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Abstract: Hydrogeochemical processes contribute to long-term alterations in key physical
properties of a porous medium, including porosity, tortuosity, and permeability, making it
essential to understand their evolution and address clogging-dominated problems in hydro-
geological systems such as acid rock drainage treatment and aquifer storage and recovery.
However, accurately simulating extreme cases of evolving pore space presents challenges
due to the inherent heterogeneity and nonlinear reactions in a porous medium. In response,
this study introduces a comprehensive model that integrates the effects of tortuosity on per-
meability and surface area on reactivity during oxidative precipitation of Fe(II) in a porous
medium. Benchmark simulations include an innovative permeability–tortuosity–porosity
model accounting for Fe precipitation, as well as the occurrence of complete clogging from
localized precipitation, which leads to a reduction of permeability and outflow. The out-
comes demonstrate complete pore clogging when Fe(II) concentration reaches 10 mmol/L
and a significant decrease in outflow at a Fe(II) concentration of 100 mmol/L. The model’s
predictions provide detailed insights into the evolution of the pore matrix during hydro-
geochemical reactions and support the development of regional engineering-scale models
for applications in mining, agriculture, and environmental management.

Keywords: porous medium; oxidative precipitation of Fe(II); permeability–tortuosity–
porosity model; pore clogging; reactive transport modeling

1. Introduction
Australia has the greatest global reserves of iron (Fe) ore [1], and Fe ions can readily

enter aquatic environments through natural processes, for example, from acid sulfate soils,
discharge, and anoxic groundwater or through anthropogenic processes such as industrial
discharge and landfill leachate [2]. In the presence of dissolved oxygen (DO), ferrous ions
(i.e., Fe(II) or Fe2+) can be oxidized into ferric ions (i.e., Fe(III) or Fe3+), which then precipi-
tate as ferric hydroxides (represented as Fe(OH)3) within soil [3,4] (Equations (1) and (2)).
The precipitation of minerals in the pore space lead to long-term changes in soil porosity,
as well as the evolution of tortuosity and permeability [5]. Therefore, determining the
evolution of these parameters and managing clogging-related problems are vital for a
large variety of hydrogeological systems, including acid rock drainage (ARD) treatment [6],
aquifer storage and recovery (ASR) [7], engineered barrier systems (EBS) [8,9], well fouling
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due to mineral precipitation [10], fluid circulation in geothermal systems [11], and deep
ground repositories of high-level nuclear waste (HLW) [12,13].

Fe2+ + H+ +
1
4

O2(aqueous) ⇌ Fe3+ +
1
2

H2O (1)

Fe3+ + 3H2O ⇌ Fe(OH)3(↓) + 3H+ (2)

Unconsolidated natural materials can be characterized as a porous medium consisting
of a solid matrix and interconnected pores (or voids), which allows for fluid flow and solute
transport through the pore network (Figure 1a). Mineral precipitation (for example, through
Fe(II) oxidation) within the pore space reduces the pore volume, decreasing porosity,
reducing permeability, and increasing tortuosity [14]. These changes consequently slow
groundwater movement and solute transport [15]. Figure 1b illustrates the interactively
underlying mechanisms between fluid flow, solute transport, and geochemical reactions.
The conceptualization reveals that hydrogeochemical processes related to Fe(II) oxidative
precipitation are inherently linked to porosity (Φ), permeability (k), and tortuosity (τ).
The relationship between these parameters is formulated by the Kozeny–Carman (KC)
equation (see Equation (3)). However, the shape factor (C) is typically assumed to remain
constant over time, and the role of tortuosity in the evolution of permeability is often
overlooked [16–19]. Studies have shown that Fe precipitation can significantly reduce pore
throat size and obstruct the initial pore space [20–22], which results in higher tortuosity
values and brings challenges in advective/diffusive transport. To address this critical gap,
our previous research developed a novel permeability–tortuosity–porosity model that is
both straightforward and geophysical meaningful [23];

k =
1
C

∅3

(1 −∅)2 d2 (3)

where d indicates the spatially averaged diameter at the scale of representative elementary
volume (REV) (m).

While pore throat obstruction is the initial process, complete pore-clogging can result
from the accumulation of Fe precipitates in a porous medium, causing the total disappear-
ance of aqueous phases. This presents significant challenges for numerical simulations,
as most reactive transport modeling (RTM) frameworks implement a threshold of poros-
ity, i.e., critical value, below which seepage flow and solute transport could be assumed
nonexistent [14]. Currently, there is limited research on this topic in the published literature,
with notable exceptions being the coupled OpenFOAM–PHREEQC platform developed
by Soulaine et al. [24] and Pavuluri et al. [25]. Additionally, the precipitation-dominated
regime is governed by the characteristic timescales for diffusion, advection, and reaction
processes. Although previous studies have provided valuable insights into the coupling
process between geophysics and geochemistry [26–30], it remains challenging to estimate
the historical evolutions of transport parameters because they are more dependent on the
precipitate spatial distribution than on their total quantity, specifically in cases of pore
clogging. This highlights the inadequacy of methodologies relying on porosity alone to
fully capture the complexities of geophysical and geochemical coupling processes at both
microscale and macroscale (i.e., pore and continuum scales), thereby underscoring the
need for a highly integrated method to determine evolving parameters for complete pore-
clogging phenomena [14]. Recent research has further demonstrated that the chemical
reaction rates of oxidation and precipitation are predominantly governed by the effective
surface area [14,31,32]. High-resolution imaging has also indicated that precipitated Fe
can coat existing particles without necessarily clogging pore throats [33]. Consequently, it
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could be more appropriate to incorporate the surface area into models, given the inherent
correlation between surface area and reactivity [34], along with the finding that a larger
surface area leads to more tortuous seepage flow conduits [35].
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Figure 1. (a) Porous medium consisting of a solid matrix and interconnected pores (or voids), where
A is the cross-sectional area (m2), L is the straight-line distance from the starting to ending point (m),
and Le is the effective length of a flow channel (m); (b) schematic diagram of interactive mechanisms
between fluid flow, solute transport, and geochemical reactions, where Φ is porosity, k is permeability
(m2), τ is tortuosity, S is surface area (m2), h is hydraulic head (m), q is volumetric flow rate (m/s),
and c is molar concentration (mol/L).

Upon our previous study on the permeability–porosity model [23], this study presents
an integrated numerical model with engineering applicability that integrates the effects
of tortuosity on permeability and surface area on reactivity during Fe(II) oxidative pre-
cipitation in a porous medium. The model extends the Kozeny–Carman (KC) equation
by adopting a tortuosity–porosity relationship based on Archie’s law while incorporating
surface-controlled reactions using a power-law function. Additionally, benchmark simula-
tions are conducted to investigate complete pore clogging from localized precipitation, as
well as corresponding changes in permeability and outflow rate. The relations between
Fe(II) concentrations and precipitation patterns are further examined to identify the critical
zone and threshold Fe(II) concentration. The study provides a comprehensive analysis
of how hydrogeochemical reactions—specifically, oxidative precipitation of Fe(II)—affect
key physical properties like porosity and permeability of porous medium while bridging
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theoretical modeling with real-world challenges in mining (e.g., wells and tailings pond
clogging), agriculture (e.g., mineral buildup in irrigation systems), and environmental
management (e.g., long-term ASR clogging risks).

2. Mathematical Models for Evolving Pore Space
2.1. Scales to Consider for Hydrogeochemical Processes

Porous mediums in natural and engineered systems exhibit high heterogeneity due
to sedimentological processes in the first place but also due to interactions between solid
matrix and interstitial fluids. These processes occur across various spatial and temporal
scales, including the pore, REV, and continuum scales. The REV is particularly significant,
as it balances statistical heterogeneity with localized interactions [36], enabling the devel-
opment of models that bridge microscale and macroscale processes. However, challenges
remain in capturing complex phenomena such as wettability, molecular diffusion, and
pore–fluid–solid interactions using single-scale models. To address these limitations, a
hybrid-scale approach has been adopted, integrating microscale features, like reactive sur-
face area observed via imaging techniques such as scanning electron microscopy (SEM), into
macroscale models. This integration improves the predictive capabilities of porous medium
models with the advancement in scientific research and engineering applications [37,38].

Based on these scales of consideration for porous medium processes, this study pro-
poses an integrated numerical method to model the whole pore-clogging phenomena by
including the effects of tortuosity on permeability and surface area on reactivity during
the Fe(II) oxidative precipitation in a porous medium. Rather than depending on porosity
alone, this approach provides a more holistic representation of the complex interactions
within porous structures, as well as deeper insights into the spatiotemporal evolution of
porous medium under hydrogeochemical circumstances.

2.2. Permeability–Tortuosity–Porosity Model at REV Scale

Mineral precipitation occurs frequently in a reactive environment. The process al-
ters the porosity and flow regime within the porous medium. An emerging method for
quantifying changes in fluid flow is to link the evolution of porosity and mineral volume
fraction to parameters, e.g., permeability and/or tortuosity, as well as the reactive surface
area of minerals.

At the REV scale, porosity is given as the ratio of pore volume to bulk volume. The
decrease in porosity could be obtained by taking the volumetric fraction of solid-phase
minerals in a REV-scale pore structure. An expression of it can be written as follows:

∅ = ∅0 − φi (4)

where Φ0 is the porosity at the initial stage, and φi is the mineral volumetric fraction.
Using the mass conservation equation for reactive minerals [39], the temporal evolu-

tion of porosity between the current temporal step (t + ∆t) and the former temporal step (t)
could be determined as:

∅t+∆t −∅t = −
(

φt+∆t
i − φt

i

)
= −ViSiki f

(
cj, pH

)
∆t (5)

where Vi is the molar volume (L/mol), Si is the reactive surface area (m2/L), ki is the
surface-area-normalized rate constant (mol/(m2·s)), and cj is the concentration of the solute
species (mol/L).

Ferrihydrite (hydrous ferric oxide) is the initial phase formed during Fe(II) oxidative
precipitation [40]. Unlike crystalline Fe oxides such as goethite or hematite, ferrihydrite
exhibits amorphous, gel-like properties with variable water content and density, making its
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molar volume difficult to define. For modeling purposes, we assumed a constant molar
volume of 23.99 cm3/mol for Fe precipitates based on Fe oxide values in the literature [41].
However, ferrihydrite’s highly variable molar volume introduces uncertainties in pore-scale
predictions, as its occupied volume depends on local environmental conditions (e.g., pH,
ionic strength, microbial activity). Addressing this variability is a key focus for future
development, with plans to incorporate ferrihydrite’s dynamic density and water content
into the model.

The flow channel is characterized by a length that exceeds that of a direct pathway
connecting the starting and end point [20], so tortuosity can be given as the ratio of the
effective traveling length through a flow channel to the straight-line distance between
two points. Here, Archie’s Law is chosen to illustrate the tortuosity at the following
temporal step:

τt+∆t =
(
∅t+∆t

)1−m
(6)

where m is the cementation exponent. In an earlier study [23], it was experimentally
determined to be 7/4 for Fe precipitation in granular materials.

The permeability, as a parameter reflecting the ability of the porous medium to allow
the transport of gas or fluids, permeability should also be iteratively updated at the end of
each temporal step in accordance with a novel permeability–tortuosity–porosity model [23],
which was developed by upscaling the Hagen–Poiseuille equation and incorporating Fe
precipitation in the pore matrix:

kt+∆t =

(
τt

τt+∆t

)2(∅t+∆t

∅t

)3( 1 −∅t

1 −∅t+∆t

)2

kt (7)

2.3. Surface-Controlled Reaction with a Power Law Model

The reactivity of the porous medium is usually quantified using the surface area.
Studies have demonstrated that models assuming the surface area to be constant disagree
with the results from laboratory experiments [16,42,43]. This highlights the significance of
considering the evolution of the surface area during mineral precipitation.

According to earlier studies [44–46], hydrous Fe oxides tend to distribute and cover the
particle surface uniformly, which has been demonstrated by our recent study on oxidative
precipitation of Fe(II) in quartz sand [33]. Hence, the most straightforward and adoptable
assumption is that Fe precipitates coat solid particles uniformly. Then, Fe precipitation can
be described as a surface-controlled reaction using a power law function.

The reactive surface area is computed after completion of each temporal step:

St+∆t
i = S0

(
φt+∆t

i

)w
(8)

where S0 is a reference surface area (m2/L), w is a fitting exponent that was suggested to be
1.0 for Fe(OH)3 [25,47,48].

The mathematical model considers abiotic Fe(II) oxidation and precipitation to isolate
geochemical mechanisms at the pore scale. However, iron-related bacteria mediate Fe(II)
oxidation to Fe(III) [49–51], significantly accelerating precipitation rates and influencing
ferrihydrite properties [4,52]. These biologically driven processes lead to precipitates with
higher water content, greater heterogeneity, and variable densities compared to abiotic
systems. While this study focuses on abiotic precipitation for simplicity, future model
extensions will explore biotic–abiotic interactions, particularly for environments dominated
by microbial activity [53,54].
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3. Hydrogeochemical Model for Addressing Pore Clogging
3.1. Governing Equations for Seepage Flow and Solute Transport

All numerical simulations were performed using porousMedia4Foam (downloaded
from https://github.com/csoulain/porousMedia4Foam, accessed on 1 July 2023), an open-
sourced package to solve multiscale hydrogeochemical interactions (e.g., pore scale, REV
scale, and hybrid scale) [24,25]. Our hydrogeochemical model employs a hybrid approach
that integrates the pore-scale model with the REV-scale model. This approach requires
only REV-scale properties of the porous medium, as well as physio-chemical properties
of specified fluid and solute [3]. Furthermore, it effectively captures highly localized
heterogeneities with improved accuracy at the pore scale, as demonstrated in studies
by Pavuluri et al. [25]. Therefore, it facilitates the modeling of seepage flow and solute
transport in areas free of solids and pores in a single system [34], based on the Darcy–
Brinkman–Stokes (DBS) equation over a control volume [55]. The governing equations for
fluid flow read:

1
∅

[
∂ρ f v f

∂t
+∇

(
ρ f

∅ v f v f

)]
= −∇p f + ρ f g +∇

[
µ f

∅

(
∇v f +

t∇v f

)]
−

µ f

k
v f (9)

v f = − k
µ f

(
∇p f − ρ f g

)
(10)

∇v f = −∂ρi φi
∂t

(
1
ρ f

− 1
ρi

)
(11)

where ρf is the fluid density (kg/m3), vf is the seepage velocity (m/s), µf is the fluid
viscosity (Pa·s), pf is the fluid pressure (Pa), ρi is the mineral density (kg/m3), and g is the
acceleration of gravity (m/s2).

Equation (9) is applicable to the domain no matter what is in a REV. In areas with only
fluid, Φ equals 1 and the drag force

µ f
k v f plays minor role in fluid flow due to less hydraulic

energy dissipation induced by viscous friction along particle solid-fluid interfacial area. In
areas with both fluids and solids, Φ ranges from 0 to 1, and the drag force is stronger than
the inertial and viscous forces, which leads the equation to Darcy’s Law. Additionally, if a
solid area is characterized by low permeability and low porosity, the velocity approaches
zero, which results in a no-slip boundary condition at the interface between fluid and solid.

Furthermore, the governing equation for the solute transport of chemical species with
a molar concentration Cj (in mol/L) in a fully saturated porous medium is given as:

∂
(
∅Cj

)
∂t

= ∇
(

v f Cj −∅De∇Cj

)
+ Qj (12)

where Qj is the source/sink term (mol/(L·s)), and De is the effective diffusion coefficient
(m2/s), combining the effects of tortuosity and hydrodynamic dispersion [24,25]. The
effective diffusion coefficient can be estimated using a linear dispersion model:

De = ∅nD0

(
1 +

dii
D0

)
(13)

where D0 is the free-phase diffusion coefficient in fluid liquid (m2/s), n is the exponent
of 1/3 as proposed by Millington and Quirk [56], and dii is the dispersivity tensor as
illustrated below:

dii = αL
v2

i
|v| + αT

v2
j

|v| (14)

https://github.com/csoulain/porousMedia4Foam
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where αL, αT is the longitudinal and transverse dispersion coefficient (m), vi, vj are fluid
velocities corresponding to the components of the velocity field v (m/s).

3.2. Model Set-Up, Boundary, and Initial Conditions

A two-dimensional (2-D) water-saturated domain was established with dimensions
of 30 mm (width) × 120 mm (height) (Figure 2). To balance computational accuracy with
time cost, the volume size for the domain was set to 10 mm, which resulted in a total of
36 REVs to simulate the porous medium. Initially, the domain was completely saturated
with DO-rich water under isothermal conditions. In addition, a specified water flux with
Fe(II) and DO was applied to the bottom block of the domain. The top block of the domain
was set as the water outlet, which connected to the ambient environment (e.g., 1.0 atm and
20 ◦C). In addition, no-flow boundary conditions were implemented for the right and left
boundaries.
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Figure 2. (a) The experimental set-up at full scale, and (b) Lab-scale numerical simulation set-up,
including domain dimensions, REV size, and boundary conditions.

The properties of porous medium and fluids, as well as the injection scheme and
reaction rates adopted in the benchmark, are presented in Table 1.

To explore the hydrogeochemical effects on a porous medium due to the mixing of
Fe(II)-rich water and DO-rich water, various injection schemes and Fe(II) concentrations
are selected. Table 2 outlines all variations in the model parameters for each simulation
case. Each case is named in a distinct string format, which enables clear identification and
comparison of different parameter combinations in the subsequent analysis.
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Table 1. Values of modeling parameters used in the benchmark case.

Category Description Value

Soil properties
(glass beads)

Dry density, ρd (kg/m3) 1600 [a]

Initial porosity, Φ0 (-) 0.35 [a]

Initial permeability, k0 (m2) 7.0 × 10−11 [a]

Median particle size, d50 (mm) 0.83 [a]

Fe(II)-rich water properties
Fe(II) concentration, CFe(II) (mol/L) 0.001
Density, ρfw (kg/m3) 1000
pH 4.0 [a]

DO-rich water properties
DO concentration, CDO (mol/L) 2.25 × 10−4 [b]

Density, ρsw (kg/m3) 1025
pH 8.0 [a]

Injection scheme and
transport properties

Inflow rate, q (mL/day) 120
Vfw/Vow (-) 1.0
Duration, t (d) 15
Free-phase diffusion coefficient, D0 (m2/s) 1.0 × 10−9 [c]

Longitudinal dispersion coefficient, αL (m) 1.0 × 10−5 [c]

Transverse dispersion coefficient, αT (m) 0

Reaction rates and
mineral parameters

Rate constant of Fe oxidation, kox
(L3/(mol3·s)) 2.46 × 1014 [d]

Rate constant of Fe precipitation, kpr

(mol/(m2·s))
5.0 × 10−6 [c]

Mineral density, ρs (kg/m3) 4370 [c]

Molar volume (L/mol) 0.024 [c]

Reference surface area, S0 (m2/L) 0.001 [c]

Note. [a] Based on laboratory tests [23,33]. [b] 7.2 mg/L equivalents based on oxygen solubility in saltwater of
35 ppt (equivalent to g/kg) at 20 ◦C. [c] Values given by Xie et al. [41] and verified by Pavuluri et al. [25]. [d] The
value converted from a universal rate constant [33].

Table 2. Parameter settings for various simulation cases (Item 1 is the benchmark).

Item Case ID

Injection Scheme
(mL/day)

Hydrochemistry
(mmol/L) Rm

Vfw Vow CFe(II),fw CDO,sw

1 S1_F1 60 60 1 0.225 1:0.225
2 S1_F10 60 60 10 0.225 1:0.023
3 S1_F100 60 60 100 0.225 1:0.002
4 S3_F1 60 180 1 0.225 1:0.675
5 S3_F10 [a] 60 180 10 0.225 1:0.068
6 S3_F100 60 180 100 0.225 1:0.007
7 S9_F1 60 540 1 0.225 1:2.025
8 S9_F10 60 540 10 0.225 1:0.203
9 S9_F100 60 540 100 0.225 1:0.020

Note. [a] S3_F10 represents a combination of Vfw/Vow = 1:3, and a Fe(II) concentration of 10 mmol/L. Vfw denotes
the volume of Fe(II)-rich water, and Vow represents the volume of oxic (DO-rich) water.

Additionally, the molar ratio (Rm) of Fe(II)-rich water to DO-rich water is used to
investigate the system’s hydrochemistry. It is expressed as follows:

Rm =
cFe(II)·Vfw

cDO·Vow
(15)

The Fe(II) concentrations used in this study (i.e., 1, 10, and 100 mmol/L) were chosen
to simulate high-stress geochemical environments, such as acid mine drainage (AMD) or
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industrial sites with elevated Fe(II) loading. While these values exceed the natural con-
centration (generally below 0.1 mmol/L), they allow us to investigate pore-scale clogging
under extreme scenarios. For lower-concentration settings, the model can be adapted by
adjusting initial conditions and kinetic parameters to better reflect natural groundwater
systems. Based on the variables identified above, a total of 9 simulation cases were per-
formed to investigate the characteristics of precipitation zones and patterns, and the ratio
Rm ranges from 1:0.002 to 1:2, which covers a wide spectrum spanning from super anoxic
to adequately oxic conditions.

3.3. Spatial and Temporal Discretization

From a numerical perspective, sufficiently small cell size and time step are essential to
achieve temporal accuracy and numerical stability. The program utilizes the Courant (Co)
criterion to determine the appropriate grid discretization for each cell. It is characterized as:

Co =
∆t
∆x

∣∣∣v f

∣∣∣ < 1.0 (16)

where ∆t is the temporal step (s), and ∆x is the size of cells in the velocity direction (m).
Although velocities may vary across the domain, the simulation must ensure that the

Co remains below 1.0 everywhere. In the worst-case scenario, a maximum Co corresponds
to the combination of more significant flow velocity and more minor temporal steps. With
a fixed cell size (i.e., ∆x = 10 mm), the maximum Co occurs near the inlet where the velocity
is highest. Thus, the temporal step ∆t must be set to be less than or equal to:

∆t =
Co∆x∣∣∣v f

∣∣∣ =
1.0 × 0.01

2.315 × 10−5/0.35
= 151 s (17)

In this study, the time step is set to 10 s to guarantee the convergence of chemical
reactions, thereby yielding a maximum Co of 0.066 (<1.0 as required) throughout the domain.
While the selection of time steps may be relatively arbitrary, it has been demonstrated to
ensure mathematical convergence during Fe precipitation in porous mediums.

4. Critical Zone and Numerical Results
4.1. Identification of Critical Zone

While precipitated Fe may accumulate at the bottom of the model domain, the flow
can bypass this region without significantly affecting outflow rates. Moreover, approaching
pore-clogging could occur near the inlet and lead to a reduction in local porosity and
permeability, which consequently elevates the hydraulic gradient between the inlet and
outlet. In turn, this can result in a notable increase in the pressure gradient, which facilitates
the constant inflow rate in accordance with Darcy’s Law. These processes can increase the
effective wetting flow path along the flow direction, thereby altering seepage properties
(e.g., tortuosity and permeability) and subsequently influencing solute transport and
chemical reactions in the porous structure. Hence, it is more important to identify the
critical zone characterized by intensive Fe precipitation rather than to quantify the total
amount of Fe precipitation in all simulation scenarios.

The results from the spatiotemporal evolution of the volumetric fraction of Fe precipi-
tation in the porous medium indicate that Fe precipitation accumulated progressively near
the inlet, with a distinct peak in the volume fraction of Fe(OH)3 (Figure 3). This leads to
the identification of a critical zone for precipitation roughly a quarter of the height of the
column. While complete pore-clogging is inevitable over time (i.e., the Fe(OH)3 volume
fraction increased from 0.08 to 0.35), it may also be influenced by factors such as increased
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Fe(II) concentration. Consequently, a simulation duration of 360 days was considered
representative, and all subsequent cases were based on the results of this 360-day run
unless otherwise specified.
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Model predictions over 15 days were validated against spatiotemporal changes of the
critical zone observed in a syringe experiment replicating Fe precipitation driven by mixing
of Fe(II)-rich and DO-rich water under conditions in Table 1. The numerical and experi-
mental results showed good agreement (Figure 4), with the precipitation zone expanding
vertically to one-fourth of the total height by Day 15. Fe precipitates were estimated at
0.6 g in mass and a volume fraction of 0.14% based on a mineral density of 4370 kg/m3,
consistent with the mean value predicted on Day 15. By including time-dependent changes
in tortuosity and surface area (Equations (6) and (8)), the model successfully reproduced
the spatial distribution of the critical zone and the Fe precipitate volume fraction, which
demonstrated its ability to refine dynamic parameters and simulate mineral precipitation
with high accuracy.

Geotechnics 2025, 5, x FOR PEER REVIEW 10 of 21 
 

 

 

Figure 3. Spatiotemporal evolution of the volume fraction of Fe(OH)3. The contour color represents 
different volume fractions of Fe precipitation within the porous medium. Note that the value of h/H 
represents the ratio of a specific height (h, measured from the bottom) to the total height (H). 

Model predictions over 15 days were validated against spatiotemporal changes of 
the critical zone observed in a syringe experiment replicating Fe precipitation driven by 
mixing of Fe(II)-rich and DO-rich water under conditions in Table 1. The numerical and 
experimental results showed good agreement (Figure 4), with the precipitation zone ex-
panding vertically to one-fourth of the total height by Day 15. Fe precipitates were esti-
mated at 0.6 g in mass and a volume fraction of 0.14% based on a mineral density of 4370 
kg/m3, consistent with the mean value predicted on Day 15. By including time-dependent 
changes in tortuosity and surface area (Equations (6) and (8)), the model successfully re-
produced the spatial distribution of the critical zone and the Fe precipitate volume frac-
tion, which demonstrated its ability to refine dynamic parameters and simulate mineral 
precipitation with high accuracy. 

 

Figure 4. Temporal evolution of the Fe precipitation zone between experimental results and model-
ing outcomes. The red regions in (a,c,e) indicate areas with intense Fe(OH)3 rather than the actual 

Figure 4. Temporal evolution of the Fe precipitation zone between experimental results and modeling
outcomes. The red regions in (a,c,e) indicate areas with intense Fe(OH)3 rather than the actual volume,



Geotechnics 2025, 5, 2 11 of 20

while the contour plots in (b,d,f) represent different volume fractions of Fe precipitation. Note
that the value of h/H represents the ratio of a specific height (h, measured from the bottom) to the
total height (H).

4.2. Multiple Vfw/Vow with a Constant CFe(II)

To provide an in-depth understanding of the scenarios in Table 2, multiple ratios
of Vfw/Vow were first explored with a constant Fe(II) concentration (denoted as CFe(II)).
Figure 5 presents the simulation results, including the outflow rate over time, volume
fraction of Fe(OH)3, and changes in porosity and permeability along the height.
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Figure 5. Spatial changes in (a) a ratio of the porosity (Φ) to initial porosity (Φ0), (b) volume fraction
of Fe(OH)3, (c) a ratio of permeability (k) to initial porosity (k0), (d) outflow rate over time, and
(e) contour plot of volume fraction of Fe(OH)3 under multiple Vfw/Vow with a constant CFe(II). Note
that (1) the value of h/H represents the ratio of a specific height (h, measured from the bottom) to
the total height (H). (2) the maximum volume fraction is capped at 0.35, which indicates complete
pore-clogging.
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Figure 5b illustrates a substantial accumulation of Fe precipitation in the critical zone,
which resulted in a notable decrease in porosity (up to 25% according to Figure 5a) and
permeability (up to 65% according to Figure 5c). Despite these significant alternations near
the inlet, the outflow rate remained unaffected (see Figure 5d), which indicated incomplete
pore-clogging in 360-day simulation (refer to Figure 5a). Generally, an increase in Vow can
enhance the daily supply of DO by increasing the inflow rate, thus promoting the oxidative
precipitation of Fe(II). However, minimal variations were observed in terms of changes
in porosity and permeability for multiple Vfw/Vow. This can be attributed to the dilution
effect on dissolved Fe(II) due to the mixing of a constant Vfw and increased Vow near the
inlet. Specifically, the increase in Vow individually reduced Fe(II) concentration through
the mixing, which limited the availability of essential reactants for subsequent reactions
with DO. As a result, the oxidative precipitation processes exhibited characteristics similar
to the benchmark (i.e., Vfw/Vow = 1), which presented minor changes in the precipitation
zone, as illustrated in Figure 5e.

4.3. Multiple CFe(II) with a Constant Vfw/Vow

In scenarios where groundwater is severely impacted by mine drainage, Fe(II) con-
centrations can reach exceptionally high levels, ranging from a few mg/L to exceeding
1000 mg/L (equivalent to approximately 20 mmol/L) [57,58]. From a theoretical perspec-
tive, elevated CFe(II) can accelerate the precipitation process and the initiation of pore-
clogging in the syringe. To analyze such an extreme case of complete pore-clogging,
multiple values of CFe(II) were investigated while maintaining a constant ratio of Vfw/Vow.
Figure 6 illustrates the simulation results, including the outflow rate over time, volume
fraction of Fe(OH)3, and changes in porosity and permeability along the height.

Three key findings can be drawn from Figure 6. First, compared to the benchmark
with CFe(II) = 1 mmol/L, higher Fe(II) (i.e., 10 mmol/L and 100 mmol/L) led to more rapid
precipitation and thus accelerated pore-clogging process in the critical zone (see Figure 6e).
Second, while pore-clogging occurred at both CFe(II) = 10 mmol/L (refer to green lines in
Figure 6a–c) and CFe(II) = 100 mmol/L (refer to red lines in Figure 6a–c), distinct precipita-
tion patterns exhibited in the critical zone. At CFe(II) = 10 mmol/L, clogging was confined
to a narrow region near the inlet (green line in Figure 6b), whereas, at CFe(II) = 100 mmol/L,
the entire critical zone (i.e., one-quarter of the total height) became clogged with Fe(OH)3

precipitates (red line in Figure 6b; dark red in Figure 6e), which resulted in zero perme-
ability across this region (red lines in Figure 6c). Third, approaching pore-clogging at
CFe(II) = 10 mmol/L had no impact on the outflow rate, but at CFe(II) = 100 mmol/L, a no-
table reduction in outflow rate was observed after 260 days (red line in Figure 6d), which
dropped to 100 mL/day by Day 320 when the simulation was terminated. This is consistent
with the formation of a geochemical barrier. These findings suggest that the pore-clogging
zone must be sufficiently wide to affect outflow and alter the fluid field; otherwise, the
flow will remain constant according to boundary conditions. In summary, CFe(II) not only
controls the heterogeneous distribution of Fe precipitation but also dictates flow patterns
through localized pore-clogging.

The results reflect Fe(II) concentrations characteristic of geochemical environments
(e.g., AMD systems) where low pH and elevated Fe(II) levels accelerate Fe(II) oxidation
and precipitation. While this approach captures extreme pore-clogging, it may overes-
timate clogging rates in natural systems with lower Fe(II) concentrations. For typical
groundwater conditions (<1 mmol/L or 55.8 mg/L), slower reaction rates and precipitation
dynamics would require modified input parameters. Future work could include pH depen-
dence to extend the model to environmentally realistic Fe(II) concentrations observed in
natural groundwaters.
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4.4. Effect of Rm Ratio on Precipitation Patterns

Figure 7 illustrates the precipitation patterns for different values of Rm, which covers
a wide range from highly anoxic (left) to adequately oxic (right) conditions. A general
trend was observed that the height of the precipitation zone decreased as Rm increased
from 1:0.002 to 1:2.025. Under more anoxic conditions (lower Rm), the precipitation zone
became more dispersed with a broader spatial distribution. This is attributed to the higher
availability of CFe(II), which promoted reactive transport of Fe(II) throughout the height and
consequently led to the precipitation of Fe(OH)3 over a larger area. In contrast, under more
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oxic conditions (higher Rm), the precipitation zone is more concentrated near the inlet. This
is primarily due to the reduced availability of CFe(II), which restricts the expansion of the
precipitation zone.

 
Figure 7. Spatial changes in volume fraction of Fe(OH)3 for different Rm. Note that the maximum
volume fraction is capped at 0.35, which indicates complete pore-clogging.

Furthermore, the results show that complete pore-clogging initiated at a critical Fe(II)
concentration, which, for this study’s time scale of 360 days, corresponds to a maximum
volume fraction of 0.35. As CFe(II) increases, hydrogeochemical reactions are accelerated,
and more rapid pore-clogging occurs. However, this process may become limited by insuf-
ficient DO. In contrast, when CFe(II) was lower (i.e., 1 mmol/L) but DO was adequate, Fe(II)
was swiftly depleted before it could be transported to higher regions, which resulted in a
less distinct precipitation zone localized near the inlet. These factors create a localized zone
of intensive Fe precipitation, which significantly alters the seepage properties of a porous
medium. Over time, this zone acts as a geochemical barrier, slowing groundwater flow and
solute transport, thereby influencing the overall behavior of hydrogeological systems.

Note that the results presented are based on the molar volume simplification for
the precipitating Fe. While this simplifies the modeling process, it likely underestimates
variability in permeability and porosity evolution caused by ferrihydrite’s gel-like nature,
which undergoes density and volume changes over time. Future research should adopt a
more dynamic approach, incorporating variable water content and recrystallization kinetics
for more accurate predictions.

5. Discussion and Implication
5.1. Dynamic Properties of Ferrihydrite

Our physio-mathematical model employs static physical properties for ferrihydrite
(e.g., density, molar volume), which may introduce some uncertainties for modeling. Ferri-
hydrite, an amorphous Fe hydroxide and an initial precipitate in geochemical systems [1],
gradually recrystallizes into more stable phases such as goethite or hematite [59]. This
transformation reduces pore volume due to densification, decreases surface area, affects
reaction kinetics, and increases density while lowering water content [60]. These dynamic
changes present challenges for modeling ferrihydrite’s behavior at pore and hybrid scales.
While the transformation was not included in the study, future iterations of the model
will seek to incorporate time-dependent changes in ferrihydrite’s density, volume, and
surface area, as well as their effects on pore-scale processes. Coupling the permeability–
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tortuosity–porosity model with geochemical simulators (e.g., TOUGHREACT) [61] will
enable a more dynamic representation. Additionally, experimental studies on ferrihydrite’s
transformation and density under varying conditions will provide significant validation
data and enhance the model’s ability to represent permeability and porosity evolution over
long timescales.

5.2. Microbial Activity on Fe(III) Precipitation

To isolate the geochemical mechanisms of pore-scale precipitation, the model sim-
plifies Fe(II) oxidation only driven by DO availability, and the results presented reflect
abiotic Fe(III) precipitation dynamics. In contrast, biological processes, particularly bacte-
rial mediation, play an important role in Fe(II) oxidation and precipitation under natural
conditions [4,50]. In aerobic environments, Fe-oxidizing bacteria can enhance the oxidation
of Fe(II) to Fe(III) and promote faster precipitation of Fe oxides [52,62]. These processes,
coupled with interaction with a variety of organic matter and inorganic compounds [63,64],
introduce additional complexity by accelerating precipitation rates, reducing porosity more
rapidly, and increasing greater heterogeneity in precipitate distribution. In addition, extra-
cellular polymeric substances produced by Fe-related bacteria can trap water and reduce
precipitate density, altering the permeability of the system [65]. These factors highlight
the need to incorporate microbial activity into the model to capture the coupled effects of
biotic and abiotic processes. Further research aims to integrate microbial facilitation using
experimental validation and numerical platforms that couple these mechanisms. This ad-
vancement will enhance the model’s applicability to mineral precipitation in environments
where microbial activity is prevalent.

5.3. Auto-Catalytic Feedback Mechanism

The injection of Fe(II)-rich water into a background of DO-rich water results in the
oxidation of Fe(II) to Fe(III), precipitating as Fe oxides (e.g., Fe(OH)3) along the flow path,
with a peak in Fe(OH)3 volume fraction near the inlet. This process reduces permeability
and porosity at the bottom of the model domain, consistent with the hypothesis of a critical
zone influenced by DO availability. In natural systems, the auto-catalytic nature of Fe(III)
precipitation significantly affects porosity and permeability heterogeneity. Early-stage
precipitates, such as ferrihydrite, act as catalytic surfaces that enhance further oxidation of
Fe(II), leading to localized zones of intense precipitation [66]. This self-sustaining process
promotes preferential growth on pre-existing surfaces, exacerbating pore clogging in certain
regions while leaving others relatively unaffected. Such feedback mechanisms accelerate
permeability reduction in specific flow channels, consistent with the modeled changes
in porosity and permeability (Figure 6a,c). Compared to the surface-controlled reaction
using a power-law function (Equation (8)), previous studies have proposed exponential
models to describe how earlier minerals influence the reactivity of later minerals [14,67]. It
would be interesting to compare these models and incorporate auto-catalytic feedback in
our future research.

5.4. Scalability and Field-Scale Implications

Fe oxides, represented as Fe(OH)3 in its chemical formula, are selected for this study
due to their significance in environmental systems characterized by high Fe(II) fluxes, such
as industrial discharge sites. However, ferrihydrite’s gel-like nature and its transformation
introduce complexities and challenges in the direct application of the modeling approach,
for instance, high variability in density and molar volume due to water content and transfor-
mation into crystalline forms (e.g., goethite, hematite) over time. By assuming static physi-
cal properties for ferrihydrite (e.g., density, molar volume) and introducing time-dependent
tortuosity and surface-controlled reactivity, this study provides a theoretical framework
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for modeling the coupled evolution of porosity and permeability during Fe precipitation
in porous medium. While the inherent complexities of ferrihydrite limit its immediate
applicability, the model is applied to Fe oxides due to their environmental importance. To
enhance practical utility, future studies will extend the permeability–tortuosity–porosity
model to simpler mineral systems, such as barite (BaSO4) and calcite (CaCO3), which ex-
hibit predictable precipitation behaviors and avoid the uncertainties of ferrihydrite. These
extensions will improve the model’s generality and facilitate its applications across diverse
hydrogeochemical systems. Furthermore, collaboration with experienced geochemists
will further address the complexity of ferrihydrite. Such interdisciplinary efforts will en-
hance the model’s ability to accurately simulate mineral precipitation and its impact on
pore-scale processes.

While this study focuses on a theoretical model and benchmark simulations, a syringe
experiment involving Fe(II) precipitation under controlled conditions provided valuable
data on spatial heterogeneity, which established the credibility of predictive models for the
porous medium. Nevertheless, the experimental phenomena may be influenced by factors
such as microbial mediation and flow path heterogeneities, which are not included in the
current model. Also, pore volume reduction and corresponding constraints on fluid flow
have not been qualitatively compared with published studies. To better capture the dynamic
coupling between geochemical reactions and pore-scale transport processes, future efforts
will involve advanced experiments or leveraging existing datasets to validate thresholds
for complete pore clogging. Specifically, column studies simulating Fe(II) precipitation
under varying flow and concentration conditions will generate quantitative data to refine
the permeability–tortuosity–porosity model. Collaborations on imaging techniques, such
as micro-CT or SEM, will further validate spatial precipitation patterns predicted by the
novel model.

Scaling hybrid-scale model findings to field-scale applications requires addressing
spatial and temporal heterogeneity in flow and geochemical conditions. In field settings,
localized precipitation patterns, influenced by hydrodynamic dispersion and variable
Fe(II) fluxes, can create anisotropic porosity and permeability changes [39,68]. Field-scale
implementation also involves coupling the permeability–tortuosity–porosity model with
large-scale reactive transport frameworks, such as MODFLOW, FLOTRAN, or TOUGHRE-
ACT [3,41], to simulate regional hydrogeochemical impacts. For instance, in AMD re-
mediation, the model could predict well the clogging rates under varying Fe(II) inputs,
enabling regional-scale forecasts of permeability evolution and mineral precipitation pat-
terns. Such predictions can support engineering solutions for groundwater management
and sustainable remediation in hydrogeological systems.

6. Conclusions
The Fe(II) oxidative precipitation significantly impacts the seepage properties—

porosity, permeability, and tortuosity—of a porous medium. These long-term changes
are critical for the functioning of hydrogeological systems, as they affect groundwater
flow, solute transport, and geochemical reactions. To analyze the increasing complexity
of pore-clogging caused by Fe precipitation, a hybrid-scale reactive transport package
(porousMedia4Foam coupling OpenFOAM and PHREEQC) was utilized. This approach
allows us to benchmark the numerical implementation of the permeability–tortuosity–
porosity relationship and assess the feedback of surface-controlled reactions, particularly
the potential for complete clogging in the pore matrix due to mineral precipitation.

Based on benchmark simulations and parametric analyses, the study makes the fol-
lowing major contributions:
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(1) A physio-mathematical model was developed to integrate the effects of tortuosity on
permeability and surface area impacts on reactivity during oxidative precipitation
of Fe(II). This extends the KC equation and provides a framework for addressing
pore-clogging phenomena.

(2) A process-based numerical model was established using a hybrid-scale approach, Which
revealed patterns of Fe precipitation identified as critical zones for pore clogging.

(3) The ratio of Vfw/Vow had minimal influence on precipitation patterns, while Fe(II)
concentration significantly affected the distribution of Fe precipitation, regulating
flow patterns through localized clogging.

(4) A critical Fe concentration of 10 mmol/L was identified as a threshold: beyond this
level, clogging accelerates significantly over time in the porous medium.

(5) The permeability–tortuosity–porosity relationship was extensively validated through
simulations, confirming its applicability for addressing pore-clogging challenges in
hydrogeological systems.

In conclusion, this study represents a significant advancement in modeling hydrogeo-
chemical processes in granular soils with Fe precipitation. The integrated model provides
insights into the temporal evolution of pore matrices and offers practical applications in
mining (e.g., mine drainage), agriculture (e.g., groundwater wells), and environmental
management (e.g., soil remediation). This framework can be incorporated into regional
engineering-scale models to better simulate in situ conditions, bridging the gap between
theoretical understanding and practical application.
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