand, for short penetration 
lengths (large Da), the edges of patterns become sharper. In this case, 
branches are thinner, more numerous, and begin to merge (see Da = 0.5
and Fo = 1). Notably, for large Da, the passivation effect weakens, as in-
dividual side branches can still continue its growth. This results from the 
shorter distance between the fracture and the clogged area as well as the 
thinner layer of the latter – both consequences of shorter precipitation 
penetration length.

The effectiveness of A dissolution and E deposition is presented in 
Fig. 4b and c, respectively, where the total volume of dissolved A (or 
deposited E) are shown for wide range of parameters Da and Fo. Both 
Δ𝑉𝐴 and Δ𝑉𝐸 are expressed as fractions of the total initial volume 
of solid material. The total volume of dissolved A is not a monotonic
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Fig. 5. Clogging vs. non-clogging: Comparison between no-fracture and fracture scenarios for a large molar volume ratio of secondary to primary rock (panels a 
and b) and for the default set of simulation parameters but with a constant inlet pressure (panels c and d). Three stages of system evolution are presented, where 
blue denotes grains consisting of material A, red represents grains consisting of material E, and empty space is shown in white (see the color bar at the bottom). The 
images are accompanied by normalized permeability and deposition rate over time. Vertical dashed lines indicate the moments of image capture shown on the left.

Earth and Planetary Science Letters 690 (2026) 120163 

9 



A. Budek et al.

function of either Fo or Da. For small values of Fo and Da, the penetra-
tion length of the precipitating reactant (𝐿𝐶 ) exceeds the system length, 
and intense flushing of the precipitant promotes efficient dissolution, as 
it is not hindered by precipitation. As Fo and Da increase, the competi-
tion between dissolution and precipitation becomes stronger, resulting 
in thinner dissolution patterns and a reduced total volume of dissolved 
primary material. Finally, for the largest values of Fo and Da, the re-
actants are no longer flushed out as both 𝐿𝐵 and 𝐿𝐶 are much smaller 
then system length. Additionally, intense side branching broadens the 
patterns. As a result, Δ𝑉𝐴 increases significantly, reaching its maximum 
in the regime of uniform A-to-E replacement. The most efficient depo-
sition of material E in the system also corresponds to this uniform re-
placement regime, which occurs at high Fo. Additionally, large values 
of Da prevent flushing of the reactants and further increase the amount 
of E that can be deposited (see Fig. 4c). Consequently, the maximum E 
deposition is observed for Da = 0.75 and Fo = 10, where Δ𝑉𝐴 and Δ𝑉𝐸
reach their plateau as the system switches to the replacement regime in 
which all material A is replaced by E.

3.4.  Clogging

Dissolution accompanied by precipitation can lead to total clogging 
of the system. The system is prone to clogging when the solid volume 
produced by precipitation exceeds the solid volume removed by dis-
solution, Γ > 1. Simulation results for Γ = 1.5, Fo = 1, and Da = 0.1 are 
presented in Fig. 5, where panel (a) depicts the scenario without a frac-
ture and panel (b) – with a fracture. As before, the initial matrix porosity 
is set to 𝜑0 = 15% and Cr = 180. As predicted, a large Γ leads to rapid 
clogging of the system.

What is striking is that the presence of a small fracture (Cr = 180) 
prevents the system from clogging. Even though the solid volume pro-
duced by precipitation exceeds that removed by dissolution, the perme-
ability of the system grows over time. The characteristic side branch-
ing is also present, although the branches are thinner and shorter than 
for Γ = 1.0 (see Fig. 2b). The deposition rate drops to zero during the 
simulation but the system remains far from being clogged, with per-
meability staying constant at a level above its initial value. In Supple-
mentary Material S1, we show that the system size does not affect this 
clogging/non-clogging behavior. Note that, according to Eq. (12), for 
Γ = 1.5 and Fo = 1, the minimum Cr below which the fracture becomes 
fully clogged is Crthr ≈ 90, which is in agreement with the presented 
results. This relation is largely insensitive to the system size.

The presence of a fracture plays a crucial role, as it modifies the 
distribution of reactants within the system. The fracture channels the 
flow along a single pathway while diverting significant amounts of ma-
terial E to its sides, in contrast to the downstream transport observed 
in spontaneously growing wormholes, whose growth is accompanied 
by intense lateral clogging of the surrounding area. The influence of 
system anisotropy on pattern development was also demonstrated by 
Roded et al. (2021), who showed that the tendency of wormholes to 
branch depends on the size of the perpendicular connections between 
fractures.

Once the fracture becomes partially clogged (see Fig. 3c), intense 
side branching develops, distributing the precipitate deep into the sys-
tem and away from the main conduit. In contrast, in the absence of a 
fracture, most of the precipitate is deposited downstream of the worm-
hole, leading to its effective clogging.

Clogging can also become severe under constant inlet pressure, in 
contrast to the earlier constant-flow setup where pressure was adjusted. 
As shown in Section 3.1, the growth of a single wormhole is accom-
panied by intense permeability oscillations, during which permeability 
can drop significantly below its initial value (see Fig. 2a). Under con-
stant pressure boundary conditions, a drop in permeability would be 
accompanied by a reduction in total flow through the system, decreas-
ing the reactant penetration length (both 𝐿𝐵 and 𝐿𝐶 ). This would make 
clogging around the wormhole tip more effective, further decreasing 

permeability and flow. As a result, the total flow through the system 
would fall below 𝑄min

𝑡𝑜𝑡 = 10−3𝑄0
𝑡𝑜𝑡, which we interpret as complete clog-

ging of the system. Fig. 5c indeed shows rapid clogging of the system 
under a constant pressure condition.

Surprisingly, in the presence of a fracture, the permeability does not 
drop below its initial value (see Fig. 5d). Consequently, under constant 
pressure, the total flow increases during the simulation, extending the 
reactant penetration length (see video M3). As a result, the system does 
not become clogged, and a highly branched pattern develops, which is 
more diffuse than that obtained under constant-flow conditions (com-
pare Figs. 2b and 5d). The shift in pattern shape corresponds to a shift 
to smaller Da in Table 4a, reflecting the longer penetration lengths of B 
and C. This is consistent with the fact that, in the presence of a fracture, 
the total flow through the system increases.

The contrast between systems without and with a fracture is striking. 
In the absence of a fracture, the system clogs rapidly, yielding only a lim-
ited amount of precipitate. With a fracture, however, clogging does not 
occur, and the total precipitate exceeds that observed under constant-
flow conditions. Here, side branching, together with increased pene-
tration lengths, distributes the precipitate more effectively, preventing 
clogging and sustaining flow throughout the system.

4.  Discussion

This study demonstrates that fractures exert a first-order control 
on the coupled dynamics of dissolution and precipitation in reactive 
porous media. Beyond simply accelerating flow, fractures fundamen-
tally reshape reaction patterns by enabling regimes of passivation, side 
branching, and uniform replacement. Partial clogging within fractures 
redirects flow into the matrix and drives side-branching instabilities 
that distribute precipitation deep into the system. In contrast, spatial 
separation between dissolution and precipitation promotes passivation, 
while faster precipitation relative to dissolution produces more uni-
form transformation of the rock matrix. Two controls emerge consis-
tently: (i) the precipitation-to-dissolution rate ratio (Fogler number, Fo), 
which governs regime selection (passivation → branching → replace-
ment), and (ii) fracture aperture (or the fracture-to-matrix conductance 
ratio, Cr), which controls the degree of focusing and export of reaction 
products. We find that an optimal fracture-to-matrix conductance ra-
tio maximizes secondary mineral deposition, whereas overly dominant 
fractures suppress reactions through rapid passivation. Furthermore, 
fractures can substantially mitigate clogging by redistributing precip-
itates into side branches, a behavior observed under both constant-flow 
and constant-pressure boundary conditions. The observed side branch-
ing, passivation, and permeability evolution are qualitatively consistent 
with experimental observations reported in fractured carbonate systems 
and recent microfluidic studies of coupled dissolution-precipitation pro-
cesses (Rege and Fogler, 1989; Singurindy and Berkowitz, 2003; Garcia-
Rios et al., 2015; Nisbet et al., 2025). However, direct experimental stud-
ies explicitly investigating coupled dissolution-precipitation dynamics 
in fracture-matrix systems remain limited, representing an important 
direction for future work.

Field observations report dynamics akin to those described here. For 
example, in the Suez Rift, Egypt, hydrothermal dolomitization evolved 
from early, fracture-fed fluids leaking laterally into beds–producing 
widespread, bed-parallel dolomite–to later flow that localized within 
the fault plane, where massive dolomite cement accumulated and sealed 
the fracture zone (Hollis et al., 2017). This case illustrates how fracture 
pathways can first drive matrix replacement and subsequently transition 
to cement-filled conduits as fracture aperture and conductance change.

Consistent field evidence comes from a tectonically active salt 
basin (Koeshidayatullah et al., 2022), where dolomitization fronts co-
evolve with fracture corridors: dolomite stoichiometry and cation or-
dering increase toward dolomite cores, and early seawater-derived, 
fabric-retentive dolomite grades upward into fracture-controlled, fabric-
destructive hydrothermal dolomite. The same study links front re-
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treat/termination to a decline in the dolomitizing capacity of Mg-
rich fluids and shows later, hotter pulses localizing along dolostone-
limestone boundaries. These mapped transitions–from distributed bed-
parallel replacement to fracture-focused cementation and sealing–echo 
our predicted shift from uniform replacement to passivation as conduc-
tance and chemistry evolve.

Silicification provides a complementary case – silica-bearing fluids 
migrating along fractures both replace carbonate matrix with microcrys-
talline quartz/chalcedony and fill open space, producing chert/jasperoid 
bodies and sealed veins. Numerous field studies report fracture-parallel 
silicification halos with textures diagnostic of coupled dissolution-
precipitation (You et al., 2018; Dong et al., 2018; Pisani et al., 2022). For 
example, in the Tarim Basin, You et al. (2018) documented two fracture-
related silicification styles: (i) pervasive replacement of limestone adja-
cent to fractures by microcrystalline quartz, and (ii) silica cements that 
line and locally fill fractures (chalcedony/quartz). The result is partially 
silicified wall rock flanking quartz-lined conduits: fracture-fed silica can 
create secondary porosity where carbonate dissolves, while simultane-
ously sealing pores and fractures where silica precipitates.

In shallow hydrothermal systems, fracture-hosted epithermal veins 
often show alteration and replacement halos propagating into the wall 
rock. For instance, at many carbonate-hosted epithermal deposits, lime-
stone adjacent to quartz-calcite veins is selectively replaced by silica or 
sulfide minerals, creating a metasomatic front (jasperoid or carbonate-
replacement ore) extending outward from the vein (Wilkinson et al., 
2005; Simpson and Christie, 2019; Madondo et al., 2021). These field 
observations (alteration halos, mineralogical gradients, and lateral zona-
tion of mineral assemblages) demonstrate that fracture-fed fluids not 
only deposit vein fillings but also diffuse into the surrounding rock, caus-
ing coupled dissolution-precipitation in the matrix.

These dynamics have also direct implications for subsurface appli-
cations. For carbon mineralization, this work suggests strategies for 
achieving more uniform and extensive trapping of CO2 without severe 
clogging. Specifically, operating within parameter regimes that favor 
side branching or uniform transformation could promote widespread 
and stable mineral deposition. For in situ mining, the capacity of frac-
tures to extend reaction volumes and deliver reactants deep into the ma-
trix highlights opportunities to access larger rock domains. Deliberate 
precipitation of unwanted secondary minerals could be used to reinforce 
side-branching and stabilize flow paths, while target elements are mo-
bilized and extracted through strategies that exploit the side-branching 
and replacement regimes identified here.

Finally, the identification of optimal fracture dimensions and gov-
erning dimensionless parameters provides a framework for site selection 
and engineered stimulation. By targeting fracture geometries and reac-
tion conditions that enhance side branching and uniform precipitation, 
operators may better balance reactivity and permeability, maximizing 
efficiency while minimizing clogging. More broadly, this work demon-
strates fractures as active regulators of coupled dissolution-precipitation 
dynamics, with direct relevance to both natural geochemical processes 
and engineered subsurface applications.

Several simplifying assumptions of the present model should be kept 
in mind when interpreting the results. First, the quasi-2D pore-network 
representation neglects the full geometric complexity of fully three-
dimensional systems. While we expect the main regimes identified here–
passivation, side branching, and uniform replacement–to persist in 3D 
media, the additional degree of freedom would likely modify the mor-
phology of reactive pathways (e.g., increased tortuosity and branching) 
and shift the critical values of the Damköhler number, Fogler number, 
and fracture-to-matrix conductance at which regime transitions occur.

Second, the chemical model assumes linear reaction kinetics with 
constant rate coefficients, whereas real systems often exhibit nonlinear 
dependencies on species concentrations and coupled reaction pathways; 
incorporating such effects would likely shift the system’s position within 
the regime diagram and could lead to spatial evolution of patterns along 
the flow direction. In the present framework, however, the Fogler num-

ber can also be interpreted as the ratio of the characteristic penetration 
lengths associated with precipitation and dissolution fronts. This sug-
gests that regime emergence is governed primarily by the relative spa-
tial separation between dissolution and precipitation zones, such that a 
generalized penetration-length ratio may remain a useful predictor even 
in more complex nonlinear reaction systems.

In addition, microscopic surface roughness is not explicitly resolved, 
as pore elements are idealized as smooth cylinders below the charac-
teristic length scale 𝑙0; however, effective roughness emerges at larger 
scales through imposed fracture tortuosity and the dynamic evolution of 
fracture geometry during reactive transport. Finally, transport is mod-
eled under the assumption of complete mixing at pore junctions, which 
enhances effective dispersion. Reduced mixing would likely suppress lat-
eral spreading and branching of reactive features and promote stronger 
localization near the fracture-matrix interface. Nevertheless, we ex-
pect the central mechanisms identified here–the competition between 
preferential fracture flow, lateral matrix infiltration, and precipitation-
induced flow redistribution–to remain robust across a broad range of 
reactive fractured porous systems.
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