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Abstract:  The presence of clay coatings on the surfaces of quartz grains can play a pivotal role in determining the po-

rosity and permeability of sandstone reservoirs, thus directly impacting their reservoir quality. This study employs a 

multiphase-field model of syntaxial quartz cementation to explore the effects of clay coatings on quartz cement volumes, 

porosity, permeability, and their interrelations in sandstone formations. To generate various patterns of clay coatings on 

quartz grains within three-dimensional (3D) digital sandstone grain packs, a pre-processing toolchain is developed. 

Through numerical simulation experiments involving syntaxial overgrowth cementation on both single crystals and 

multigrain packs, the main coating parameters controlling quartz cement volume are elucidated. Such parameters in-

clude the growth of exposed pyramidal faces, lateral encasement, coating coverage, and coating pattern, etc. The coating 

pattern has a remarkable impact on cementation, with the layered coatings corresponding to fast cement growth rates. The 

coating coverage is positively correlated with the porosity and permeability of sandstone. The cement growth rate of quartz 

crystals is the lowest in the vertical orientation, and in the middle to late stages of evolution, it is faster in the diagonal orien-

tation than in the horizontal orientation. Through comparing the simulated results of dynamic evolution process with the 

actual features, it is found that the simulated coating patterns after 20 d and 40 d show clear similarities with natural 

samples, proving the validity of the proposed three-dimensional numerical modeling of coatings. The methodology and 

findings presented contribute to improved reservoir characterization and predictive modeling of sandstone formations. 
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Introduction 

Reservoir quality of sandstones is crucial for hydro-
carbon and geothermal resource exploration. It is highly 
dependent on grain size and detrital composition [1]. 
However, compaction, cementation, and dissolution 
during diagenesis can alter these initial controls. Nuclea-
tion discontinuities, or grain coatings, can reduce syn-
taxial overgrowth cements, thus preserving reservoir 
quality. Grain coatings maintain intragranular porosity in 

deeply buried sandstones by inhibiting quartz over-

growth cementation [2–3], and affect permeability based on 

their texture [4]. 

Clay mineral grain coatings are classified by texture 

(tangential or radial) and formation time (detrital or au-

thigenic), with properties changing during diagenesis and 

clay mineral recrystallization [5]. Tangential clay mineral 

coatings often appear at grain contacts, suggesting 

pre-compaction emplacement. Radial clay mineral coat-

ings usually result from diagenetic formation on detrital 

grains or tangential clay phases [6], but can also occur in 



recent sedimentary deposits [7–8], linked to near-surface 

diagenetic processes in the phreatic zone [9].  

Grain coating coverage on sandstone samples reduces 

quartz cement content due to decreased surface area for 

precipitation, as evidenced by natural samples and simu-

lations [10–11]. Quantification of this coverage has been con-

ducted on rock samples [8, 12–13], experimental datasets [14], 

and cores [11, 15–16], indicating a consistent correlation be-

tween grain coating coverage and syntaxial overgrowth 

cement reduction [11, 15, 17–20]. The effect of grain coating on 

quartz cementation is not dependent on specific clay 

mineral types, as both chloritic [11] and illitic coatings [20] 

demonstrate similar negative correlations with quartz 

cement volumes. This study neglects the effect of clay 

minerals on the model's applicability.  

Numerical methods are crucial for studying how vari-

ous rock properties affect key reservoir quality parame-

ters in sandstones [10, 21–22]. Lander et al. [10] conducted 

simulation studies alongside laboratory experiments on 

quartz cement growth to comprehend the effects of grain 

size, polycrystallinity, and clay coatings on growth rates 

and cement volumes. They employed a continuous value 

cellular automata approach for simulating quartz nu-

cleation and growth by Prism2D software. Their 2D 

simulations successfully captured quartz growth trends 

and realistic textures on clay-coated surfaces with certain 

limitations. 2D simulations, though computationally effi-

cient, oversimplify important aspects. They restrict crys-

tal rotation to in-plane movements, inaccurately repre-

sent fluid flow properties, and allow crystal contact 

points to completely block flow, unlike in 3D. 3D simula-

tions offer a more realistic representation of natural rock 

structures by allowing heterogeneous crystallographic 

orientations and providing accurate predictions of fluid 

flow properties. These advantages make 3D simulations 

more suitable for comprehensive analysis of reservoir 

rock characteristics.  

Prajapati et al. [21–22] conducted extensive 3D computa-

tional investigations using the multiphase-field (MPF) 

method to simulate syntaxial overgrowth cementation 

and analyze its impact on porosity-permeability relation-

ships in sandstones. These studies successfully recreated 

realistic quartz cement textures in mono- and polycrys-

talline sandstones and recovered porosity-permeability 

relationships. However, Prajapati et al. [22] did not com-

prehensively analyze how clay coatings affect syntaxial 

quartz cementation and its subsequent impact on reser-

voir characterization. The MPF model has demonstrated 

promising capabilities in modeling various mineral 

growth and dissolution processes, including quartz ce-

ment growth [22–25], calcite precipitation [26–27], potash alum 

precipitation [26–27], and quartz crystal dissolution such as 

faceted crystal dissolution [28] and etch-pitting [29]. These 

studies and applications highlight the versatility and 

potential of the MPF model in simulating complex geo-

logical processes.  

Authigenic clay mineral coatings can evolve dynami-

cally from poorly to completely grain-coated textures, 

mirroring natural processes during sediment deposition, 

diagenesis [30], and clay mineral recrystallization [5]. In 

recent years, the MPF method has been used to address 

nucleation discontinuities by reducing growth rates of 

grains assumed to have coatings, based on the observa-

tion that coatings impede quartz grain growth [26, 31]. 

However, this method was relatively simplistic and not 

entirely accurate. The present work extends the compu-

tational investigations of Prajapati et al. [21–22] to examine 

the influence of clay coatings (nucleation discontinuities) 

on quartz cementation, porosity, permeability, and their 

interrelationships in sandstones using an MPF model. 

The investigation begins by validating the MPF model 

with nucleation discontinuities through simulations rep-

licating quartz crystal patterns from Lander et al.'s [10]

"quartz plate" experiments and reference samples. Natu-

ral examples of illitic grain coatings from the Permian 

Rotliegendes and Triassic Buntsandstein formations are 

used to evaluate their influence on inhibiting syntaxial 

quartz cementation, without considering their impact on 

compactional porosity loss. A numerical methodology is 

developed using the in-house solver PACE3D [32] to gener-

ate clay-coated grains, and systematic experiments on 

quartz cementation in digital clay-coated quartz crystals 

and multigrain packs are conducted by varying coating 

parameters individually. Fluid flow simulations in pro-

gressively cemented multigrain packs are conducted to 

compute permeabilities of samples with tangential clay 

coatings. The resulting datasets are analyzed to under-

stand how these parameters impact cement volumes, 

porosity, permeability, and their interrelationships. 

This research has significant implications for natural 

resource exploration and production. Our study enhances 

the understanding of clay coating effects on reservoir 

quality across diverse geological settings, offering a so-

phisticated framework for predicting reservoir properties 

in undrilled sections globally. It improves the assessment 

of potential hydrocarbon and geothermal resources in 

various sedimentary basins and refines diagenetic proc-

ess modeling. By combining numerical simulations with 

observations from natural samples, we provide a com-

prehensive approach to understanding clay coatings' role 

in reservoir quality. This work advances sedimentary 

geology and offers practical applications in reservoir 

characterization and resource exploration worldwide. 

1. Geological samples

This study used a suite of natural samples from the

Permian Rotliegendes in northern-central Germany and 

the UK [15, 17–18] and from the Triassic Buntsandstein in 



south-western Germany and eastern France [19, 33], as 

shown in Fig. 1. Although the burial histories vary largely 

between the study areas [20], the effects of nucleation dis-

continuities on syntaxial overgrowth cements are com-

parable. The samples from the Triassic Buntsandstein 

(max. burial depth of 2 200 m, max. temperature of 118 °C) 

and the Permian Rotliegendes (max. burial depth of  

4 800 m, max. temperature of 178 °C) contain both tan-

gential and radial illite grain coating textures (Fig. 1). The 

observed grain coating coverage ranges from 10% to 95% 

and syntaxial quartz cement contents range from 0.3% to 

22.3%. Furthermore, samples were selected for evaluating 

the grain coating coverage rate in contact with the inter-

granular volume [18] and capturing the effect of grain 

Fig. 1.  Thin section images highlighting the effect of grain coating coverage on quartz cement content. (a), (b): Samples 
from Triassic Buntsandstein in the Upper Rhine Graben of south-western Germany and on the shoulders of its 
surrounding grabens, showing that grains completely coated by illite (white arrows) are lacking syntaxial quartz 
overgrowth cements, whereas grains which are incompletely coated (red arrow) are substrates for syntaxial overgrowth 
cements, with abundant intergranular pores preserved; (c), (d): Samples from Permian Rotliegendes in the North German 
Basin, showing that grains completely coated by illite (white arrows) are lacking syntaxial quartz overgrowth cements, 
whereas grains which are in-completely coated (red arrow) are substrates for syntaxial overgrowth cements, with 
abundant intergranular pores pre-served; (e), (f): Samples from Triassic Buntsandstein in the Upper Rhine Graben of 
south-western Germany, showing that incomplete (pigmented) hematite grain coatings (blue arrow) do not inhibit 
syntaxial quartz cement precipitation, and in-tergranular porosity is less than that in samples with well grain coated; (g), 
(h): Samples from Permian Rotliegendes in the North German Basin, showing that incomplete (pigmented) hematite 
grain coatings (blue arrow) do not inhibit syntaxial quartz cement precipitation. 



coatings on nucleation discontinuities. Available data for 

the Permian Rotliegendes in the North Sea show that the 

SiO2 content ranges from 0.45% to 1.69% [34]. The SiO2 

content for the Triassic Buntsandstein in the Upper 

Rhine Graben [36] ranges from 1.13% to 2.79% [35] if the 

measured SiO2 contents are related to SiO2 saturation cal-

culations based on the findings of Manning et al. [35]. 

As natural samples often contain multiple mineral 

phases, the specific influence of individual mineral spe-

cies on the overall properties of the reservoir can hardly 

be assigned. Present parameter and simulation studies 

may aid in assessing the specific influence of mineral 

species and paragenetic interactions to better understand 

natural systems. 

2. Methods

Based on the work of Nestler et al. [37], this section ex-

plains the mathematical equations governing the MPF 

model for syntaxial overgrowth cementation in quartz 

sandstones, which was also previously utilized by Praja-

pati et al. [24] and Späth et al. [28]. This section also dis-

cusses the preprocessing workflow developed to model 

clay coatings on quartz grains in 3D digital sandstones, 

and describes the equations of the fluid flow model for 

the permeability calculations. 

2.1.  Multiphase-field model for syntaxial quartz 

cementation 

We consider a physical domain Ω comprising N−1 solid

phases (each representing a quartz grain) and a fluid 

phase (SiO2 supersaturated), using a tuple of phase fields 

(x,t)=[1(x,t), …, N(x,t)].  ,x t describes the presence

of phase [1, 2, …, N] at xΩ and time t +
0 ,  0,1  .

The interface between grains or between a grain and 

liquid is represented by a diffuse region with a finite 

width. Within this interfacial region shared by grain   

and the liquid or other grains, the phase-field parameter 

 transitions smoothly from 0 outside the grain to 1 in-

side it. The grain's shape and location are determined by 

the isoline where =0.5. As a convention, the last phase 

=N corresponds to the fluid phase. The Helmholtz free 

energy F of the system is given by: 
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F as the sum of the bulk Fbulk and interfacial Fintf energy 
contributions. fbulk() represents the bulk free energy 
density, given by: 
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As the interpolation of the phase-specific free energy 

density f using the interpolation function h()=. The 

difference in the free energy densities between the solid 

and fluid phases creates a driving force for the interfaces 

and henceforth, provides the chemical driving force for 

the growth of quartz cement. The second and third terms 

in Eq. (1) denote the gradient  ,a    and potential

()/  energy density, collectively representing the in-

terfacial energy density.   is the length scale parameter 

that controls the width of the diffuse interface. The gra-

dient energy density serves as an energetic penalty asso-

ciated with the development of diffuse interfaces and is 

mathematically expressed by: 
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where  denotes the interfacial energy of the α-β in-

terface and q represents a generalized gradient vector, 

orthogonal to the - interface. Quartz crystals display 

diverse growth patterns influenced by their geochemical 

and physical growth environments. To accurately simu-

late these faceted crystals with distinct edges and corners, 

we employ a strongly anisotropic faceted-type surface 

energy, defined by a piecewise function. The formation of 

crystal facets is modeled using the anisotropy function 

 ,a    of the form: 
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where ˆ = /  n q q  being the interface normal vector 

and  is the set of the position vectors corresponding to 

the corners of the capillary anisotropy Wulff shape of the 

- interface. The aforementioned surface energy ani-

sotropy formulation offers a versatile framework for sim-

ulating faceted crystals of various shapes in both two and 

three dimensions. The potential energy density compo-

nent establishes a barrier that prevents spontaneous 

phase transitions when interfacial driving forces are ab-

sent. For this work, we chose a multi-obstacle type po-

tential energy density of the form: 
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The implication of multi-obstacle type potential energy 

density results in sharp energetic minima for the bulk phases 

through the Gibbs simplex condition as shown in Eq. (6).  
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The term proportional to  prevents the occur-

rence of spurious third phase in binary interfaces. The 

governing evolution equation for phase-fields which pro-

vides the local minimization of the free energy is deter-

mined by the variational derivation of the energy func-

tional. To address the varying growth rates of different 

phases without encountering interpolation issues in mul-

ti-phase regions, we utilize the formulation proposed by 

Steinbach et al. [38]. This approach allows us to assign 

distinct mobilities (growth velocities) to each phase. The 



evolution equation is: 
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The mobility coefficient  ˆM n  of the - interface

determines the interfacial kinetics, and is expressed as: 

 ˆM n  0, kin,
ˆM a  n  (8)

where 0,M   accounts for the difference in attachment 

kinetics,  kin,
ˆa  n  considers the orientation depend-

ency of growth rates, which is given by: 
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According to Wendler et al. [23], this function accounts 

for the faster pre-faceting quartz growth tendencies 

through the anisotropy strength parameter  and different 

relative growth velocities of the different facets through the 

set of position vectors kin, k  of the corners of the kinetic 

anisotropy shape. The model equations are implemented 

within the parallel Multiphysics computational framework 

called PACE3D. Detailed information on the optimization 

and parallelization strategies of PACE3D are shown in the 

work of Hötzer et al. [32]. The simulation parameter set 

utilized in the present work is given in Table 1. The di-

mensional values of the parameters in the table are 

adapted from Prajapati et al. [22]. The set of position vec-

tors cap, kη  and kin, kη  for the capillary and kinetic ani-

sotropy shape, respectively, are taken from Ref. [23]. 

2.2.  Modeling clay-coating on quartz surface 

The presence of clay minerals acts as a barrier at the 

Table 1.  Parameters used for MPF numerical simulations 

(adapted from Ref. [25]) 

Model parameter Symbol 
Non-dimensional

value 
Dimensional 

value 
Grid cell size Δx 0.5 0.5 µm 
Time-step width Δt 0.001 45 87.5 s 
Quartz-liquid interface 
energy density 

γql 1 0.36 J/m2

Clay-liquid interface 
energy density 

γcl 0.03 0.010 8 J/m2

Quartz-quartz interface 
energy density 

γqq 1.91 0.687 6 J/m2

Clay-clay interface 
energy density 

γcc 0.42 0.151 2 J/m2

Higher-order interface 
energy density 

γαβδ 25 9 J/m2 

Length scale ε 1.1 1.1 µm 
Kinetic coefficient of the 
quartz-liquid interface 0, ql 1.0 

4.65×10−17 
m4/(Js) 

Driving force for 
quartz cementation 

Δfql −0.294 −1.0×105 J/m3

Kinetic anisotropy 
strength 

δ 115

Fig. 2.  Digital clay-coating workflow. 

interface between detrital quartz grains and intergranu-

lar pore space, thus inhibiting quartz overgrowth [40]. 

Therefore, we define clay mineral as an inert phase in our 

modeling framework. For generating digital clay-coatings 

with user-defined thickness, volume fraction and patterns 

(e.g. continuous, randomly distributed), a pre-processing 

workflow was developed in this work. It consists of the 

following steps: 

In the first step, for the quartz grain phases in a com-

putational domain, we generate full clay coating of a 

given thickness based on the values of phase-field grain in 

the interface region (Fig. 2). 

In the second step, we generate continuous (one-sided, 

layered) and random coatings by the following steps. 

Continuous coatings: For one-sided clay coatings (Fig. 2), 

substitute the clay phase in the user-defined regions se-

parated by spatial planes with the liquid phase. Using user- 

defined spatial planes, layered coatings (Fig. 2) can be 

generated. Random coatings: For random patterns of clay 

coatings of a given volume fraction, an iterative pre-pro-

cessing algorithm is developed. While the clay volume 

fraction is greater than a user-defined value, the follow-

ing is needed to be executed: (1) Select a random spatial 

point in the clay phase of the numerical domain, which 

acts as the center of a sphere of user-defined radius. (2) 

Substitute the clay phase that occurs within this spherical 

region with the liquid phase. (3) Calculate the volume 

fraction of the clay coating in the entire domain. (4) If the 

volume fraction does not fall within the user-defined 

range, go to step (1); otherwise, exit the iterative loop. 

With this workflow, coatings of different thicknesses, 

patterns and percentage coverages can be generated on 

grains of arbitrary realistic shapes. The generated clay- 

coated quartz grains in a computational domain filled 

with a liquid phase serve as the initial numerical setup 

for simulating anisotropic cement growth. Fig. 2 displays 

the generated random coating pattern on a grain with an 

irregular shape.  



Fig. 3.  Modeling work-flow schematics. (a) A randomly shaped grain. (b) Complete clay coating phase of a given thickness 
(denoted by clay). (c) Coating pattern generated using the pre-processing workflow. (d) Simulated quartz overgrowth on the 
partially coated grain. 

The inert clay phases are incorporated by immobilizing 

the clay-liquid interfaces. Numerically this translates to 

cl0,M  being the mobility coefficient of clay-liquid system.

It essentially implies that the clay phase clay does not 

evolve during quartz growth simulation, and as per the 

evolution equation, we have: 

clay 0
t





(10)

Fig. 3 gives the schematic representation of the mod-

eling workflow. Complete clay coating of a given thick-

ness is generated on a grain using the contours of the 

phase-field parameter grain in the diffuse interface region 

(Fig. 3a, 3b). Following this, a user-defined coating pat-

tern is generated using the described pre-processing 

workflow (Fig. 3c). Finally, anisotropic quartz overgrowth 

is simulated using the MPF model (Fig. 3d). 

2.3.  Computational fluid dynamics model for 

permeability calculations  

Computational fluid dynamics (CFD) analysis is em-

ployed to calculate the permeability of clay-coated sand-

stones at various stages of cementation. For this purpose, 

Stokes equations are employed, under the laminar flow 

assumption. The equations are mathematically expressed 

as: 

d 0p   u (11) 

0  u (12) 

A constant-pressure drop is applied in the x-direction, 

while all other boundaries are set to a free-slip boundary 

condition. The contact between the liquid and grain/clay 

systems has a no-slip boundary condition. The perme-

ability K is calculated by the Darcy’s law:  

dK
p





u
(12) 

Non-dimensional parameters are adopted for the fluid 

flow simulations of our previous work, given the compa-

rable domain size in the present and the previous work. 

3. Results and discussion

In this section, we begin by validating our quartz 

growth model by replicating the crystal patterns observed 

in both previous laboratory experiments and our own 

natural samples. Following this validation, we explore the 

impact of coating parameters, such as orientation, per-

centage coverage, and pattern, on cement volumes through 

unconstrained single crystal growth simulations. Fur-

thermore, we conduct a series of simulations in multi-

grain packs with varying coating patterns and percentage 

coverage to analyze the resulting changes in cement 

volumes, porosity, and permeability. This innovative ap-

proach using the MPF method not only enhances our 

understanding of clay coatings' effects on reservoir 

properties but also holds significant promise for future 

research in reservoir characterization and resource ex-

ploration on an international scale. 

3.1.  Model validation with experiments and natural 

samples 

3.1.1.  Validation with experiments 

Experimental investigations conducted by Lander et al. [10] 

showcased the impact of nucleation discontinuities on 

quartz overgrowth within a well-controlled laboratory 

environment. The experiments were conducted at a pres-

sure of 69 MPa and temperatures ranging from 300 °C to 

350 °C. Although the work of Lander et al. [10] did not 

provide specific information on SiO2 concentration or 

saturation index related to quartz grain cementation, 

previous studies have shown that the saturation index in 

natural settings typically falls between 0.45 and 2.79 [34–36, 41]. 

This index is crucial in determining the rate at which 

equilibrium is achieved and directly influences the 

chemical driving force behind quartz cementation [22–23]. 

For quartz growth modeling, researchers often employ 

reasonable assumptions to reduce simulation time and 

computational costs, and simplify assumptions to opti-

mize computational resources while maintaining the 

integrity of the simulated processes [21–23, 25]. This study 

employs simulation parameters for quartz growth similar 

to those used by Prajapati et al. [22]. In their work, the 

authors simulated digital quartz grain cementation under 

conditions of 44 MPa pressure, 150 °C temperature, and a 

saturation index of 6. The work of Wendler et al. [23] and 



Prajapati et al. [22] provides valuable information on the 

reliability of these assumptions and their impact on the 

accurate replication of natural phenomena. By adopting 

similar simulation conditions and making informed as-

sumptions, researchers can effectively simulate complex 

processes like quartz cementation while managing com-

putational demands. This approach allows for the explo-

ration of long-term geological processes within practical 

time-frames and resource constraints. Therefore, the as-

sumption of fluids supersaturated with respect to SiO2 is 

reasonable for the attempted simulations. 

As a starting point, we validate our quartz cementation 

model that incorporates inert phases by simulating the 

quartz plate experiments in previous studies [10] and sub-

sequently comparing our simulation results with the pre-

vious laboratory findings. For the reference, we consider 

the smallest copper grid experiment of Lander et al. [10], 

where square holes measuring 42 μm in side of the cop-

per grid were separated by a distance of 20 μm. For the 

simulation, we recreate a specific portion of this experi-

ment using a 33 mesh, as shown in Fig. 4a. The size of 

the simulation domain is 406x650y406z (with 

x=y=z = 0.5 μm). In the y-direction, two solid layers 

of thickness 20 μm represent the quartz plate (in grey) 

and copper mesh (in copper) with square holes, respec-

tively. The rest of the domain in y-direction was filled 

with the SiO2-supersaturated liquid phase, which is not 

shown in Fig. 4a for the purpose of clear visualization. 

With this simulation setup, it was ensured that the hole 

dimension and grid spacing matched the reference ex-

periments. The simulation results are very similar to the 

findings of Lander et al. [10] in crystal growth patterns 

(Fig. 4). 

Using the parameters given in Table 1, a phase-field 

simulation of growing quartz crystals was performed. Fig. 

4a depicts different stages of quartz overgrowth. As 

quartz cements grow in the holes, individual crystals with 

facets are formed in accordance with the euhedral shape. 

At a later stage, these individual crystals merge in a lat-

eral direction owing to identical crystal orientation and 

faster growth in that direction (Fig. 4a). These simulation 

results show clear similarities with the overgrowths 

morphologies produced in the experiment, as depicted in 

Fig. 4. As previously mentioned, the temperature, pres-

sure, and supersaturation conditions used in this simula-

tion (from the work of Prajapati et al. [22]) differ from 

those in the experiments conducted by Lander et al. [10]. 

Our model demonstrates strong qualitative agreement 

with experimental observations, particularly in accurately 

reproducing the morphologies of quartz cementation. 

This alignment underscores the model's capability to 

capture essential aspects of the cementation process. 

While the absence of detailed concentration data from 

Lander et al. [10] precludes a direct quantitative compari-

son of quartz cement growth rates, our validation ap-

proach leverages the strength of morphological similari-

ties, providing valuable insights into the model's predic-

tive capabilities. The current validation lays a solid 

foundation for understanding quartz cementation proc-

esses. Prajapati et al. [22] and Wendler et al. [23] have dem-

onstrated that the model works well for pure quartz sys-

tems. 

However, validating the model with physical growth 

rates for quartz and clay setups (such as in the experiments 

Fig. 4.  Comparison of “quartz plate overgrowth” experiment by Lander et al. and simulation results generated using 
MPF method (this work). 



of Lander et al. [10] where copper was used to simulate the 

clay minerals) presents challenges. In these experiments, 

supplementary minerals are added to increase growth 

rates, resulting in a multi-component fluid. Our current 

simulation uses a "pure" SiO2 oversaturated liquid, mak-

ing direct comparisons to these more complex experi-

mental setups difficult. 

While the MPF method is capable of simulating mul-

ti-component phenomena and varying concentrations, we 

did not chose it to incorporate these aspects in the cur-

rent work due to computational costs. For coated quartz, 

limited quantitative data is available, and even in cases 

where data exists, the composition is often unspecified or 

too intricate for direct comparison. Given these con-

straints, we focused on a qualitative comparison, achiev-

ing a sound visible agreement with lab experiments. It's 

important to note that our current work, based on the 

dataset provided by Prajapati et al. [22], already establishes 

a robust framework well-accepted for reservoir quality 

characterization. 

3.1.2.  Validation with natural sample 

In natural samples featuring partially coated grains, 

internal growth zonation is evident. Thin section micro-

photographs of a Buntsandstein sample, as shown in Fig. 

5a, reveal areas of grain coating (indicated by red arrows) 

and clean grain surfaces (indicated by green arrows). 

Cold cathodoluminescence image of the same grain and 

overgrowth is presented in Fig. 5b. Within regions of in-

complete grain coating coverage, syntaxial quartz over-

growth displays growth zonation (depicted by dark and 

bright blue colors, delineated by dashed red lines) before 

encasing the grain coating laterally. This analysis high-

lights, the evolution of pore surface roughness over geo-

logical time and additionally highlights the effect of nu-

cleation discontinuities may have on reservoir utilization. 

Rather than one smooth crystal surface next to a pore, 

the small precipitates increase the pore surface rough-

ness and may alter fluid production behavior [42]. In this 

study, the assumption of a higher supersaturation index 

accelerates the process by approximately tenfold, without 

altering other aspects of the natural phenomenon of 

quartz cementation. 

To validate the model, we consider a similar grain sur-

face with coated and clean surface in a simulation do-

main. The configuration comprises of a spherical quartz 

grain with a diameter of 100 μm featuring a random, 

partially coated surface, immersed in a supersaturated 

liquid phase, as depicted in the initial stage of Fig. 5c 

along the central 2D plane (liquid phase omitted for clar-

ity). The dimension of the simulation domain is 300x 

600y300z (with x=y=z=0.5 μm). The simulated 

quartz overgrowth (utilizing parameters given in Table 1) 

is shown in different shades of grey. Notably, initial pre-

cipitation occurs on uncoated sections of the grain, fol-

lowed by lateral encasement of the grain coating phase, 

as also observed in the natural example. Unlike the 

natural sample, the simulated growth is unconstrained, 

resulting in facet formation at later stages. 

3.2.  Discussion 

In this section, we explore how coating parameters af-

fect the resulting cement volumes. We conduct simula-

tions of overgrowth cementation on single grains with 

clay coatings under unconstrained conditions to investi-

gate these influences. All the simulations are performed 

using the parameters given in Table 1. 

3.2.1.  Influence of crystallographic orientations of 

quartz grains on cement growth rate and volume of 

sandstone 

The prismatic growth habit of quartz crystals involves 

Fig. 5.  Thin section microphotographs and phase-field simulation result of a Buntsandstein sample. (a) Partially coated 
quartz grain in a sample from the Buntsandstein, with grain coated areas (red arrows) and clean grain surfaces (green 
arrow) indicated. (b) Cold cathodoluminescence image of the same grain as in (a), showing a growth zonation of syntaxial 
quartz overgrowth (dark and bright blue colors, indicated by dashed red line) before laterally encasing the grain coating, in 
the area of the incomplete grain coating coverage. (c) Phase-field simulation result illustrating the evolution of 
internal growth zonation over time for a partially coated grain: the initial precipitation occurs on uncoated sections of the 
grain, followed by lateral encasement of the grain coating phases resembling the natural sample. 



Fig. 6.  Evolution of quartz overgrowth and cement vol-
ume over time at three orientations. 

rapid growth along the c-axis until faceting is complete. 

Upon faceting, the pyramidal and prismatic facets de-

velop in their euhedral form. Previous studies have 

shown that pyramidal facets tend to grow at faster rates 

compared to prismatic facets [10]. These growth tendencies 

of quartz are incorporated in Refs. [22–23]. Utilizing the 

digital preprocessing workflow detailed above, spherical 

grains with a continuous one-sided coating, covering 50% 

of their surface, and with a diameter of 100 μm, were 

generated within sufficiently large simulation domains 

for cement growth (Fig. 6). Three distinct c-axis orienta-

tions of the quartz substrate grain in relation to the clay 

coated surface, namely horizontal (0), vertical (90) and 

diagonal (45), were investigated. The resulting simulated 

overgrowths and temporal evolution of cement volume 

over time are depicted in Fig. 11. The observed growth 

rate of cement is lowest in the vertical orientation. For 

the diagonal and horizontal orientations, an intriguing 

dynamic between time and cement volume is noted. 

During the early stages (up to tsim = 40 d), the cement 

volumes for both diagonal and horizontal orientations 

show little difference, as both develop euhedral shapes. 

By tsim = 45 d, the appearance of additional pyramidal 

facets through lateral encasement in the diagonal orien-

tation results in an accelerated growth rate for this ori-

entation. 

Subsequently, at tsim = 75 d, lateral encasement with an 

increased presence of rapidly growing pyramidal faces is 

also observed in the horizontal orientation, thus en-

hancing the cement growth rate. Consequently, by the 

end of the simulation period (tsim = 100 d), the grain hav-

ing a horizontally oriented c-axis accumulates a greater 

volume of cement. This simulation study uncovers a fas-

cinating interplay between the growth of exposed py-

ramidal faces and the emergence of new pyramidal facets 

through lateral encasement. 

3.2.2.  Influence of coating coverage on cement growth 

rate and volume of sandstone 

The simulations were conducted under an assumption 

that a digital spherical quartz grain with size 92 μm and 

random shape in a sufficiently large simulation domain, 

and under a precondition that three distinct clay coatings 

for the same digital grain shape with varying coating 

coverage (i.e. 20%, 50%, and 80% of surface area) are 

generated. The quartz grains’ growth orientation is illus-

trated in Fig. 7. Subsequently, quartz overgrowth was 

simulated using the parameters given in Table 1. The 

simulated overgrowth for the three cases is depicted in 

Fig. 7a. As anticipated, grains with lower coating per-

centage coverage exhibit greater cement volumes com-

pared to those with higher percentage coverage. The 

temporal evolution of cement volume is illustrated in Fig. 

7a for all three cases. Decreasing the percentage of clay 

coating coverage results in increased cement volume and 

growth rate, which is attributed to a larger available sur-

face area for cement growth in less coated ones. Addi-

tionally, these plots display non-linear behavior during 

the initial overgrowth phase (approximately until tsim= 2 d, 

i.e., the facet formation phase). Once all facets have fully

formed on the quartz surface, the growth proceeds line-

arly until tsim= 30 d (Fig. 7a). However, Fig. 7b suggests

that if the simulation had run for longer than 30 d, the

non-linear behavior of the cement overgrowth would

have become evident in Fig. 7a. This inference is sup-

ported by the "randomly coated" grain curve in Fig. 7b,

which matches the "50% clay-coating" curve in Fig. 7a.

Due to the significant computational cost, further analy-

sis beyond tsim= 30 d was not conducted for the first case,

focusing on the influence of coating coverage.

3.2.3.  Influence of coating pattern on cement growth 

rate and volume of sandstone 

In order to comprehend how the coating pattern on 

quartz grains impacts the cement growth and volume, 

three different patterns with 50% coverage each were 

investigated. The left plot of Fig. 7b illustrates the initial 

stage. For simplicity, we refer to these patterns as layered 

coated, randomly coated, and half coated. The model 

parameters are provided in Table 1, and the results are 

depicted in Fig. 6. The temporal evolution of cement 

volume is plotted in Fig. 6b. It is observed that in the 



Fig. 7.  Simulated overgrowth on a quartz grain of arbitrary shape over time. 

initial to intermediate stages (tsim of 0–20 d), the cement 

volumes increase in a similar range. At later stages (after 

30 d), when facet formation is complete, depending upon 

the presence of faster growing free faces, further growth 

differences occur. For the layered coated grain, surface 

area of faster growing faces is higher than the other cases, 

thereby resulting in higher cement volumes towards the 

end of simulation (i.e. approx. around 60 d). These simu-

lation results reveal that the influence of the coating 

pattern becomes more evident during later stages of 

overgrowth, particularly as flat faces emerge, encasing 

the coating laterally and continuing to expand. In the 

early stages, the effect of the coating pattern is relatively 

minor. Even though the surface area covered by a clay 

mineral coating is 50% in each case, the volume of pre-

cipitated quartz cement varies over time. Generally, the 

grains with random clay coatings exhibit lower amounts 

of quartz cement, likely because the uncoated areas where 

cement can form are smaller compared to the other cases. 

This demonstrates that larger uncoated areas correspond 

to higher amounts of overgrowth cement formation. 

Cement growth was simulated for three random clay 

coating patterns with 50% coverage each. The model pa-

rameters are provided in Table 1, and the results are de-

picted in Fig. 8, revealing the temporal evolution of 

overgrowth cement. There is no noticeable difference in 

the increase of net cement volume among the three packs 

during the initial stages (i.e., tsim of 0–25 d). However, a 

visible difference in net cement volumes emerges during 

the intermediate stages (tsim of 25–100 d) as the effect of 

the coating pattern becomes more pronounced. Eventu-

ally, in later stages where the overgrowth completely oc-

cludes the pore space, the net cement volumes converge 

to the same value for the three cases. 



Fig. 8.  Temporal evolution of overgrowth cement volumes 
for three coating patterns (digital grain packs used for 
generating three clay coating patterns with 50% coverage 
each). 

3.2.4.  Influence of coating on reservoir quality 

A systematic simulation study is conducted to examine 

the influence of syntaxial overgrowth and clay coating 

coverage on the petrophysical properties, encompassing 

cement volume, porosity, permeability, and their interre-

lations. For the simulations, we consider a pack of digital 

sandstone in a computational domain of dimensions of 

1 000x1 000y1 000z (x=y=z =0.5 μm), as shown 

in Fig. 8 and Fig. 9. Both of the grain packs are exactly the 

same and comprise of 464 grains with random crystallo-

graphic orientations (Fig. 9), with the average grain size 

of 80 μm, and the initial porosity of 25%.  

Three random clay coating patterns of varying cover-

age (i.e. 30%, 50%, and 70%) were generated on the digi-

tal grain packs, as shown in Fig. 9b. The distribution of 

clay phase is shown in Fig. 9b. Using the parameters 

given in Table 1, simulations were performed on the 

overgrowth at different stages of time for the three grain 

packs (Fig. 9c–9e). The pack with higher coating coverage 

undergoes less extensive cementation, and thereby ex-

hibits higher pore space than others at all the stages. The 

difference in pore space is predominantly visible after 40 

d of simulation. The resulting microstructures with 

clay-coating show similarities with natural samples in 

terms of cement overgrowth, pore space and clay coatings, 

as illustrated in Fig. 9a. The temporal evolution of cement 

volume and resulting porosity is respectively plotted in 

Fig. 10a and Fig. 10b. It is observed that the porosity re-

duces more rapidly in sandstones with lower coating 

coverage, due to higher surface area for cement growth, 

as also visible in the cement volume-time plot in Fig. 10a. 

Velocity streamlines depict fluid flow through the three 

packs with different coating coverages after approxi-

mately 10 d of cementation. Grain packs with higher 

coating coverages retain higher pore connectivity com-

pared to those with lower coverages (Fig. 10e). This find-

ing is also in agreement with field studies and experi-

ments, showing generally higher permeability at same 

porosities in samples containing higher grain coating 

coverages [13]. However, this idealized correlation is sel-

dom found in other natural sample series. This is due to 

the following factors: (1) other natural sample series 

contain other non-quartz cements occluding the pore 

space, (2) clay mineral coating textures (tangential, radial, 

or pore-bridging) also affect the permeability [4], and (3) 

illitic grain coatings have been shown to enhance pres-

sure dissolution, further reducing porosity and perme-

ability [17, 20]. 

Using the fluid-flow model elaborated in this work and 

flow parameters [22], computational fluid dynamics (CFD) 

analysis was performed on the packs at different stages of 

simulation. At the same porosity, sandstones with higher 

coating coverage are more permeable than those with 

lower coating coverage (Fig. 10c). For sandstones with 

higher coating coverage, the lesser amount of cements 

precipitate in the pore space, and vice versa. Conse-

quently, these overgrowths can only block pore spaces in 

their immediate vicinity, whereas regions with clay coat-

ings remain unaffected. Thus, sandstones with a larger 

coating coverage exhibit higher permeabilities, as illus-

trated in Fig. 10d and 10e. 

The quartz overgrowth cement textures formed on 

uncoated or partially grain-coated samples may influence 

pore surface roughness, thereby affecting wetting prop-

erties and potentially impacting fluid production from 

the subsurface [41]. 

3.2.5.  Comparison with natural samples 

Datasets correlating the quartz cement content and 

coating coverage in natural sandstone samples, derived 

from previous field studies [15, 19–20], are available. Although 

the compiled sample series experienced different thermal 

histories and interacted with different fluids, a compara-

ble correlation between grain coating coverage and 

quartz cement volume can be established. This supports 

the assessment that the grain coating coverage is a main 

controlling factor in controlling the available surface area 

for syntaxial quartz cement precipitation across multiple 

different study areas and their respective fluid and ther-

mal histories. The simulation results after 20 d match the 

overall correlation of presented natural samples quite 

well (Fig. 11). Furthermore, samples experiencing higher 

thermal exposure, but similar fluids from the Buntsand-

stein in the Upper Rhine Graben show higher quartz 

cement contents at low grain coating coverage (less than 



Fig. 9.  Thin-section micrographs of a Buntsandstein sample and simulated influence of clay coating coverage on petro-
physical properties. 

40%) (orange diamonds in Fig. 11) than samples experi-

encing lower thermal exposures at the same grain coating 

coverage (red circles in Fig. 11). This behavior is matched 

by the simulation results after 40 d (red triangles in Fig. 

11) compared to 20 d (purple triangles in Fig. 11), where

higher thermal exposure also results in larger quartz ce-

ment volume. This demonstrates the efficacy of the mod-

eling methodologies and digital work-flow presented 

herein, particularly in addressing the intricacies of ce-

mentation processes in clay-coated sandstone. These 

simulations therefore allow the pre-drill assessment of 

scenarios relating to variable grain coating coverages to 



Fig. 10.  Variation of net overgrowth cement volume, porosity and permeability of digital grain packs with different coating 
coverages. 

assess likely overgrowth cement contents and derive po-

rosities and permeabilities of prospective reservoir 

lithology as a function of thermal exposure. The integra-

tion with previously derived workflows for grain dissolu-

tion [29], mono- and polycrystalline quartz grains affecting 

overgrowth morphologies and volumes [21–22], fracture 

cementation formation [24, 26–27, 43] will be a valuable addi-

tion to pre-drill reservoir quality assessments using digi-

tal rocks. 

4. Conclusions and outlook

This study reveals how clay coatings affect syntaxial 

overgrowth cementation and resulting reservoir proper-

ties in sandstones. The two innovative modeling aspects 

of this work are as follows: (1) Adaptation of a multi-

phase-field model to incorporate inert phases analogous 

to clay coatings. This modeling approach is capable of 

replicating the overgrowth morphologies observed in the 



Fig. 11.  Plot correlating the quartz cement content with 
grain coating coverages for different field samples and our 
simulation results after 20 d and 40 d.  

"quartz plate" experiments of Lander et al. [10]. (2) The 

development of a novel digital pre-processing workflow 

to generate realistic clay coatings on quartz grains in 

multigrain packs, which enables us to simulate and analyze 

the impact of different coating parameters systematically. 

Information about coating controls (i.e. orientation, 

coverage and pattern) is generally not available in field 

studies, and also does not exist in previous laboratory 

experiments and modeling literature. Through a series of 

overgrowth simulations on single grains and multi-grain 

packs, we uncovered important insights into the relative 

importance of these coating parameters.  

Notably, the coverage of clay coatings emerges as the 

primary determinant of cement volume and growth rate, 

followed by the orientation of the crystallographic c-axis 

in relation to a clay coating and pattern. It is found that 

the growth rate of cement is lowest in the vertical orien-

tation of quartz grain crystals, and the growth rate of 

coating is faster in the diagonal orientation than in the 

horizontal orientation at the middle-later stages of experi-

ment. The influence of the coating pattern on cementation 

becomes more evident during later stages of diagenetic 

evolution of the reservoir, with faster cementation for 

layered coating pattern. The coating coverage is positively 

correlated with the porosity and permeability of sandstone. 

The simulated overgrowths in multi-grain packs show 

clear similarities with natural samples, particularly in 

terms of how they encase clay coatings and occupy pore 

spaces, verifying the validity of the new approach of 

three-dimensional simulation on coating. Analysis of the 

numerical datasets generated from these simulations and 

examination of temporal evolution curves for cement 

volume, porosity, and permeability reveal valuable in-

formation about the dynamic changes in these reservoir 

properties occurring during the cementation process.  

At same porosity, sandstones with higher coating per-

centage coverage exhibit higher permeability than those 

with lower coating coverage, due to the localized growth 

of overgrowths on uncoated grain surfaces, thereby fa-

cilitating unobstructed pore pathways. 

Furthermore, the simulated quartz cement content, 

following equal exposure to supersaturated fluid for a 

duration of 20 d (simulation-time), exhibits good agree-

ment with field samples, underscoring the reliability and 

accuracy of our simulation results. 

The present study complements the previous works of 

Prajapati et al. [21–22]. Furthermore, this study contributes 

to the understanding of clay-coated sandstones and pro-

vides insights into reservoir property evolution. Looking 

ahead, the methodologies developed herein can be ex-

tended to other geological systems involving inert phases, 

such as quartz veins and calcite limestones, with relative 

ease. Moreover, as our model does not explicitly classify 

coatings as primary or diagenetic, we acknowledge this as 

an opportunity for future improvement. By leveraging 

these advancements, we can advance our understanding 

of reservoir dynamics and enhance the accuracy of res-

ervoir characterization and prediction, ultimately bene-

fiting various industries reliant on subsurface resource 

exploration and management. 
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Nomenclature 

a—gradient energy density function, J/m4; 

 kin,
ˆa  n —dynamic anisotropy function at the - interface;

f—bulk free energy density of phase , J/m3; 

fbulk—bulk free energy density, J/m3; 

fql—driving force for quartz cementation, J/m3; 

F—Helmholtz free energy, J; 

Fbulk—bulk free energy, J; 

Fintf—interfacial free energy, J; 

G—Gibbs function; 

h—bulk free energy density interpolation function; 

K—permeability, m2; 

k—a number between 1 to n; 

 ˆM n —mobility coefficient of the - interface, m4/(Js);

l0, cM —mobility coefficient of the clay-liquid interfacial ki-

netics, m4/(J·s); 



0,M  —mobility coefficient of the - interfacial kinetics,

m4/(J·s); 

N—number of phases; 

n̂ —unit vector orthogonal to the - interface; 

q—generalized phase-field gradient vector orthogonal to 

the - interface; 

t—time, s; 

t—time step, s; 

tsim—simulation time, s; 

u—liquid flow velocity vector, m/s; 

u —average liquid flow velocity vector, m/s;

x—position vector, m;

x, y, z—grid cell size, μm;

ϕ, ϕ, ϕ—phase-field parameter of phases , , ; 
clay—phase-field parameter of clay phase;

ϕ(x,t)—phase-field vector corresponding to position x and

time t; 

—volume in physical domain, m3; 

—length, m; 

—potential energy density function, J/m2; 

 cc—clay-clay interface energy density, J/m2; 

 cl—clay-liquid interface energy density, J/m2; 

 ql—quartz-liquid interface energy density, J/m2; 

 qq—quartz-quartz interface energy density, J/m2; 

—- interface energy density, J/m2; 

—higher-order interface energy density, J/m2; 

—set of position vectors for the - interface anisotropy 

shape; 

cap, kη —set of position vectors for the capillary anisotropy 

shape; 

kin, kη —set of position vectors for the kinetic anisotropy 

shape; 

μd—dynamic viscosity, Pa·s; 

0, ql — kinetic coefficient of the quartz-liquid interface, 

m4/(J·s); 

p —pressure gradient, Pa/m; 
+
0 —non-negative real number set;
N —a set of real number;

—kinetic anisotropy strength. 
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