
1.  Introduction
Sandstones are composed of various minerals, including quartz, feldspar, and other lithic fragments, and are 
among the most significant clastic geological reservoirs (Xiao et al., 2018). Geological processes, such as cemen-
tation and dissolution of minerals (e.g., quartz, carbonates, and feldspar) affect the reservoir quality, which 
is indicated by rock porosity and permeability (Doyen, 1988; Xiao et  al., 2018; G. Yuan et al., 2019; Zhang 
et al., 2016). Depending on physical conditions, different minerals exhibit diverse dissolution behavior, resulting 
in different micromorphologies and physical properties. In the work of Trindade Pedrosa et al. (2019), various 

Abstract  Reservoir quality of sandstones can be controlled by the dissolution of minerals such as 
K-feldspar. The present work investigates the impact of dissolution of K-feldspar (Orthoclase) on the 
resulting porosity and permeability of sandstones using a thermodynamically consistent multiphase-field 
model. Two novel aspects of this research are: (a) identification and calibration of interfacial surface energy 
and kinetics related model parameters based on existing literature, to account for the formation and growth 
of diamond-shaped etch-pits during dissolution, and (b) the workflow for three-dimensional modeling of 
dissolution at sub-micrometer scale within individual feldspar grains, followed by up-scaling the phenomenon 
to a multigrain pack analogous to sandstone. The simulated dissolution, when visualized in the relevant planes, 
show clear similarities with microphotographs of natural samples and previous numerical works, in terms of 
facet-formation and merging of the etch-pit morphologies. For the computation of permeability, computational 
fluid dynamics analysis was performed for grain packs at different stages of dissolution. Finally, the generated 
data-sets were analyzed to study the impact of rock properties including a fraction of feldspar grains and their 
crystallographic orientation on the porosity, permeability and their correlations, for sandstones undergoing 
K-feldspar dissolution. At the same porosity, sandstones containing a greater proportion of K-feldspar grains 
are expected to have greater permeabilities. The devised workflow for model calibration and up-scaling 
complimented by the innovative post-processing and visualization techniques can be adapted to study 
dissolution of other minerals in different rocks.

Plain Language Summary  The dissolution of minerals like K-feldspar controls how well 
sandstones act as a storage sites for fluids. In this work, we use a multi-physics modeling approach and perform 
simulations to study how K-feldspar grain dissolution impacts the overall porous and permeable characteristics 
of natural sandstones. The calibration of a simulation model helped us to capture the shape and growth 
characteristics of etch-pits, which are responsible for the dissolution of K-feldspar grains. Additionally, we 
perform pre- and post-processing techniques which allow the up-scaling of this phenomenon to a multigrain 
pack analogous to sandstone, while also reducing the computational costs. When comparing the simulation 
result with natural samples, the etch-pit's morphology evolution showcases great resemblance. Furthermore, 
for computation of the permeability evolution during K-feldspar grain dissolution, we performed computational 
fluid dynamics analysis. The fluid-flow analysis allows us to analyze the effect of the volume of K-feldspar 
grains and their respective cleavage plane (weaker plane, where etch-pits form) orientations on the overall 
porosity-permeability evolution within the sandstone. This work showcases new modeling techniques, which 
can be used in future work, for handling large-scale dissolution processes with different minerals and rock 
types.
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surface microstructure's behaviors are investigated, which are the outcome of crystal characteristics. These 
behaviors (e.g., crystallographic orientation) can affect the dissolution rate and enable a better understanding 
of key characteristics involved during crystal dissolution. For instance, quartz grains exhibit faceted dissolu-
tion (Prajapati et al., 2021; Snyder & Doherty, 2007), while other minerals (such as calcite, feldspar, pyroxene) 
exhibit the formation and growth of “etch-pits” on the grain surface (Arvidson et al., 2003; Beig & Lüttge, 2006; 
Berner et al., 1980; Keith & Gilman, 1960; Lasaga & Lüttge, 2001; MacInnis & Brantley, 1992, 1993). Feldspar 
dissolution is an ubiquitous process occurring in sedimentary basins (Huang et  al.,  2003; Xiao et  al.,  2018), 
that facilitates the generation of secondary porosity, resulting in an increase of porosity and permeability, and 
thereby reservoir quality (Bjørlykke et al., 1988; Stoessell & Pittman, 1990; Surdam et al., 1984, 1989; Wilkinson 
et al., 2001; G. Yuan et al., 2015; X. Zhu et al., 2007). About one half of the volume of the earth's crust, is 
composed of feldspar minerals (Gout et al., 1997). Therefore, feldspar dissolution has been a topic of intensive 
research for geologists. Lange et al. (2021) for example, discussed the crystal heterogeneity and its major influ-
ence on the dissolution rate kinetics of alkali feldspar. This work demonstrates how the diverse chemistry and 
texture of the same set of feldspar crystals can result in different dissolution rate kinetics and provides a deeper 
understanding of the mechanical and chemical texture's function during the crystal dissolution. Furthermore, the 
etch-pit density and the temporal evolution of faceted etch-pitting on the surface of K-feldspar are evaluated in the 
experiments of Pollet-Villard, Daval, Ackerer, et al. (2016), which indicated that the prominent microstructural 
traits of K-feldspar (cleavage planes) accurately reflect their dissolution characteristics. Similar post-dissolution 
traits of K-feldspar are also observed in natural samples. Detrital feldspar grains often fracture along their cleav-
age during weathering, erosion, and transport. Since cleavage planes have a visible aperture even in recent uncon-
solidated sediments, the voids are easily filled by fluids, and etch-pits can emerge along those weaker planes.

Figure 1 showcases thin-section microphotographs of a sandstone sample with partially dissolved K-feldspar 
grains, as well as the orientation of the cleavage plane within these grains (black arrows, in Figures 1a–1c). 
Intragranular dissolution porosity is developed as prolonged etch-pits (red arrows in Figures 1b and 1c) along 
the K-feldspar grain's cleavage planes (black arrows). After, the etch-pitting of K-feldspar grains, the remaining 
elongated skeletal remnants of K-feldspar grains can be also seen in Figure 1 and have been also reported in 
other works, for example, G. Yuan et al. (2019); Pollet-Villard, Daval, Fritz, et al. (2016); Xiao et al. (2018); 
Kang et al. (2018); Hellmann and Tisserand (2005); Waldron et al. (1994); Liu et al. (2018). The contribution 
of dissolved feldspar grains to overall sandstone porosity by the generation of secondary pores has been quan-
tified, for example, see the works of Lei et al. (2013); Baruch et al. (2015); Li et al. (2018); Xiao et al. (2018). 
However, its implications on the resulting permeability are difficult to estimate, as the generated pores may 
remain isolated (Pittman,  1979). Using digital rocks and novel modeling techniques (Monsees et  al.,  2020; 
Prajapati, Abad Gonzalez et al., 2020; Späth et al., 2021) one can assess the specific contribution of feldspar 
dissolution on permeability. Numerical modeling of geological processes has been playing a dominant role to 
gain insights, that are normally unavailable through laboratory experiments and field observations. Some of the 
works, such as of Zhang et al. (2016); Zhiyong et al. (2017); G. Yuan et al. (2019), have presented numerical 
models, that provide a reasonable approximation of the experimental results and provide insightful assessments 
of the porosity and permeability evolution as the feldspar grains dissolve inside the sandstone. In order to antici-
pate porosity and permeability in the future, understanding microstructural evolution dynamics is key. Numerical 
techniques that can reproduce the microstructure evolution within rock systems are useful to understand porosity 
and permeability can be seen in the works of Prajapati, Selzer, Nestler, Busch, Hilgers, et al. (2018) and Prajapati, 
Abad Gonzalez et al. (2020).

Different numerical approaches have been used to analyze mineral dissolution phenomenon in a diverse range of 
minerals (Lasaga & Lüttge, 2001; Pollet-Villard, Daval, Fritz, et al., 2016; Prajapati et al., 2021; Yang et al., 2021). 
Methods like, the level-set method (LSM) (Osher & Sethian, 1988) have been used to simulate mineral dissolution 
in porous systems (Ray et al., 2019; van Noorden, 2009). Lasaga and Lüttge (2001) demonstrated a Monte Carlo 
simulation for the creation of an etch-pit at the site of a dislocation defect and the production of dissolution step 
waves. Further, they showcased a step-wave model for controlling the bulk dissolution rate of feldspars. This 
approach implies dissolution occurs in separate steps or levels, and so it utilizes stepwaves at pit-walls to high-
light the etch-pit profiles across the crystal surface. It has been extensively utilized during the last two decades 
to demonstrate the dissolution behavior of several mineral groups through etch-pitting (Bouissonnié et al., 2018; 
Kurganskaya et al., 2012; Pers et al., 2016; Schindler et al., 2011). This model can give insight to the connection 
between crystal lattice defects and the development of reactive surface sites, which drive the dissolution process. 
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The dissolution process in nature does not produce perfectly smooth surfaces with etch-pits (Fischer et al., 2012; 
Lasaga & Lüttge,  2004). In contrast, dissolution results in the production of remarkably complex and rough 
topographies. Furthermore, the work of Fischer and Lüttge (2018), demonstrates that by including the pulsing 
impact of a stepwave (due to fluctuating stepwave velocity as it travels toward and away from etch-pit disloca-
tions), the complex topography of an etch-pit can be adequately represented by this mathematical framework. 
Pollet-Villard, Daval, Ackerer, et  al.  (2016); Pollet-Villard, Daval, Fritz, et  al.  (2016) discussed a numerical 
technique to simulate K-feldspar dissolution in two dimensions (2D), based on several aspects such as chemical 
affinity, crystallographic orientations, and the varying reaction rate at different surfaces of K-feldspar grains. 
Other numerical modeling approaches, such as discrete element method (DEM), bonded-particle model (BPM) 
(Sun et al., 2018), and dynamic mesh framework (K. Yuan et al., 2019), have been utilized to investigate mineral 
dissolution and its influence on the mechanical and chemical integrity of microstructures. Since the dissolution 
process of minerals affects the overall rock porosity and permeability at macroscale, a coupled micro-macro 
model using an up-scaling technique (Ray et al., 2019) has also been proposed, for the same. The research of 
Kurganskaya et al.  (2023) discusses the modeling of crystal-liquid interaction at different scales (atomistic to 
meso-scale), in order to examine and comprehend various geological phenomena, including mineral dissolution. 
Except for the LSM, all the above-discussed numerical methodologies are based on the sharp-interface approach. 
Sharp interface approaches require complex numerical treatments such as explicit interface tracking and grid 
reconstruction at each time-step that incur further computational costs. In modeling moving boundary problems, 
diffuse interface approaches such as LSM and phase-field method (PFM) (Fix, 1982) serve as efficient numerical 
techniques, as they obviate the need to explicitly track the interfaces. In LSM, to maintain the prescribed distance 
function for tracking the change in the interface, a re-initialization step at every simulation time-step is required. 
The PFM controls the interface movement simply by updating the phase-field variable based on the evolution 
equation. Thus, unlike LSM, PFM does not require any kind of re-initialization (C.-S. Zhu et al., 2021).

PFM is a long established method in the material science community for modeling processes where inter-
face motion occurs for example, phase-transition processes such as solidification and grain growth (L.-Q. 
Chen, 2002; Choudhury, 2017; Fix, 1982; Langer, 1980, 1986). The methodology has also emerged as a prom-
inent computational method for modeling diverse geological processes, such as mineral cementation (Prajapati, 
Abad Gonzalez et  al.,  2020; Prajapati et  al.,  2017; Prajapati, Selzer, Nestler, Busch, Hilgers, et  al.,  2018), 

Figure 1.  Thin section images highlighting cleavage planes (black arrows in a, b, and d) and intragranular dissolution 
pores in detrital K-feldspar grains (red arrows in b–d). All samples are retrieved from the Triassic Buntsandstein in southern 
Germany (see also Busch, Adelmann, et al. (2022); Busch, Spitzner, et al. (2022)). (a, b) Under crossed and (c, d) under plane 
polarizers.
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fracture propagation in sandstone (Prajapati, Herrmann, et  al., 2020), and formation of crack-seal morphol-
ogies such as quartz veins (Ankit et al., 2013; Ankit, Urai, & Nestler, 2015; Ankit, Selzer, et al., 2015; Späth 
et al., 2022a, 2022b; Wendler et al., 2016) and calcite veins (Prajapati, Selzer, Nestler, Busch, & Hilgers, 2018; 
Späth et al., 2021; Spruženiece et al., 2020, 2021). Further, mineral dissolution processes have been modeled 
using PFM in one dimension (1D) (Xu & Meakin, 2008) and two dimensions (2D) (Bringedal et al., 2020; Xu 
et al., 2012). Recently, Prajapati et al. (2021) proposed a generalized procedure of prescribing the anisotropies 
associated with the surface energy and particle detachment kinetics for the dissolving faceted crystals in two 
& three dimensions (2D & 3D). Some more interesting literature related to dissolution phenomenon within 
rock system can be found in the works of Yang et al. (2021); Xu and Meakin (2008); Bringedal et al. (2020). 
However, none of the above-mentioned PFM based works addressed the problem of etch-pitting processes that 
occur within individual grains.

The present work aims at 3D modeling the dissolution of K-feldspar grains along their cleavage planes in a 
sandstone matrix through the formation of etch-pits. Hereby, we adapt a multiphase-field model, and on the 
basis of an extensive literature review, determine the parameters that describe the anisotropies associated 
with the surface energy and particle detachment kinetics of the K-feldspar-water interface during etch-pitting 
dissolution. Furthermore, computational fluid dynamics (CFD) simulation is performed to compute the 
permeability of the numerically dissolved feldspar grains in sandstone packs at representative stages of time. 
Finally the generated numerical data sets were analyzed to study the implications of etch-pitting dissolution 
processes on the porosity, permeability, and their correlations on sandstone exhibiting different fractions of 
K-feldspar.

This article is structured as follows: Section  2 provides information about the sandstone sample containing 
K-feldspar grains, that is used as a reference sample for the present study. Section 3 elaborates the numerical 
modeling methods used in this work: (a) the equations of the multiphase-field model for K-feldspar dissolu-
tion (etch-pitting phenomenon), (b) prescription of novel modeling parameters, (c) modeling of quartz as inert 
phase, and finally (d) the equations related to fluid-flow simulations for computing permeability evolution. In 
Section 4, we present and elaborate our modeling and simulation results. As a starting point, in Section 4.1 we 
validate anisotropic modeling by recreating the etch-pitting morphologies found in previous numerical experi-
ments (Pollet-Villard, Daval, Fritz, et al., 2016) and thin-section micro-photographs of reference natural samples. 
In Section 4.2, a novel workflow is presented for up-scaling the sub-microscale process of etch-pitting to sub-mm 
scale in a 3D multigrain system. The generated digital data sets for the feldspar dissolution are analyzed and 
the simulation results are discussed in detail in Section 4.3 and Section 4.4. Section 5 concludes the article by 
summarizing the key findings and inferences of this research work followed by an outlook on the scope for future 
directions.

2.  Geological Background
Natural examples of intragranular porosity by feldspar dissolution were selected from the Triassic Buntsandstein 
(Induan-Olenekian) in southern Germany (see Busch, Adelmann, et al. (2022); Busch, Spitzner, et al. (2022) for 
more detail). The samples have been selected since they do not feature pervasive replacements of K-feldspar by 
either kaolinite or illite, often reported in other siliciclastic samples (e.g., Lanson et al. (2002); Becker et al., 2019). 
Furthermore, illite and kaolinite formation predate the main phase of K-feldspar dissolution (Busch, Spitzner, 
et al. (2022)). While the average contribution of feldspar dissolution to the bulk rock volume of studied Buntsand-
stein samples is ∼1.1% (Busch, Adelmann, et  al.  (2022)), its contribution to permeability cannot be clearly 
characterized.

3.  Methods
This section describes the numerical method used in the current work. Section 3.1 outlines the equations for a 
generalized phase-field model of the mineral dissolution process. Next, we discuss the model adaption in the 
context of modeling K-feldspar dissolution along cleavage planes, and determine the parameter set in Section 3.2. 
In Section 3.3, we elaborate the numerical procedure for the treatment of quartz grains during the K-feldspar 
dissolution process. Finally, the equations corresponding to the fluid-flow model (for permeability calculations) 
are described in Section 3.4.
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3.1.  Phase-Field Model for K-Feldspar Dissolution

This section provides a summary of the multiphase-field model (based on the work of Nestler et al. (2005)) 
that is used to model the phenomena of K-feldspar dissolution caused by etch-pit formation. In a physical 
domain Ω containing N phases ϕα, we consider, ϕ(x, t) = [ϕ1 (x, t), …, ϕN (x, t)]. Each phase-field that is, 

𝐴𝐴 𝐴𝐴𝛼𝛼 ∶ Ω ×ℝ
+

0
→ [0, 1] describes the presence of certain phase α ∈ [1, …, N] at x ∈ Ω and time 𝐴𝐴 𝐴𝐴 ∈ ℝ

+

0
 . The 

Helmholtz free energy 𝐴𝐴  of the system can be treated as the sum of the bulk and interfacial energy, and can be 
given by

 (�,��) = ∫Ω
[�bulk(�) + �intf.(�,��)]dΩ.� (1)

Here fbulk(ϕ) and fintf. (ϕ, ∇ϕ) are the bulk and interface free energy densities respectively. The bulk energy 
density is given by

𝑓𝑓bulk(𝝓𝝓) =

𝑁𝑁
∑

𝛼𝛼=1

ℎ𝛼𝛼(𝜙𝜙𝛼𝛼)𝑓𝑓
𝛼𝛼

bulk
,� (2)

where 𝐴𝐴 𝐴𝐴𝛼𝛼

bulk
 is the phase-dependent free-energy density corresponding to phase α and h α(ϕα) is an interpolation 

function. During the dissolution process, the liquid phase free energy density is set to zero and the solid phase free 
energy density to a non-zero value, which results in a driving force for the solid-liquid interface. The interfacial 
energy density contributions are expressed by

𝑓𝑓intf.(𝝓𝝓,𝛁𝛁𝝓𝝓) = 𝜖𝜖𝜖𝜖(𝝓𝝓,𝛁𝛁𝝓𝝓) +
1

𝜖𝜖
𝜔𝜔(𝝓𝝓),� (3)

where the first term ϵa (ϕ, ∇ϕ) refers to the gradient energy density and the second term ω(ϕ)/ϵ denotes the 
potential energy density. ϵ is a length scale parameter that controls the width of the diffuse interface. The length 
scale parameter should be set to a value that resolves the interface with good amount of cells (grid points). The 
multi-obstacle type potential is given by

1
�
�(�) =

⎧

⎪

⎨

⎪

⎩

16
��2

�,�
∑

�,�=1
(�<�)

������� + 1
�

�,�,�
∑

�,�,�=1
(�<�<�)

���������� , if � ∈ 

∞ , else,
� (4)

where the Gibbs simplex, 𝐴𝐴  = 𝝓𝝓 ∈ ℝ
𝑁𝑁
|

(

∑𝑁𝑁

𝛼𝛼=1
𝜙𝜙𝛼𝛼 = 1 and𝜙𝜙𝛼𝛼 ≥ 0

)

 ensures the summation constraint. The second 
sum in Equation 4 avoids spurious phases occur in binary interface regions (see, Nestler et al., 2005). Here, γαβ 
denotes the α − β interfacial energy density. The choice of multi-obstacle potential reduces the computational 
costs, since the phase-field evolution equations (Equation 6) only need to be updated in the gradient regions, 
rather than the entire simulation domain. The gradient energy density is expressed by

��(�,∇�) = �
�,�
∑

�,�=1
�<�

���
[

�cap
�� (���)

]2
|��� |

2,� (5)

where qαβ = ϕα∇ϕβ − ϕβ∇ϕα is the normal vector of the α − β interface and nαβ = qαβ/|qαβ| is the corresponding 
normalized unit vector in the same direction. The surface energy of the α − β interface can be modeled anisotrop-
ically by the function 𝐴𝐴 𝐴𝐴

cap

𝛼𝛼𝛼𝛼
(𝒏𝒏𝛼𝛼𝛼𝛼) . In Section 3.2 we address the choice of the capillary anisotropy function and the 

prescription of input variables in the perspective of modeling faceted etch-pits (primarily for the dissolution of 
K-feldspar). The evolution equation for each phase (ϕα) is determined by the variational derivation of the energy 
functional, that is,

𝜖𝜖
𝜕𝜕𝜕𝜕𝛼𝛼

𝜕𝜕𝜕𝜕
= 𝜇𝜇(𝝓𝝓,∇𝝓𝝓)

(

−
𝛿𝛿

𝛿𝛿𝛿𝛿𝛼𝛼

− 𝜆𝜆

)

.� (6)

This equation assures that the free-energy drops monotonically with time. The interfacial kinetics are regulated 
by the mobility μ(ϕ, ∇ϕ), and the lagrange multiplier (λ) guarantees that 𝐴𝐴

∑𝑁𝑁

𝛼𝛼=1
𝜙𝜙𝛼𝛼 = 1 is maintained at each 
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computational grid point. Additionally, substituting Equation (1) into Equation 6 results in the partial differential 
equation

�
���

��
= �(�,∇�)

⎡

⎢

⎢

⎢

⎣

rhs�
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

−�fbulk

���
+ �

(

∇ ⋅
��(�,∇�)
�∇��

−
��(�,∇�)
�∇��

)

− 1
�
��(�)
���

−�

⎤

⎥

⎥

⎥

⎦

for � = 1. . .�,� (7)

where,

� =

�
∑

�=1
rhs�

�
.

�

Also, the kinetic mobility μ(ϕ, ∇ϕ) is calculated with

�(�,∇�) =

�,�
∑

�,�=1
�<�

�0
���

kin
�� (���)

�,�
∑

�,�=1
�<�

����

,�

where 𝐴𝐴 𝐴𝐴0

𝛼𝛼𝛼𝛼
 denotes the kinetic mobility coefficient of the α  −  β interface, and the 𝐴𝐴 𝐴𝐴kin

𝛼𝛼𝛼𝛼
(𝒏𝒏𝛼𝛼𝛼𝛼) represents the 

scalar-valued kinetic anisotropy function that regulates the dissolution direction kinetics.

Anisotropy functions for surface energy and kinetic anisotropy are described in Section 3.2 in relation to 
faceted etch-pit dissolution of K-feldspar grains. Pace3D (Hötzer et  al.,  2018), a parallel multi-physics 
computing environment based on the C programming language, is used to implement the model equations 
in this work. The phase-field evolution equation is solved using a forward Euler scheme for the temporal 
derivative and a second-order accurate central difference scheme for the spatial derivatives. Since the present 
model does not account for solute concentration, the existing mathematical framework does not account for 
characteristics such as, advective and diffusive solute mass transfer in the fluid. In addition, the positioning 
of spherical etch-pits on the surface of K-feldspar grains was random, since it was considered that etch-
pits grow along the grain's weaker cleavage planes, that are randomly oriented in nature. The simulation 
parameters for the simulation of the etch-pit evolution in K-feldspar grains are chosen in order to obtain a 
numerically stable simulation, while reducing the computational costs. The parameters are given in Table 1 
as non-dimensional values. K-feldspar dissolution is strongly dependent on the environment (alkaline or 
acidic) (Xiao et al., 2018; G. Yuan et al., 2019). The dissolution process of K-feldspar generates different 
by-products at different physical conditions (based on temperature and pH), so finding all the required data 

for a certain experimental data set (at specific temperature, concentra-
tion, and pH) and performing a quantitative analysis is difficult. Some 
investigations, such as that of Gautier et al. (1994), have used controlled 
environments for their experiments, but unless the parameters of the 
fundamental physical reaction are known, a quantitative analysis cannot 
be accomplished.

3.2.  Modeling Faceted Etch-Pitting

In the experimental work by Pollet-Villard, Daval, Fritz, et  al.  (2016), the 
formation of symmetric diamond-shaped etch-pits on (001) surfaces (cleav-
age plane) of K-feldspar was described, along with their characteristics such 
as Miller indices of the pit edges and angle between them. In order to describe 
the formation of faceted etch-pits, we choose a crystalline anisotropy for the 
surface energy of the following form

𝑎𝑎
𝑐𝑐𝑐𝑐𝑐𝑐

𝛼𝛼𝛼𝛼
= max𝑘𝑘

{

𝒏𝒏𝛼𝛼𝛼𝛼 ⋅ 𝜼𝜼
𝑐𝑐𝑐𝑐𝑐𝑐

𝑘𝑘

}

for 𝑘𝑘 = 1, . . . ,N𝑐𝑐𝑐𝑐𝑐𝑐.� (8)

Table 1 
Non-Dimensional Values of the Numerical Parameters Used for the Phase-
Field Simulations

Model parameter Symbol Nondim. Value

Grid cell size Δx 1.0

Time-step width Δt 0.1

α − β interfacial energy density γαβ 1.0

Higher-order parameter γαβδ 15

Length scale parameter ϵ 4.0

Kinetic coefficient of the α − β interface 𝐴𝐴 𝐴𝐴0

𝛼𝛼𝛼𝛼
  1.0

Bulk energy density (feldspar) ffeldspar −0.3

Bulk energy density (liquid) fliquid 0.0
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Here, the function maxk (⋯) returns the largest argument of the dot products between the interface normal unit 
vector nαβ and the vertex vectors of the capillary shape 𝐴𝐴 𝜼𝜼

𝑐𝑐𝑐𝑐𝑐𝑐

𝑘𝑘
 . The Ncap vertex vectors are assembled in the tuple 

 ��� = {����1 , . . . , ����N���
} , which is determined based on the target faceted morphology (i.e., etch-pits). Capillary 

anisotropy controls the form of pits due to the minimization of surface energy under diminishing driving forces. 
In the same experiment, it was found that the etch-pits evolve 10 times faster in the in-plane direction than in the 
direction perpendicular to the cleavage planes (discussed in detail in Section 4.1). In order to model direction 
dependent particle detachment kinetics, we chose a similar form for the kinetic anisotropy function as follows

𝑎𝑎𝑘𝑘𝑘𝑘𝑘𝑘
𝛼𝛼𝛼𝛼

= max𝑘𝑘

{

𝒏𝒏𝛼𝛼𝛼𝛼 ⋅ 𝜼𝜼
𝑘𝑘𝑘𝑘𝑘𝑘

𝑘𝑘

}

for 𝑘𝑘 = 1, . . . ,N𝑘𝑘𝑘𝑘𝑘𝑘,� (9)

where nαβ represents the unit phase-field gradient vector. 𝐴𝐴 𝜼𝜼
𝑘𝑘𝑘𝑘𝑘𝑘

𝑘𝑘
 represents the kth member of the set 

 ��� = {����1 , . . . , ����N���
} of Nkin geometric vectors, that are determined through simulations presented in 

Section 4.1, by recreating the desired shift velocity of different facets of the etch-pits.

3.2.1.  Anisotropy Parameters for an Etch-Pit Morphology (K-Feldspar Dissolution)

According to work of Pollet-Villard, Daval, Fritz, et al. (2016), K-feldspar dissolution occurs far more rapidly 
along the cleavage planes than on the facets itself. This tendency may be attributed to the weak bonding of atoms 
along cleavage planes and the presence of micro-fluid inclusions inside these planes. In the microphotographs 
shown in Figure 1, etch-pit morphologies clearly illustrate that pit growth occurs at faster rate along the cleavage 
plane (parallel to those planes) than in the direction perpendicular to them. The authors of above-mentioned work 
determined the beginning and growth forms of pits, generated on the (001) surface of K-feldspar. Specifically, 
these pits were constructed in the form of a diamond, with facets aligned at varying angles. The diagonals of this 
diamond-shaped pit were perpendicular to the [100] & [010] axes. The angle between two consecutive facets of 
pits was found to be 63 ± 5° and 121 ± 5°, while the angle between the (001) surface and facets of the pit was 
determined to be 27 ± 5°. Additionally, they found that the etch-pit forms facets with the following Miller indi-
ces: (656), (𝐴𝐴 656 ), (𝐴𝐴 6511 ) and (𝐴𝐴 6511 ), as also illustrated in Figure 2. Based on the information about the facets and 
their growth rates presented in the work of Pollet-Villard, Daval, Fritz, et al. (2016), we determine the anisotropy 
parameters for our multiphase-field model related to etch-pits in the following sub-sections:

3.2.2.  Input Parameters for Capillary Anisotropy Function

Figure 2a depicts the capillary shape of the etch-pit, where the angles between the facets ((656), (𝐴𝐴 656 ), (𝐴𝐴 6511 ) & 
(𝐴𝐴 6511 )) and the (001) surface are consistent with the findings of Pollet-Villard, Daval, Fritz, et al. (2016). Further, the 
symmetry along the (001) plane was ensured. The corresponding input set of vertex vectors is listed in Table A1 (see 
Appendix A). The resulting 3D polar plot of the surface energy is displayed in Figure 2b. The corresponding 2D shape 
(projection in (001) plane) as utilized for the 2D simulations, along with the 2D polar plot are depicted in Figure 2c.

3.2.3.  Input Parameters for the Kinetic Anisotropy Function

The experiments of Pollet-Villard, Daval, Fritz, et al. (2016) shows the dissolution along an (100) plane is 10 
times faster than perpendicular to it. We model different relative shift velocities of facets by incorporating an 
anisotropic kinetic mobility. The kinetic anisotropy shape is chosen to exhibit the same facets as the capillary 
shape, but differing normal distance from the geometric center, see Figure  2d. The kinetic anisotropy shape 
vectors are calibrated through numerical experiments of a single pit growth in 3D, which is present in Section 4.1, 
and recreating the observations of Pollet-Villard, Daval, Fritz, et al. (2016). The determined set of vertex vectors 
for the kinetic anisotropy are given in Table A2 (see Appendix A). The resulting 3D polar plot of the kinetic 
mobility is shown in Figure 2e. The 2D projection (along the (001) plane) and the corresponding 2D polar mobil-
ity plot are depicted in Figure 2f.

3.3.  Modeling Quartz Grains as Inert Phases

As our work focuses on modeling the etch-pit dissolution of K-feldspar grains in sandstones, we require 
numerical treatment for the existence of quartz in the multigrain system. The works of Anbeek et al.  (1994); 
Sokolova (2013); X. Chen et al. (2015) report that the dissolution rates of feldspar are orders of magnitude higher 
than that of quartz. Therefore, we assume quartz grains as an inert phases in our modeling. This numerical treat-
ment is incorporated by solving the model equations according to the updated free energy functional given by
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 (�,��) = ∫Ω−Ωq

[�bulk(�) + �intf.(�,��)]dΩ,�

where Ωq is the domain volumes for the inert quartz grain. A similar methodology has been utilized by Ankit, 
Selzer, et al. (2015) for modeling other inert phases in their numerical investigations.

3.4.  Permeability Calculation During Different Dissolution Stages

In order to compute the permeability of the sandstone packs with numerically dissolved feldspar grains at differ-
ent stages of time, CFD analysis is utilized. We use Stokes equations, according to the assumptions of laminar 
flow (i.e., Re ≪ 1) within the porous sandstone, as follows:

𝜇𝜇𝑑𝑑Δ𝐮𝐮 − ∇p = 𝟎𝟎,

∇ ⋅ 𝐮𝐮 = 𝟎𝟎.
�

Here μd denotes the dynamic viscosity, u signifies the fluid flow velocity, and ∇p is the pressure gradient. Using 
a constant-pressure boundary condition, the velocity field is calculated. The x-direction boundaries of our domain 
are set to a constant pressure difference, which serves to govern the flow in the same direction, while all other 
boundaries are set to a slip boundary condition (Figure 9). The contact between the liquid and grain systems has a 
no-slip boundary condition, which is denoted by, u|interface = 0. The permeability k is calculated by the Darcy's law:

𝑘𝑘 =
𝜇𝜇𝑑𝑑𝐯𝐯

Δ𝑝𝑝

Δ𝐱𝐱

,� (10)

where 𝐴𝐴 𝐯𝐯 denotes the mean velocity of fluid.

4.  Results and Discussion
In this section, we showcase our simulation results and present a detailed analysis of the generated data sets. As a 
starting point, in Section 4.1 we calibrate and validate the model to capture the growth tendencies and morphol-
ogies of the etch-pits based on the work of Pollet-Villard, Daval, Fritz, et al. (2016). In Section 4.2, we present a 
three-step work flow, devised for up-scaling the simulation of the submicroscopic phenomenon of etch-pitting to 
the sub-mm scale of a grain pack (analogous to quartz sandstone containing certain amount of K-feldspar grains). 
The workflow is demonstrated by considering a 2D numerical thin-section of a sandstone, and simulating the 
etch-pitting in it. Next, simulation studies in 3D grain packs are performed, and the simulated etch-pitting in one 
of the 3D grain pack is showcased and compared with the natural samples in Section 4.3. Finally, based on the 
generated data sets through simulation studies, the implications of etch-pitting on the porosity, permeability and 
their correlations for different grain packs with varying fractions and crystallographic orientation of K-feldspar 
grains are discussed in Section 4.4.

4.1.  Model Calibration and Validation

4.1.1.  Single Etch-Pit Growth

We consider a cuboidal domain of size, 100Δx × 300Δx × 100Δx (with Δx = 1 μm), filled with a K-feldspar 
grain, and a small spherical pit (liquid phase) in the center, see Figure 3a at the initial stage. For the sake for 
visualization, only the etch-pit is shown. We incorporated the capillary anisotropy parameters given in Table A1 
(see Appendix A), corresponding to the diamond-shaped pit morphology (see Section 3.2). Further, the set of 
input vertex vectors for kinetic anisotropy shape, listed in Table A2 (see Appendix A), was calibrated to recover 
the known relative growth rates of etch-pit facets (Pollet-Villard, Daval, Fritz, et al., 2016). Figure 3a depicts the 
different stages of the pit growth. As the pit grows, flat facets corresponding to the capillary anisotropy shape 
are formed. Different facets of the pit grow at different rates based on the calibrated parameters, resulting in a 
flat diamond-shaped morphology. Figure 3b depicts a plot of calibrated relative velocities of distinct etch-pit's 
facets along different growth directions (as indicated in Figures 3c and 3d, that are computed using the work of 
Pollet-Villard, Daval, Fritz, et al.  (2016). Our calibrated model captures the correct facet formation and their 
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relative growth rates. In nature, however, reaction rates in closed geochemical systems without a regular replen-
ishment of undersaturated water would likely be slower.

4.1.2.  Multiple Etch-Pit Growth in a 2D Section

Here, we apply the calibrated model in a two-dimensional domain (600Δx × 600Δx × 1Δx, with Δx = 1 μm) using 
similar setup as in the work of Pollet-Villard, Daval, Fritz, et al. (2016), in order to test our modeling approach in 
a more complex environment. Also, Figure 4 compares the outcomes of our simulation approach with the findings 
of Pollet-Villard, Daval, Fritz, et al. (2016) and shows good resemblance. In Figure 4, successive phases of pit 
development, along with its characteristics such as, directional growth rate and relevant facet formation are shown 
in a two-dimensional section, beginning with the nucleation of pits as point defects (on the K-feldspar surface) at 
the initial stage of dissolution. As the time proceeds, the pits on the surface of K-feldspar acquire faceted forms, and 
continue to grow. Eventually, all of the faceted etch-pits combine and dissolve the surface of the K-feldspar mineral.

As the objective of this research is not only to analyze the evolution of etch-pit morphology, but also to compre-
hend the impact of K-feldspar grain dissolution on the overall porosity and permeability of the sandstone, it is 
necessary to conduct a complex and extensive three-dimensional simulation. These huge simulations can be 
computationally expensive, and thus an efficient computational workflow to overcome this is introduced later in 
this study (see, Section 4.2). Additionally, the same novel workflow will be implemented in the three-dimensional 
domain, and the subsequent outcomes will be presented in Section 4.3.

4.2.  Modeling Etch-Pitting of K-Feldspar Grains in Sandstone

In the previous section, we validated our model and found that it agrees well with literature. In the next step, we 
introduce the novel workflow to model the etch-pitting of K-feldspar along its cleavage planes within the natural 
sandstone (see Figure 1). As mentioned in Section 3.1, the etch-pits were randomly distributed across the surface 
of the K-feldspar grain, with the random orientation of the grain's weaker cleavage planes being the leading 
factor. Furthermore, we can examine the development of porosity over time using this study, and we can also 
perform permeability analyses to show how fluid connectivity evolves (see Section 4.4). Microscopic examina-
tion of sandstone thin-section shows that these pits can be as small as 10 − 50 μm in diameter, and are found on 
cleavage planes of K-feldspar grains (which are as large as 300 − 500 μm in diameter) and cause the dissolution of 
these grains. Before proceeding with the simulation analysis, it is critical to recognize the main obstacles that may 
arise during the computational investigations. Listed below are the two most significant obstacles we encountered 
during numerical evaluation, as well as an explanation of the need to implement a novel simulation methodology:

1.	 �First, it is crucial to resolve the tiny etch-pit's growth morphology inside a relative large sandstone structure. 
If these small pits are directly embedded into the tenfold larger K-feldspar grains, which are present inside the 
10 3 times larger sandstone sample, then the length scale (Δx) will be too small to capture the pit evolution that 
it will be unable to highlight the difference of bulk and diffuse interfaces between pit and K-feldspar grains, 
thus violating the phase-field approach and leading to poor simulation studies. In order to overcome this, a 
workflow (see Figure 5) has been crafted for recording the pit's diffuse and bulk interface evolution over time.

2.	 �The second major obstacle is the nucleation of pits on K-feldspar grains using only a single fluid phase with a 
single supersaturation state in regard to the dissolving phase. Experimental data suggests that fluids in smaller pore 
spaces can maintain higher supersaturations than fluids in larger pore spaces (e.g., Emmanuel & Berkowitz 2007; 
Rijniers et al., 2005). Given the etch-pit localization along cleavage planes within K-feldspar grains, it is possible 
that the thin fluid films along cleavage planes can maintain higher supersaturations and can form etch-pits. At the 
same time the outside of the K-feldspar grain remains unaltered as the solubility in the fluid filling the intergranu-
lar pore volume is lower. This analogy helps us to include the secondary liquid phase (more undersaturated liquid 
phase) into our simulation model, resulting in the growth of etch-pits (see in Figure 5f). In addition, we remark 
that the current simulation model is capable of displaying the phase evolution using a constant driving force. The 
assumption of constant driving force indicates that the fluid is continually replenished, resulting in a constant 
solute concentration within the system. The fundamental objective of the presented study (i.e., visualization of 
the evolution of etch-pit morphology on the surface of K-feldspar grains) can be attained without taking solute 
concentration evolution into consideration. In order to reduce the complexity of our simulation analysis and to 
decrease computational costs, we did not account for the solute concentration in this work. Nevertheless, with 
the suitable data-sets and model adaptions, it can be considered in future works to give more detailed insights.
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In Figure 5a, a multigrain sandstone is considered (adapted from the work of Prajapati, Abad Gonzalez et al. (2020)), 
and to limit computational cost, a small three-dimensional section is then extracted out of it (Figure 5b). For 
the 2D simulations, we additionally cut out a slice from the 3D section to further reduce computational time 
(Figure 5c). Different studies and works (such as, Long (2017); Dong et al. (2019); Xiao et al. (2018); G. Yuan, 
Cao, Gluyas, et al. (2015)), indicate that the amount of K-feldspar grains can vary a lot based on locations as a 
function of the sandstone's provenance and other physical conditions, ranging from ∼6% to 12.5%. This study 
considers ∼7.2% of grains as K-feldspar grains (highlighted in Figure 5d) within the considered sandstone, while 
the remaining grains are classified as quartz grains. Furthermore, each K-feldspar grain (as specified in Figure 5e) 
is resolved four times larger than its original resolution for capturing and visualizing the pitting phenomenon 
more distinctively. Additionally, the secondary liquid phase is introduced around the weaker edges of K-feldspar 
grains, depending on the orientation of cleavage planes to induce the nucleation and evolution of etch-pits (as 
shown in Figure 5f). Finally, after complete dissolution of each K-feldspar grain, they are resolved to their original 
resolution and integrated back into its original position within the grain pack using post-processing techniques 
(Figure 5g). Foremost, we implement our novel workflow to investigate etch-pit formation in a 2D numerical 
setup (7243Δx × 8683Δx × 1Δx, with Δx = 1 μm), where all the essential characteristics of etch-pitting can 
be demonstrated (Figure 6). Later, we extend this approach to 3D to demonstrate fluid connectivity evolution 
within sandstone due to K-feldspar dissolution. Previous investigations demonstrated strong agreement with 2D 
simulation studies, but they were unable to capture the fluid-connectivity evolution and the influence of variably 
oriented cleavage planes in all of the three dimensions. Thus, a 3D simulation research can enable us to demon-
strate the aforementioned unaddressed points. In Figure 6, the evolution of the pit's morphology is illustrated at 
various simulation time-steps. We observe, that, the dissolution along the cleavage plane is much faster (accord-
ing to the calibration), formation of different pit's facets, dissolution perpendicular to the cleavage plane is slower 
until different pits annihilate and then K-feldspar grains fully dissolve. Essentially, our analysis demonstrated how 
the expansion of etch-pits gradually merge into one another, resulting in the generation of more extensive inter-
connecting micro fluid channels and ultimately enhancing the grain pack's total porosity.

4.3.  Dissolution of K-Feldspar Grains in 3D Digital Sandstone

Following completing the 2D simulation, the 3D simulation is needed to examine the permeability evolution 
within sandstone due to K-feldspar dissolution. The numerical sandstone structure in this research with dimen-
sions (799Δx × 699Δx × 494Δx, with Δx = 1 μm) consists of 7.25 vol% of the overall sandstone and have a 
random crystallographic orientation (relative to the z-axis in a 3D-coordinate system) with an initial porosity of 
10.23%. The digital sandstone pack consists total of 537 grains (including both quartz and feldspar grains), with an 
average grain size of approximately 96 μm. Before running this computationally intensive simulation, it's crucial 
to understand the problem's scale. Since these grains are micrometer-sized, the pits along their cleavage planes 
are almost 10 times smaller in scale. A similar method to Section 4.2 is used to run the 3D simulation. Figure 7 
shows how grains are segregated from the original multigrain pack and dissolved through etch-pits nucleation 
on the same. The phase-field simulations of the dissolution of K-feldspar grains in sandstone exhibits visibly 
good agreement to dissolution phenomena occurring within natural sandstone (as can be seen from Figure 8). 
Figures 8b and 8c, depicts a comparison between experimental images and the simulation-based results, where 
one can see, that the pit nucleation occurs on a range of different planes, in a diverse array of orientations, and in 
multitude of sizes. Eventually, the etch-pitting phenomena annihilates the whole K-feldspar skeletal framework.

4.4.  Implication on the Porosity and Permeability Evolution During K-Feldspar Dissolution

Since K-feldspar grains dissolve way faster than quartz (see, Section  3.3), we aim to conduct crucial 
simulation-based experiments to determine how its dissolution affects sandstone porosity and permeability. Here, 
we analyze the fluid connectivity of the numerical sandstone in intermediate dissolution stages of K-feldspar 
grains and calculate the evolution of porosity-permeability relationship using Darcy's law (see Equation 3.4). The 
initial porosity of the sandstone used for this simulation experiment is ≈10.23%. The dimension of the digital 
sandstone is (799Δx × 699Δx × 494Δx), where Δx = 1 μm (same as mentioned in Section 4.2 & Section 4.3).

Figure 9a–9d shows fluid streamlines in sandstone at different phases of K-feldspar grain dissolution. Fluid first 
flows via open pores, but as dissolution occurs, pore density rises, forming new flow connections and locally 
increasing flow connectivity. Flow connectivity may improve once all K-feldspar grains dissolve (depending 
on the existing location of fluid channels within a sandstone). And as predicted by previous research works 
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(Bjørlykke et al., 1988; Stoessell & Pittman, 1990; Surdam et al., 1984, 1989; 
Wilkinson et al., 2001; G. Yuan et al., 2015; X. Zhu et al., 2007), the dissolu-
tion of K-feldspar grains in a sandstone should increase porosity and permea-
bility of the pack. The evolution of both quantities, porosity and permeability 
are determined from the simulation data and displayed in Figure 9e). Here, 
it is evident that the dissolution of selected K-feldspar grains (7.25% by 
volume of the overall grain pack) has a noticeable impact on the progression 
of the sandstone's overall porosity and permeability evolution. The selected 
non-dimensional parameters for this fluid-flow study are shown in Table 2. 
We investigate two different cases in this work, (a) the effect of the proportion 

of dissolving K-feldspar grains (see Section 4.4.1), and (b) the influence of K-feldspar grain's orientation (see 
Section 4.4.2).

4.4.1.  Influence of Percentage of K-Feldspar Grains

As etch-pits nucleate along K-feldspar cleavage planes, porosity rises very slightly. Nevertheless, as time passes, 
additional etch-pits nucleate and develop along the grain's cleavage planesexcel, causing porosity to increase 
progressively in the sandstone (Figure 9e). When grains dissolve along the cleavage plane during the initial stage 
of dissolution, permeability doesn't increase rapidly. Once fluid connectivity is achieved, the permeability shows 
a linear increment, starting after the 2,000 simulation time-step and continues till the 6,000 simulation time-step. 
After the 8,000 simulation time-step (as soon as fluid connectivity is attained), permeability does not rise signif-
icantly, but porosity grows until all K-feldspar grains are fully dissolved (Figure 9e).

In this section, we explored the response of varying number of K-feldspar grains (5.1% and 7.3%) and noticed that 
permeability and porosity rises once the etch-pits began to develop. As more grains can potentially be dissolved, 
an increase in pore volume and permeability can be noticed (Figure 10a).

Table 2 
Non-Dimensional Values of the Parameters Used for CFD Analysis and 
Permeability Computation

Parameters Symbol Non-dim. value

Pressure gradient Δp 2.0

Dynamic viscosity μd 0.9087

Fluid Density ρ 1.0

Figure 2.  Crystallographic shapes of etch-pits which form during dissolution, and are used in the phase-field simulations. (a) Resulting capillary shape of etch-pit, after 
numerical modeling. (b) Surface energy plot of the resulting shape (Isometric & Front view). (c) 2D projection of the surface energy plot. (d) Resulting kinetic shape of 
etch-pit, after numerical modeling. (e) Kinetic energy plot of the resulting shape (Isometric & Front view). (f) 2D projection of the kinetic energy plot.
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4.4.2.  Influence of Crystal Orientations

This section examines how the crystallographic orientation of K-feldspar influences the permeability-porosity 
relation. In this section, we altered the orientation of K-feldspar grains (along z-axis). We focused on the follow-
ing three orientation states of K-feldspar grains:

•	 �Parallel to the direction of fluid-flow: When the etch-pit development in all K-feldspar grains arises parallel to 
the direction of flow (0° w.r.t z-axis), causing the least potential obstruction to the fluid flow.

•	 �Orthogonal to the direction of fluid-flow: When the etch-pit development in all K-feldspar grains evolves orthog-
onal to the direction of flow (90° w.r.t z-axis), hence causing the greatest potential obstruction to the fluid flow.

•	 �Random: Any possible crystallographic arrangement that falls between the parallel and orthogonal orientation 
states is considered to be random.

We set the length scale to Δx = 1 μm for this numerical analysis and plot the permeability as a dimensional 
quantity with the unit milli Darcy (mD) (1 mD = 9.869233 × 10 −16 m 2) (Figure 10). In the first case, when 
etch-pits evolve parallel to the direction of flow (here along the x-axis), we observe a stronger increase of the 
permeability compared to the second case where the etch-pits evolve perpendicular to the flow direction (since 
the fluid streams encounter less resistance during the formation of fluid channels within the grain pack). The third 
case (random orientation) lies in between the two former cases (parallel and orthogonal). All three curves begin 
and end at the same point, indicating that the initial (when none of the K-feldspar grains are dissolved) and final 
(when all of the K-feldspar grains are dissolved) permeability values in the same multigrain pack will remain 
constant regardless of the orientation of the dissolving grains.

We remark that a comprehension of the effect of etch-pits along random crystallographic planes of K-feldspar 
grains on the porosity and permeability relationship is not straightforward, as the scale of our digital sandstone is 
not necessarily representative (due to the limitation of computational workforce) and the results of this analysis 

Figure 3.  (a) Evolution of an etch-pit, showing different resulting facets at different simulation stages. (b) Relative (v/vh) & mean relative velocity (vm) of a single 
etch-pit (facet) along x- (l), y- (L), & z- (h) directions with respect to direction (h). (c) Schematic illustration of distinct facets growth trajectory (l, L, & h) in 2D. (d) 3D 
cross-sectional view of final stage simulation (as shown in a), showcasing the different growth trajectories (similar as in c).
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may not be applicable to large-scale grain packs (where more complicated behaviors can be seen). In an ideal situ-
ation, all outcome data sets of randomly developed pits would lay somewhere between the above two cases (paral-
lel and orthogonal), however this is not the case in all instances, and thus one output data-point (random case) lies 
outside the desired limit (as indicated by simulation studies (Figure 10b). The work of Prajapati, Abad Gonzalez 
et al.  (2020) discusses porosity-permeability curves, and shows comparable (but opposite) characteristics. As 
quartz grains are syntaxially overgrown, decreasing porosity, our results follow a similar but opposite trend as 
grains are dissolved. While it is well documented, that the dissolution of detrital grains (including K-feldspar) 

Figure 4.  Etch-pit growth in numerical 2D section (representing (0 0 1) plane of K-feldspar). Comparison of (a) the 
numerical studies from the work of Pollet-Villard, Daval, Fritz, et al. (2016) and (b) the results of our simulation approach 
using PFM. (a) Reprinted from Pollet-Villard, Daval, Fritz, et al. (2016), Copyright 2016, with permission from Elsevier.

Figure 5.  Novel workflow used in this simulative analysis. (a) A numerical porous sandstone (adapted from the work of 
Prajapati, Abad Gonzalez et al. (2020)). (b) 3D-section (extracted from sandstone in a). (c) 2D-section (sliced and extracted 
from 3D-section in b)). (d) K-feldspar grains embedded in 2D-section (in highlighted colors). (e) High-resolution K-feldspar 
grain (increasing grid resolution of every K-feldspar grain individually). (f) Etch-pits" evolution in hi-res K-feldspar grain. (g) 
Embedding different stages of K-feldspar grains' dissolution into 2D-section (using post-processing tools).
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generally enhances the available pore space (e.g., Ma et al., 2017; Mansurbeg et al., 2008), the correlation to 
permeability is not as straight forward. Ma et al. (2017) report that porosity is generally enhanced, where more 
dissolution porosity in K-feldspar grain is formed. However, at the same porosities, samples containing less 
intragranular dissolution porosity in feldspars (0%–1% compared to 2%–3%) have higher permeabilities (Ma 
et al., 2017). This can be related to the precipitation of alteration products from feldspar dissolution, most likely 
to the precipitation of fibrous illite (Ma et al., 2017). Although illite is present in the studied natural reference 
samples from the Buntsandstein, it's formation is not necessarily related to feldspar dissolution, but has been 
related to hydrothermal fluid flow phases (Clauer et al., 2008) and often predates feldspar dissolution in the stud-
ied samples (Busch, Adelmann, et al., 2022; Busch, Spitzner, et al., 2022) (also see, Figure 1).

However, when comparing the porosity and permeability data for natural samples with a variable porosity and 
permeability distribution, an exponential correlation can be observed (Figure  11). Increased porosity gener-
ally correlates with increased permeability. Based on the different exponents derived in natural data-sets, some 
sample series from the Permian Penrith Sandstone (United Kingdom, Monsees et al. (2021)) and the Triassic 

Figure 6.  Etch-pit evolution in a 2D-domain at different simulation time-steps.

Figure 7.  Dissolution of K-feldspar grains embedded in sandstone, using the same workflow as presented in detail Figures 5a–5c shows extraction of K-feldspar grains. 
(d–g) Temporal evolution of K-feldspar dissolution.
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Buntsandstein (Germany, Busch, Adelmann et al. (2022); Busch, Spitzner, et al. (2022)) show a larger increase in 
permeability per unit of additional porosity in the sandstones. Over the range of gained porosity of the simulation 
results (+7.25%) permeability increases by nearly two orders of magnitude, while permeability in the samples 
just affected by feldspar dissolution is increased by less than one order of magnitude. On the other hand a sample 
series from the Permian Rotliegend (Busch et al., 2020) shows a more comparable increase in permeability per 
unit of additional porosity (one order of magnitude). These digital twin simulations, thus can deliver the specific 
influence of intragranular dissolution by etch-pit formation on permeability, which is much less than if the bulk 
porosity is increased, as only individual grains are dissolved, only affecting individual pore throat diameters, 
which are the main control on fluid pathway restrictions, as also derived from previous studies (Pittman, 1979). 
Nevertheless, these simulations can derive the impact of feldspar dissolution in three dimensional grain packs on 
permeability.

5.  Concluding Remarks
The present work serves as one of the first three-dimensional numerical investigation, addressing the etch-pitting 
dissolution phenomenon in K-feldspar grains, which are present in different proportions in sandstones, using a 
thermodynamically consistent multiphase-field model. In this work, we identified the facet-specific anisotropy 
model parameters based on experimental works of Pollet-Villard, Daval, Fritz, et al. (2016), and determined the 
kinetic anisotropy model parameters by simulating the growth of an etch-pit in a K-feldspar grain. The calibrated 
model is able to:

•	 �Simulate the formation and growth of diamond-shaped pit morphology, consistent with the above mentioned 
work.

•	 �Recover the relative growth rates of different facets as found in the experiments of Pollet-Villard, Daval, Fritz, 
et al. (2016).

Figure 8.  Comparison of numerical simulation results to natural rock structure. (a) Initial numerical sandstone, (b) thin section of partially dissolved feldspar grain in 
Buntsandstein sandstone showing the diamond-shaped etch-pits in 2D, and (c) temporal evolution of etch-pit dissolution.
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Next, we performed simulation of the growth of multiple etch-pits in a 2D section. The simulated etch-pitting 
resembles the above mentioned numerical experiments, in terms of facet formation and merging of etch-pits. 
Furthermore, we devised an up-scaling workflow in order to overcome the following two computational 
challenges:

•	 �Resolution of the microscopic etch-pits within the 1,000 times larger grain pack, and
•	 �Nucleation of etch-pits along the cleavage planes of K-feldspar grains, utilizing a single fluid phase present in 

and around the sandstone pack.

The presented workflow enables the simulation of etch-pitting in multigrain packs in 3D, analogous to sand-
stones containing quartz and K-feldspar grains. The simulated pit-growth in the multigrain pack shows clear 

Figure 9.  a)-d) Representing fluid evolution as the K-feldspar grains dissolves (visualized with stream-lines), and e) corresponding porosity (left y-axis) and 
permeability (right y-axis) evolution plot versus simulation time-steps (x-axis).

Figure 10.  Porosity-Permeability correlation of (a) the impact of the volume of dissolving K-feldspar grains present in 
the system (5.1 and 7.3%) and (b) the influence of the crystallographic orientations of the grains (for pit evolution) for a 
K-feldspar content of 7.3%.
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similarities with the thin section microphotographs in terms of formation of skeletal K-feldspar remnants. Finally, 
3D numerical experiments of etch-pitting were performed in grain packs comprising of different fractions and 
crystallographic orientations of K-feldspar grains. The detailed analysis of the generated data-sets revealed the 
following:

•	 �Increasing K-feldspar content in sandstones can significantly affect the permeability for the given porosity at 
certain time, and

•	 �As the orientation of K-feldspar grains aligns parallel to the fluid-flow direction, this plays an important role 
in the evolution of fluid-path inside the sandstone, hence improving permeability for a given porosity.

Depending on the degree of dissolution of K-feldspar grains (0 − 100%), these simulations enable to specifi-
cally attribute the degree of permeability increase to dissolution processes, as the comparative thin sections still 
contain skeletal remnants and are not completely dissolved. Although the current model considers only quali-
tative simulation-based analysis regarding the etch-pitting phenomenon of K-feldspar grains and related analy-
sis, we note that with more experimentally based data, the modeling can also be done quantitatively (inclusion 
of physical time-scale), adding more insight for future scientific work. Moreover, by incorporating the solute 
concentration into the presented framework, the effect of varying the average flow velocity on the dissolution 
of the K-feldspar grain would be possible. This might also enable us to predict the computation of numerous 
dimensionless numbers. In addition, integrating the effect of fluid salinity into the dissolution model can be an 
interesting model extension, as this will result in a much more accurate calibration of the driving force of disso-
lution (which is treated as constant in this work), as the actual fluid characteristic can be taken into account to 
provide more precise insights. The current study sets the path for more sophisticated dissolution modeling for 
other minerals as well, for applications such as reservoir quality modeling and prediction. One interesting idea 

Figure 11.  A logarithmic plot displaying the porosity-permeability correlation, as well as a comparison of the derived 
simulation results from this study with other experimental findings.

 21699356, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025749 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [02/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

KUMAR ET AL.

10.1029/2022JB025749

18 of 21

for the future of this work is to combine it with the work of Prajapati et al. (2021) to show how different minerals 
dissolve in the same domain at different rates.

Appendix A
Table A1 shows the list of vectors chosen for the capillary shape of etch-pits. In Table A2 the list of vectors 
chosen for the kinetic shape of etch-pits are given.

Upper part (z > 0) Center part (z = 0) Lower Part(z < 0)

x y z x y z x y z

0 0.60 0.08 0 0.79 0 0 0.60 −0.08

−0.36 0 0.08 −0.51 0 0 −0.36 0 −0.08

0 −0.71 0.08 0 −1 0 0 −0.71 −0.08

0.32 0 0.08 0.47 0 0 0.32 0 −0.08

Table A2 
The 12 Polyhedral Vertex Vectors of the Kinetic Shape

Data Availability Statement
For the production of simulation data sets, the Pace3D software package was used. The software license may be 
acquired at Steinbeis Network (www.steinbeis.de) under the administration of Britta Nestler and Michael Selzer 
in the “Material Simulation and Process Optimization” particular subject. The whole data set is available in the 
open-access repository located at Kumar et al. (2022).
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