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Abstract20

Fluid-induced mineral replacement reactions play a key role in controlling porosity21

generation and permeability evolution in geologic systems. However, the dynamic feedback22

between pore structure development and fluid transport remains poorly quantified. This23

study investigates the spatiotemporal evolution of reaction-induced pore space in the24

fluid-driven KBr–KCl system using time-resolved synchrotron X-ray tomography. Due25

to its high solubility and rapid reaction kinetics, the KBr–KCl system serves as an26

effective analogue for fluid–rock interactions in natural settings. We performed two27

operando experiments at the TOMCAT beamline (Swiss Light Source): one with direct KCl28

solution flow over a KBr crystal, and another using a pressurized X-ray-transparent cell.29

Machine-learning-based segmentation enabled quantitative analysis of porosity evolution30

through spatiotemporal correlation functions and transport property estimation. We31

identified a three-stage pore evolution process: (1) rapid pore channel formation along32

crystallographic axes with high reaction rates and a rough interface; (2) a transitional33

stage characterised by smoother interfaces and enhanced lateral connectivity; and (3)34

a steady-state regime where permeability continues to increase due to pore coarsening35

and reduced tortuosity. These results advance our quantitative understanding of how36

reaction-induced porosity governs dynamic fluid–rock interactions.37

Plain Language Summary38

Understanding how rocks change when they come into contact with fluids is important39

for many natural and industrial processes, such as groundwater flow, carbon storage, and40

resource extraction. These interactions create small voids called pores, which are critical41

because they form the pathways that allow fluids to move through rocks and influence42

large underground regions. In this study, we used a simple salt-based system to mimic43

these fluid-rock interactions and explore how pores form and evolve over time. We used44

high-resolution X-ray imaging to observe the process in real time and applied artificial45

intelligence and mathematical tools to analyse how the pore structure changed during the46

reaction. Our findings show that pore formation is a complex, dynamic process that occurs47

in three stages: an initial rapid change, a transitional phase, and a final stable state. Each48

stage affects the ease with which fluids can move through the material in different ways.49

By revealing how the structure of the pores influences fluid flow, our study improves our50

quantitative understanding of natural systems.51

1 Introduction52

Geological processes that alter and transform rocks in the presence of aqueous fluids are53

fundamental in determining Earth’s dynamics. Such fluid-driven mineral transformations54

occur across a wide range of settings and scales. They also address a wide range of societal55

challenges, such as resource management, climate change mitigation, and environmental56

remediation. These fluid-rock interactions shape the Earth’s crust and mantle by influencing57

surface features, geochemical cycles, and the properties of subsurface environments. A58

critical aspect of such transformations is the creation of fluid pathways through mineral59

replacement reactions, a phenomenon essential for large-scale rock alteration and mass60

transport. For example, serpentinization of the oceanic mantle produces hydrogen gas that61

sustains subsurface microbial ecosystems (e.g,. Bach et al., 2006; Malvoisin et al., 2021;62

Plümper et al., 2012). Similarly, albitization of crustal igneous rocks alters fluid chemistry in63

the Earth’s crust (e.g., Engvik et al., 2008; Kaur et al., 2012; Norberg et al., 2011). Another64

example is the eclogitization of subducted oceanic materials, which influences metamorphic65

processes in subduction zones (e.g., Angiboust et al., 2014; Pollok et al., 2008). Alteration66

of carbonate-bearing sedimentary systems likewise impacts the global carbon cycle (e.g.,67

Weber et al., 2023).68
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In addition to their geologic importance, fluid-driven mineral transformations are69

crucial for various applications. They play a role in the fractionation of rare-earth elements70

and in the sequestration of radionuclides or heavy metals (e.g., Julia et al., 2023), and71

contribute to carbon dioxide storage through mineral carbonation (binding CO2 as stable72

mineral phases, e.g., Kelemen & Matter, 2008), alongside direct precipitation mechanisms.73

In all these cases, fluid–rock reactions at the mineral scale require the development and74

maintenance of pore networks and permeability at grain boundaries (e.g., Plümper et al.,75

2017a; A. Putnis, 2015). This interconnected porosity is what allows fluids to continuously76

circulate through and react with rocks that would otherwise be essentially impermeable.77

One fundamental mechanism that enables these fluid–rock transformations is78

fluid-induced mineral replacement. In this prevalent physicochemical process, a parent79

mineral comes into contact with a chemically reactive fluid (one out of equilibrium with80

the mineral), leading to dissolution of the parent mineral and simultaneous precipitation81

of a new, more stable product phase. This coupled dissolution–precipitation mechanism82

is often referred to as interface-coupled dissolution–precipitation (ICDP). It can result in83

pseudomorphic replacement, in which the newly formed mineral retains the external shape84

and volume of the original parent mineral (e.g., C. V. Putnis & Mezger, 2004; A. Putnis,85

2009). A key feature of fluid-induced replacement reactions is the generation of porosity86

at the reaction interface. Differences in molar volume and relative solubility between the87

parent and product phases typically create reaction-induced porosity in the product phase.88

For instance, if the parent phase is more soluble in the fluid than the product phase, it89

will dissolve away faster than the product can precipitate, leaving behind extra pore space90

within the product matrix. This process yields a porous, interconnected reaction front91

through which the fluid can infiltrate. The presence of a fluid-filled pore network at the92

interface is crucial: it provides pathways for the reactant fluid to penetrate and sustain the93

reaction progress deeper into the material. However, this porosity is often transient (e.g.,94

A. Putnis, 2015). As the reaction proceeds, ongoing precipitation of the product mineral95

can partially clog pores or reduce their connectivity, even as continued dissolution elsewhere96

may open new pore space. The evolving balance between dissolution and precipitation97

strongly influences the rock’s changing properties, reflecting a competition between reaction98

kinetics and the transport of reactants through the transient pore network (e.g., Koehn99

et al., 2021). In particular, transient porosity and its connectivity control the system’s100

permeability, and they can also affect the mechanical and rheological characteristics of the101

rock (e.g., Gardner et al., 2021; Yarushina et al., 2025).102

Numerous experimental studies have examined these mineral replacement processes103

to better understand how porosity develops. Examples include the transformation of104

aragonite to calcite (Perdikouri et al., 2011), calcite to fluorite (Pedrosa et al., 2016a),105

and carbonate to apatite (Kasioptas et al., 2008), among others. One model system that106

has been especially well studied for such reactions is the KBr–KCl halite replacement. This107

system is advantageous for research because the reaction completes rapidly and the salts108

involved are highly soluble (C. V. Putnis & Mezger, 2004; C. V. Putnis et al., 2005). In a109

typical experiment, a single crystal of potassium bromide (KBr) is immersed in a potassium110

chloride (KCl) solution. Chemically, the transformation follows the reaction:111

KBr(s) + Cl�(aq) $ KCl(S) +Br�(aq) (1)

where (s) and (aq) denote solid and aqueous phases, respectively. When a KBr crystal112

comes into contact with a saturated KCl solution, dissolution begins at the crystal’s surface.113

As this occurs, the local solution at the crystal-fluid interface becomes enriched with Br until114

the interfacial fluid is saturated with respect to a K(Br,Cl) solid solution, leading to the115

simultaneous recrystallisation of a new phase which is only temporarily in equilibrium with116

the solution composition, as further Cl is transported from the KCl source, making this117

equilibrium composition richer in the Cl. The composition of the product phase continually118
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adjusts towards the KCl end-member as long as the reaction advances (C. V. Putnis &119

Mezger, 2004).120

The development of porosity in this reaction system arises from both thermodynamic121

and kinetic factors. Thermodynamically, KBr is more soluble than KCl, so the fluid at the122

interface becomes undersaturated with respect to KBr but supersaturated with respect to a123

K(Br,Cl) solid solution. Therefore, more KBr is dissolved into the solution, which together124

with its larger molar volume than the product phase (i.e., negative volume change), leads to125

generating pores. Kinetically, dissolution of KBr proceeds more rapidly than precipitation126

of the product phase, leading to a transient imbalance that produces reaction-induced127

porosity within the growing rim. The advance of the reaction front is then controlled by128

the transport of Cl and Br through this porous product layer (e.g., C. V. Putnis & Mezger,129

2004; C. V. Putnis et al., 2005; A. Putnis, 2009).130

The result is a porous reaction rim of a new material that envelops the unreacted131

KBr core. This porous rim is permeable, allowing the external KCl solution to seep inward132

through the product phase. As a consequence, the reactive fluid can reach the unreacted KBr133

interface just beneath the rim, and the replacement reaction can progress from the outside of134

the crystal toward its interior. Over time, distinctive pore structures develop in the KBr–KCl135

system. The product rim initially contains a high density of small, interconnected pores,136

which maintain effective fluid pathways to the reaction front. Within the dissolving KBr137

core just behind the advancing interface, narrow cylindrical pores begin to form and tunnel138

inward. These pore channels, often described as “finger-like” or filamentary pores, propagate139

from the reaction front into the unreacted KBr (e.g., Kar et al., 2015, 2016). In addition to140

these finger pores, disk-shaped cavities have been observed parallel to the reaction interface141

(Raufaste et al., 2011). The finger-like pores essentially function as dead-end channels: they142

open at the reactive interface but do not immediately connect through to the far side of143

the crystal. However, in the early to mid stages of the reaction, these channels remain144

filled with fluid and remain connected to the external solution via the porous rim. This145

architecture ensures that fresh reactant fluid can continuously access new KBr surfaces146

along the growing fingers, allowing the dissolution–precipitation reaction to proceed deeper147

into the crystal. Ultimately, KBr can be completely replaced by the KCl-rich product if148

fluid access is maintained. As the reaction approaches completion, some of the pore channels149

may widen (coarsen) or become partially clogged by late-stage precipitates, which can reduce150

overall porosity and permeability (Beaudoin et al., 2018). However, by that stage, the bulk151

of the replacement is already achieved, underscoring how crucial the earlier presence of open,152

connected pores is for full conversion of the crystal.153

Fluid flow within these dead-end microscale pores is notable because it may not align154

with standard Darcy’s law expectations for flow through porous media. Kar et al. (2015,155

2016) proposed that in the KBr–KCl system, ion concentration gradients developing inside156

isolated pore channels can induce diffusio-osmotic flow. In simple terms, as KBr dissolves,157

a high concentration of ions builds up at the closed end of a finger pore. This imbalance158

in ion concentrations between the pore interior and the bulk solution can generate a fluid159

flow from the high-concentration region to the low-concentration region, effectively pushing160

fluid out of the dead-end pore. The movement of charged ions in turn sets up local electric161

fields, which drive an electro-osmotic flow of fluid along the charged pore walls. Together,162

these coupled diffusio-osmotic and electro-osmotic effects self-propel the fluid within the163

finger-like pores, circulating fresh solution in and out of what would otherwise be stagnant164

cul-de-sacs. This phenomenon helps to keep the reaction interface supplied with reactants165

and removes dissolved products, thereby accelerating the replacement process beyond what166

simple diffusion would accomplish. Significantly, Beaudoin et al. (2018) directly observed the167

development of these finger-shaped pore channels using 3D X-ray microtomography. Their168

imaging confirmed that the pores form elongated channels that advance into the unreacted169

crystal and that these channels enhance the reactive surface area. The presence of such170

finger pores effectively enlarges the reactive zone and maintains fluid flow at the reaction171
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front, promoting a more extensive and faster mineral replacement than would occur in their172

absence.173

Interestingly, the formation of channel-like pores during mineral replacements is not174

unique to the KBr–KCl system. Similar wormhole or channel structures have been175

observed in other laboratory and natural settings. For example, Pedrosa et al. (2016b)176

observed that when marble (a carbonate rock) is replaced by apatite, the reaction produces177

elongated pore channels in the product phase. Likewise, the replacement of calcite with178

fluorite in experimental studies was found to create channelised porosity (Pedrosa et179

al., 2016a), analogous to finger pores in halite experiments. The dolomitization process180

(replacing calcium carbonate with dolomite in sedimentary rocks) also shows evidence of181

rhythmic channel-like porosity forming as the reaction front advances, even under static or182

diffusion-dominated fluid conditions (e.g., Kondratiuk et al., 2015, 2017; Weber et al., 2021,183

2023; Lefeuvre et al., 2024). Researchers have even proposed that analogous microscale fluid184

pathways develop during feldspar alteration in the Earth’s crust (e.g., Plümper et al., 2017b,185

2017c). In such scenarios, reaction-induced pore networks could dramatically enhance fluid186

circulation in crystalline rocks, potentially governing large-scale fluid flow in the lithosphere187

without the aid of fractures or tectonic pumping. Together, these observations suggest that188

reaction-induced porosity and its associated fluid flow are a general mechanism by which189

fluids can permeate and alter rocks that would otherwise be nearly impermeable. This190

mechanism appears to operate independently of external stress or rock deformation, which191

means that the chemical reactions themselves create the permeability necessary for fluid192

transport.193

Although past studies have greatly improved our understanding of interface-coupled194

dissolution–precipitation and the evolution of reaction-induced porosity, there are still195

significant knowledge gaps due to experimental limitations. Many analyses have relied196

on 2D imaging techniques (such as scanning electron microscopy on cross-sections) to infer197

pore structures. However, these 2D snapshots cannot capture the 3D connectivity of pores198

or how they evolve over time. Other studies have used X-ray tomography to observe199

3D pore structures, but these were often discontinuous 3D observations or stop-motion200

observations (Beaudoin et al., 2018). More recently, pseudo-4D approaches have been201

applied to mineral replacement reactions, such as dolomitization (Lefeuvre et al., 2024).202

In such experiments, multiple identical samples are reacted for different durations, and203

each is imaged once, providing a series of static 3D views at coarse time intervals. This204

approach can miss important transient stages of the development of pore networks and205

can introduce inconsistencies: because each sample may have slight differences in initial206

conditions or reaction progress, the sequence of images might not perfectly represent the207

true progression in a single sample. In short, previous experimental methods have rarely208

captured a continuous 3D timeline of how pores nucleate, grow, and connect during mineral209

replacement. More importantly, such a discontinuous approach requires removing the sample210

from the reacting solution for each scan. This external perturbation can alter local reaction211

conditions, including inducing transient surface precipitation that partially obstructs fluid212

access and modifies the natural evolution of the pore network. Furthermore, most previous213

studies emphasise the measurement of total porosity or making qualitative observations214

about the shape of the pores, rather than quantitatively tracking the morphological evolution215

of the pore network. As a result, dynamic processes, for example, the rate at which216

pores coalesce or how pore connectivity changes at different reaction stages, remain poorly217

understood. This lack of detailed temporal data makes it challenging to fully explain the218

relationship between reactive fluid flow and evolving transport properties in reactive systems.219

In this study, we overcome these limitations by using 4D synchrotron X-ray tomography220

– that is, three-dimensional imaging over time – to directly observe the fluid-driven KBr–KCl221

replacement reaction in unprecedented detail. This time-resolved 3D imaging technique222

allows us to visualise how the pore network develops and changes almost continuously as223

the reaction proceeds without any external perturbations. We capture a high-resolution224
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3D image series of the same sample throughout the experiment, effectively watching the225

reaction-induced porosity form and transform in real time. To analyse a large amount226

of image data, we employ a combination of advanced techniques. First, we used deep227

learning-based image processing to segment the tomography data, ensuring that pores and228

solid phases are accurately identified at each time step. We then quantify the microstructural229

evolution using statistical microstructure descriptors (SMDs) (Jiao et al., 2007; Chen et230

al., 2019, 2022) and Minkowski functionals (MFs) (Mecke, 2000). These mathematical231

tools enable a comprehensive characterisation of the pore space geometry, connectivity,232

and morphology as the reaction progresses. Through this interdisciplinary approach, we233

can measure changes in structural and morphological properties of pores frame-by-frame234

during the experiment. Our results reveal intricate interactions between the chemical235

reaction kinetics, the resulting pore structure, and the pathways available for fluid flow. By236

quantitatively linking the evolution of the pore geometry with transient transport properties,237

we shed light on how local permeability and fluid flow patterns emerge and change during238

mineral replacement. In general, this work provides a more quantitative and dynamic239

understanding of how reaction-induced porosity develops, how it sustains fluid circulation240

in low-permeability environments, and how these processes feed back into the efficiency and241

extent of fluid-driven rock transformations.242

2 Methodology243

2.1 Experimental setup244

Previous studies of KBr-KCl replacement have used 2D or 3D imaging techniques to245

investigate the ICDP mechanism and assess the evolution of reaction-induced porosity.246

However, recent advances in synchrotron facilities, computational resources, and data247

storage have allowed the addition of time to 3D � -CT, allowing time-resolved imaging248

at high resolution (Marone et al., 2020). This technological breakthrough offers an249

unprecedented opportunity to study the microstructural evolution and characterise various250

physical properties of rocks in real time (Noiriel & Renard, 2022).251

Time-resolved (4D) synchrotron tomography datasets were acquired during the252

experiments at the Swiss Light Source (SLS) TOMCAT beamline, using a filtered white253

beam with an energy peak at 27 keV. For each �-CT dataset, 2000 radiographs were254

collected over 180° rotation with an angular step of 0.09° and exposure time of 1 ms.255

The resulting radiographs had an effective voxel size of 2.75 �m, from which 3D �-CT256

datasets with dimensions of 2016 voxels � 1584 voxels � 1584 voxels were reconstructed257

using a fast Fourier method (Marone et al., 2017). This method effectively reduces common258

ring artefacts, allowing for continuous observation of the reaction’s progression during image259

collection. The frequency rate of the tomoscopy was set at 10 s, with approximately 1-minute260

intervals between successive scans. Using this setup, several operando KBr-KCl replacement261

experiments were conducted with different configurations. KBr crystals from Alkor Optics,262

measuring 3.175 mm in diameter and 5 mm in height, were used.263

Here, we focus on two experiments. In the first experiment (Exp 1), KCl fluid was264

introduced onto the KBr crystal at 0.05 ml/min while simultaneously performing X-ray265

scanning (Figure 1a). In the second experiment (Exp 2), the crystal was placed in the266

Sleipnir cell (Fusseis et al., 2014), with KCl fluid introduced through a 1 mm diameter hole267

at the centre (Figure 1b). The sample was pressurised to 10 bar using remote-controlled268

syringe pumps, and both experiments were conducted at ambient temperature. Sleipnir269

is a hydraulic, X-ray translucent apparatus designed to perform fluid flow experiments on270

samples under confining pressure. The sample and pore fluid line are isolated from the271

confining deionised water (DI water) by an elastomeric silicone jacket. High pressure is272

generated using Cetoni high-pressure syringe pumps, allowing fine control over the confining273

pressure, pore fluid pressure, and fluid injection rate in the sample inlet.274
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Figure 1. Experimental setups for both configurations. (a) Setup for Exp 1, where KCl solution

droplets were delivered onto the surface of a KBr crystal (yellow rectangle). (b) Setup for Exp 2,

consisting of the Sleipnir cell (1) where the KBr crystal (2, yellow rectangle) was enclosed, and

the KCl fluid was injected through a hole at the bottom of the sample. The experimental system

includes manifolds equipped with refill syringes, pressure relief valves (PRV), and top industry

valves (TIV) (3). Cetoni high-pressure syringe pumps (4) controlled the fluid flow, with the system

monitored and regulated via a laptop interface (5). For more details on individual components,

refer to Fusseis et al. (2014).
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Figure 2 illustrates the evolution of reaction-induced pores in both experiments within275

selected regions of interest (ROIs). In Exp 1, the ROI was chosen at a distance from the276

upper part of the sample centre for two reasons: (1) the crystal dissolved completely at the277

top over time and (2) the air infiltrated from the edges after some time, visible as black pixels278

in the greyscale images in Figure S1a. This ROI encompassed 266 slices, each measuring279

5122 pixels, with physical dimensions of 731.5�1408�1408 �m, and a total volume of 1.45280

mm3 (Figure 2a). In Exp 2, the ROI consisted of 251 slices, each measuring 2002 pixels,281

corresponding to physical dimensions of 690.25�550�550 �m and a total volume of 0.21282

mm3 (Figure 2b). The smaller ROI here was chosen due to the collapse of the sample jacket283

after 75 minutes, which damaged much of the lower part of the sample, as discussed later284

(see Figure 6a). Supplementary Videos S1 and S2 show the 3D time-lapse evolution of pore285

space in Exp 1 and Exp 2, respectively.286

The acquired images were segmented using a combination of supervised287

machine-learning (random forest classifier) and deep-learning approaches based on a288

U-Net convolutional neural networks (CNNs). The machine learning model was trained on289

representative manually annotated slices using pixel classification workflow implemented290

in the ilastik software (Berg et al., 2019). This trained model was subsequently employed291

to segment 3% of all images. These segmented images were then used as labelled training292

images, together with the corresponding greyscale images, to train a CNN with a U-Net293

architecture (Ronneberger et al., 2015). The trained CNN was finally used to segment294

all the images. More details on the segmentation methods and representative segmented295

images are provided in the Supplementary Information (Text S1 and Figure S1).296

Figure 2. Snapshots of 3D scans were acquired from both experiments at different times. (a)

Evolution of the reaction and the induced porosity in Exp 1, where KCl fluid was introduced on

top of the KBr crystal, as shown in Figure 1a. (b) Development of reaction-induced porosity in

Exp 2, where the fluid is injected into the cell from a central hole at the bottom (Figure 1b). The

ROI in Exp 2 was selected from the bottom of the sample around the central hole highlighted in

blue (see also Figure 6a). The leftmost images show the scans at the beginning of the experiments,

with the dark grey volume representing the ROI in each experiment.
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2.2 Statistical microstructure descriptors297

Statistical microstructure descriptors (SMDs) are statistical tools used to quantify the298

structural and morphological properties of a material’s microstructure. This statistical299

characterisation provides a quantitative understanding of microstructures, which, in turn,300

controls the physical properties of rocks across various scales. Among the most common301

statistical descriptors are spatial correlation functions, also known as n-point correlation302

functions. These are defined as the probability that n random points with specific303

configurations occur within the phase of interest, such as pores in rocks. They are computed304

by sampling processed images (i.e., segmented images where each phase is labelled) with a305

set of predefined query points (Bostanabad et al., 2018).306

One of the simplest and most widely used descriptors is the two-point correlation307

function, S2, which measures the probability that two random points separated by a308

distance r lie within the same phase (Torquato & Haslach, 2002). While S2 effectively309

quantifies the microstructure of certain single-scale rocks, such as sandstone (Jiao et310

al., 2008), higher-order correlation functions (i.e., n >= 3) are necessary for accurately311

characterising complex heterogeneous rocks. However, obtaining these higher-order312

functions is computationally expensive, as it necessitates considering all possible point313

configurations in an image. To address this limitation, Chen et al. (2019) introduced314

n-point polytope functions, Pn, which calculate the probability of n vertices of regular315

polygons with an edge length of r. Polytope functions can be considered a subset of n-point316

correlation functions, where points lie at vertices of specific polygons such as triangles,317

squares, and hexagons. Successively incorporating these higher-order correlation functions318

allows us to encode geometrical patterns in the microstructure in an accurate, explainable,319

and computationally efficient way.320

Additionally, to quantify the connectivity of the pores generated during the KBr-KCl321

reaction, we use the lineal-path function L (Lu & Torquato, 1992) and the two-point cluster322

function C2 (Jiao et al., 2009). The lineal-path function, L(r), computes the probability323

that an entire line of length r lies within the same phase, providing insight into the linear324

connectivity within the microstructure. The cluster function, C2(r), is similar to S2, but325

with the requirement that the two random points lie within the same connected cluster of326

the phase.327

Figure 3a illustrates scenarios in which two random points, n vertices of different328

polygons, or a whole line segment land within the pore space. Figure 3b provides an example329

of quantification using these SMDs, providing information on the structural properties of330

the microstructure. Initially, all SMDs start from the same probability corresponding to the331

porosity, since the above definitions reduce the probability of finding a single random point332

in the pore space. These curves then decay quickly at small r values, giving information333

about small-scale features such as pore size and interaction between pores. For example,334

the average pore size can be approximated from the r value at the first minimum value in335

S2. A bump in the long range indicates a spatial correlation between the pores. In addition,336

the r at which L drops to zero indicates the length of the most elongated pore in the image,337

which in this example is 85 pixels (or 234 �m, given the pixel size of 2.75 �m). However, the338

higher probability of C2 compared to L demonstrates that cluster connectivity is dominant.339

Furthermore, we compute the average chord length, l̄c, which is defined as the average340

length of line segments (chords) that travel through pores before hitting the pore-solid341

interface. This parameter provides an average measure of the pore size and can be estimated342

from S2 (Torquato & Haslach, 2002):343

l̄c =
S2(0)

S02(0)
(2)

where S02(0) is the derivative of S2 at r = 0. This calculation is equivalent to determining344

the intersection of the line fitted to the S2 curve at the origin with the r-axis, as illustrated in345
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