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An in-depth understanding of dissolution and precipitation of minerals in porous and fractured porous

media and the complex feedback on the transport of fluids is essential for various subsurface applica-

tions. In this context, we developed a novel non-destructive “lab-on-chip” approach for quantitative

in-situ assessments of mineralogical changes in porous media. Our experimental approach involves a

microfluidic flow-through reactor of reactive homogeneous and heterogeneous (fractured) porous me-

dia coupled with high-resolution imaging. Here, the reactive medium consists of compacted celestine

grains seeded in a reservoir within the microfluidic chip. This medium reacts with a barium chloride

solution injected into the microreactor at a constant flow rate, leading to the dissolution of celestine

and epitaxial growth of barite. Various seeding processes of the mineral grains allow the creation of

homogeneous reactive porous media or the introduction of large heterogeneities such as fractures.

Hence, our approach enables high-resolution investigations of reactive transport in fractured porous

media. The use of confocal Raman spectroscopic techniques enables the spatio-temporal visual-

ization of the mineral transformation at the pore-scale in two- and three-dimensions. Moreover,

advanced pore-scale modelling correlates the hydrological heterogeneities to the geochemical obser-

vations in the micro-reactor, which explains the observed discrepancies between homogeneous and

heterogeneous reactive media. Eventually, the proposed methodology can be applied to other chem-

ical systems to provide new insights into hydro-geochemical coupling in porous and fractured porous

media as well as high-fidelity datasets to benchmark reactive transport codes that are currently under

development.

Introduction

Reactive transport modelling1,2, is a versatile tool in predicting

or assessing mineralogical changes due to reactive fluids in space

and time for various subsurface applications including shale gas

production using hydraulic fracturing (“fracking”), CO2 seques-

tration, geothermal energy extraction, the underground reposito-

ries for nuclear waste, or environmental remediation3,4. Because

of its widespread applications, recent studies have been dedi-

cated to test the underlying concepts of these numerical models
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using experimental benchmarks5–9. Discrepancies between nu-

merical models and experimental observations were noted and

mainly explained by the fact that reactive transport operates at

the continuum-scale (averaged properties of the porous media,

e.g. porosity, permeability, effective surface area) and considers

upscaled parameters10,11, while pore-scale features (e.g. surface

roughness of minerals12) influence the macroscopic behaviour

(e.g. transport properties) of the system. These experiments

suggest the need to understand the processes occurring at the

pore-scale and to develop process-based predictive models and

mathematical relationships that account for small-scale hetero-

geneities13.

In the last decades, there has been a growing interest to use

pore-scale modelling in combination with experimental imag-

ing/characterisation of porous media as tools to get a better un-

derstanding of coupled chemical and transport processes and to

upscale the results to a macroscopic representation2,14–17. A live
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monitoring of chemical processes and hydraulic pathways can be

performed using non invasive techniques such as magnetic res-

onance imaging18, positron emission tomography19, or neutron

imaging20. The spatial resolution, however, is often a limiting

factor for these techniques. Alternatively, high resolution exper-

imental images can be used. For example, Prasianakis et al. 21

investigated the effect of pore size distribution on the nucleation

of sulphates in porous media using scanning electron microscopy

(SEM) images of the reacted porous media. Noiriel et al. 22 and

Molins et al. 23 combined pore-scale modelling with X-ray micro-

tomography imaging to assess calcite dissolution. These imag-

ing techniques may nevertheless require specific facilities (e.g.

Synchrotron) or can also be destructive without providing any

information on the pore architecture or the spatial distribution

of minerals of the original porous micro-structure (e.g. post-

experimental characterization using SEM).

Another option that allows a direct visualization of flows, re-

actions and transport mechanisms at the pore-scale involves mi-

crofluidic devices coupled with optical microscopy techniques.

Micromodels are two-dimensional representations of a porous

medium in which the pore space is etched on a substrate by pho-

tolithography methods and then covered by a transparent mate-

rial. The etched pattern may be of variable complexity ranging

from single micro-channels of different shapes to patterns rep-

resentative of natural porous media obtained from imaging of

real rocks24. For now, microfluidic platforms are mainly based

on glass, silicon or PDMS (a silicone elastomer) materials. How-

ever, transport and reaction dynamics depend also on rock surface

chemistry. Recently, micromodels that include reacting minerals

have emerged. They enable direct visualization of the fundamen-

tal fluid-mineral interactions at the pore-scale. For example, Song

et al. 25 etched flow channels in a natural calcite crystal substrate

that was bonded to a glass plate to investigate carbonate dissolu-

tion by an acidic brine. Soulaine et al. 15 investigated the complex

feedback between hydrodynamics and surface chemistry using a

single calcite crystal posted in a microchannel. Singh et al. 26 de-

veloped a real-rock/PDMS combined micromodel allowing them

to investigate transport properties and multiphase flow in real-

time.

In this paper we propose a new kind of micromodels based

on a flow-through setup. It consists of a microfluidic reservoir

filled with reacting crystals of controlled grain size and mineral-

ogy with a reacting fluid flowing through it. The reservoir can

contain either a homogeneous or a heterogeneous (fractured)

porous medium. Our monitoring techniques include optical mi-

croscopy and Raman spectroscopy and allow in situ and real-time

monitoring of details on the chemical composition of the system

at the grain-scale. The aim of this study is to assess the use of

a new generation of microfluidic flow-through reactors in under-

standing mineral reactivity in porous and fractured porous media.

Materials and methods

In this section we describe our experimental setup and the mea-

surement techniques that we developed to investigate mineral re-

activity during micromodel experiments.

Experimental concept

The experimental setup consists of a micro-reactor connected to a

pump and monitored by optical microscopy ( Fig. 1). We chose a

well-controlled chemical system13, which is neither pH nor redox

sensitive. The reactor includes a ’crystal reservoir’ filled with ce-

lestine (SrSO4) crystals. A barium chloride (BaCl2) solution is in-

jected in the reactor through the inlet at a constant flow rate. The

injection of the BaCl2 solution triggers the dissolution of celes-

tine and subsequently barite (BaSO4) precipitation due to the dif-

ference in their solubility products ( KspBaSO4 = 10−9.97 mol2L−2

and KspSrSO4 = 10−6.63 mol2L−2 at 298.15 K and 1013 hPa, from

Hummel et al. 27).

The chemical reaction writes as follows,

Ba2+
(aq)+SrSO4(s) → Sr2+

(aq)+BaSO4(s).

Micromodel

The microfluidic reactor consists of a reservoir of 900 µm length

and 800 µm width in which the reactive crystals are injected. The

reservoir is placed in between two sections (upstream and down-

stream, see Fig. 1) that constitute an artificial pore architecture

made of cylindrical pillars of 100 µm diameter and pore throats

of 1 µm. The pore throat of 1 µm enables the confinement of the

crystals in the reservoir during the seeding process (see next sec-

tion). Moreover, the upstream section (in the absence of hetero-

geneities in the distribution of crystals in the reservoir) enables

an uniform flow of the solution as it reaches the reactive zone

and the downstream section prevents that precipitates plug the

outlet. The upstream and downstream sections are connected to

the inlet and outlet respectively via channels of 2600 µm length

and 100 µm width. The reservoir is connected to a crystal injec-

tion channel of 1900 µm length and 300 µm width. The depth

of the microfluidic device is 10 µm. The silicon wafer, produced

by photolithography28, contains the positive relief of the micro-

model and is used as a mold in the PDMS (Polydimethylsiloxane),

Silicone Elastomer, Sylgrad) molding process. A cast of the micro-

model is obtained by pouring transparent liquid PDMS onto the

mold, baking it (1 h, 65 ◦C), and removing it from the wafer.

Holes for the fluids interconnections are manually punched in

the PDMS. Before bonding to the glass plate, the PDMS layer is

cleaned with isopropanol, dried under nitrogen flow and treated

with adhesive tape29. An oxygen plasma treatment is applied to

the PDMS and glass layers in order to activate their surface. Then,

they are assembled and heated for 5 minutes at 80◦C until they

are securely bonded.

Celestine seeding process

The celestine crystals used in the experiments are obtained from

naturally occurring celestine SrSO4 stones of 99.7% purity7. The

stones were crushed and sieved to collect crystals of < 20 µm grain

size. This fraction of crystals was further segregated and crystals

of grain size between 4 µm and 9 µm were isolated using sedimen-

tation techniques (in isopropanol) in an Atterberg cylinder30. The

celestine crystals were mixed in a saturated solution of strontium

sulphate (SrSO4) to constitute a seeding suspension. Prior to the
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average Raman spectra of the green regions (Fig. 3g) shows the

signature of barite but also relics of the undissolved celestine crys-

tals. The undissolved celestine crystals can be easily distinguished

in the depth scans, where the Raman signal from celestine is seen.

An average of the red regions identified as undissolved celestine

shows minor contributions of barite (Fig. 3f) suggesting barite

precipitation on its surface. Comparing the depth scan A3 and B3,

the chemical reactions upstream (defined by celestine dissolution

and consequential barite precipitation) appear more pronounced

in experiment B than in experiment A (see further assessment in

Fig. 6).

Fig. 4 shows the mineralogical changes in regions B1 and B2

with time. The precipitation of barite starts on the step like fea-

tures of the crushed celestine crystals (Fig. 4 at 10 hours), this is

a common feature observed for barite epitaxial growth on celes-

tine7 which is explained by the reduction of enthalpies due to the

minimization of interfacial energies38. Barite precipitates on the

surface of celestine and in between the celestine grains. From the

temporal changes of Area B2, it appears that the reaction occurs

in the compacted regions first rather than in regions directly in

contact with the fracture, where crystals (see encircled crystal in

Fig. 4) dissolve, shrink and become rounder.

3D representation of the porous structure

Fig. 5 shows 3D representations of the porous micro-structure

(Area A1 and B1 of experiment A and B, respectively) obtained

from the stacked Raman images over a depth of 10 µm. The initial

porosity was determined at 0.86 for area A1 in experiment A and

0.87 for area B1 for experiment B. After celestine dissolution and

barite precipitation, the porosity increases to 0.91 for experiment

A and decreases to 0.84 for experiment B. The volume fraction

of minerals before and after reaction, measured for the images

in Fig. 5, is shown in Fig. 6. The volume fraction of barite after

the end of the expeiment is 0.0017 and 0.16 in area A2 and B2,

respectively, indicating a greater conversion of celestine to barite

in experiment B. The replacement of celestine by barite is usually

accompanied by a porosity decrease because of the larger molar

volume of barite7,13. This decrease in porosity is indeed observed

in experiment B, while in experiment A, a porosity increase in ob-

served suggesting a faster dissolution that precipitation in during

the time of the experiment. The 3D animated representation of

the porous skeletons are presented in supplementary materials.

Influence of the hydrodynamic heterogeneity on mineral re-

activity

The different barite distributions in experiments A and B are at-

tributed to the difference in velocity fields in the two systems. In

experiment A, the velocity field is homogeneous with a mean ve-

locity of 9.25×10−4 ms−1 in the porous reservoir. This velocity is

calculated from the injection flow rate and cross sectional area of

the micromodel. In experiment B (Fig. 7 and 2c), the velocity

field is heterogeneous with the fastest flow path occurring along

the fractures at 3.16× 10−3 ms−1 and the lowest flow rates ob-

served in the compacted porous regions with an averaged value

of 4.90× 10−5 ms−1. These results show that, for the same injec-

tion rates, the mean flow velocity through the celestine crystals

exhibit orders of magnitude difference depending on whether the

crystals are disposed uniformly in the reservoir or if they form a

fractured porous medium. Indeed, we calculated that the flow

rate through the compacted celestine crystals about a factor of

19 smaller in the heterogeneous case (experiment B) than in the

homogeneous case (experiment A). The Peclet numbers (Pe, de-

fined as the ratio of advective and diffusive transport rates) in

the compacted regions were calculated at 4.63 and 0.25 consid-

ering a characteristic length 5 µm (mean pore size) for experi-

ment A and experiment B, respectively. Therefore, the transport

in the porous medium is advection-dominated in experiment A

and diffusion-dominated in experiment B. The observed higher

volume of barite that precipitated in experiment B (in Area B1)

compared to experiment A (in Area A1) can be explained by the

lower velocities, lower Peclet number, thus by higher residence

time that prevails in experiment B. In contrast to experiment A,

where reactions occurs mainly in the upstream section, in experi-

ment B, the mineral transformation occurs in regions close to the

main flow path (the fracture) with the left side of the reservoir

without barite precipitation. In the regions close to the fracture,

there is a continuous exchange between the pore solution and the

fluid in the fracture, resulting in an increase in celestine dissolu-

tion and barite precipitation.

The presence of a fracture also gives rise to local heterogeneity

in the chemical reactions. This is emphasized in Fig. 4, where the

temporal distribution of the minerals in area B1 and B2 is shown.

A higher amount of barite precipitates on the compacted celes-

tine crystals while the crystals along the fractures (Fig. 4 encircled

crystal) seem to undergo dissolution. In the compacted regions,

the flow velocities are lower increasing the residence time and

therefore giving time for the concentration of Ba2+ and SO 2 –
4 to

increase in the pore solution and barite to precipitate. The con-

stantly renewed solution in the fracture, is undersaturated with

respect to strontium sulphate, driving the dissolution of celestine.

Besides, due to relatively high velocities along the fracture (short

transport time compared to induction time for barite nucleation);

it is unlikely that barite nucleates on the surface of celestine di-

rectly adjacent to the fracture.

Conclusions

We developed and established a new flow-through microfluidic

reactor coupled with high-resolution imaging that enables in situ

and non destructive 3D assessment of mineralogical and mi-

crostructural changes with full spatio-temporal resolution on the

grain scale. The micro-reactor consists of compacted reactive

grains seeded in a reservoir within the microfluidic chip. Various

degrees of heterogeneities can be considered ranging from uni-

form distribution of the grains to fractured porous media. In com-

parison to conventional flow-through experiments, this method-

ology allows a systematic study of the chemical and porosity evo-

lution of the system at the pore-scale. The presented micronized

flow-through reactor monitored by non-invasive imaging Raman

spectroscopy is a promising tool in capturing local processes for

the interpretation of coupled chemical and transport processes

observed at the macro-scale. In particular, our methodology al-
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