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ARTICLE INFO ABSTRACT

Associate editor: Carl Steefel Coupled mineral dissolution and precipitation with gas exsolution are relevant subsurface processes occurring

during CO; sequestration, hydrogen storage, and radioactive waste disposal. While gas exsolution during mineral

Keywords: dissolution has been studied, its interaction with concurrent mineral precipitation remains unclear. Here, we use
L*{b ona CPIP a microfluidic reactor with real-time optical and 3D Raman imaging to study witherite dissolution in sulfate-rich
Microfluidics acidic solutions, leading to barite precipitation and CO, exsolution. “Cauliflower-like structures” are observed, in
Carbonate minerals . . . . .

Gas bubble which barite encrusts gas bubbles, forming mineral-coated structures, a phenomenon that can be explained by
Barite the electric double layer of gas bubbles that causes local increase in saturation with respect to barite, favoring

precipitation. Raman imaging reveals water droplets — cloud-like dispersions — trapped inside the mineral-
encrusted bubbles. In addition to the cauliflower-like structures that trap gas bubbles, we identified condi-
tions under which the system transitions to a multiphase flow regime, i.e., gas transport along with the liquid
flow. Geochemical modeling shows that such processes are heavily coupled with the exsolution of CO2 and
controlled by the acidity. The cauliflower-like structures only occur when the precipitation rate is faster than
dissolution. The precipitation as cauliflower-like structure is caused by competition between the rate of gas
production from witherite dissolution and the barite growth rate. These cauliflower-like structures can reduce
mineral dissolution, potentially slowing down the corrosion of waste canisters, but also impeding CO, storage
and hydrogen recovery by clogging pore spaces.

1. Introduction Fe(OH), is oxidized into magnetite. Gas exsolution can also occur during

CO4, sequestration in deep saline aquifers (Xu et al., 2017) and within

Coupled mineral dissolution and precipitation, characterized by the
dissolution of a primary mineral and the precipitation of a secondary
mineral on its surface, is relevant for various natural and anthropogenic
subsurface systems (Guren et al., 2020; Hellmann et al., 2012; Konrad-
Schmolke et al., 2018; Putnis and Putnis, 2022; Renard et al., 2019;
Ruiz-Agudo et al., 2014; Schott et al., 2009; Xing et al., 2021; Zhang
etal., 2020). This coupled process can result in the release of gases as by-
products. For example, during the serpentinization of ultramafic rocks,
hydrogen can be produced naturally (Antwi et al., 2025; Lefeuvre et al.,
2022; Osselin et al., 2022) and similar gas production can occur during
the anoxic corrosion of metallic waste containers in deep geological
repositories for radioactive waste (Guo et al., 2020; Xu et al., 2008). In
both scenarios, the Schikorr reaction (Li et al., 2023) occurs where
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sandstone formations (Gholami and Raza, 2022). Similar coupled pro-
cesses are observed in geothermal and hydrothermal systems, where gas
exsolution (e.g., CO or HsS) is followed by rapid mineral precipitation
of barite in shallow vents (e.g. Panarea, Aeolian Islands), in mineral-rich
brines at mid-ocean ridges (Savelli et al., 1999), as well as in shallow-
water environments where fluid boiling generates a water vapor
phase, such as offshore Iceland, the Mediterranean Sea, and Indonesia
(Hannington et al., 2001; Stoffers et al., 2006; Kilias et al., 2013).
Secondary mineral formation has substantial effects on subsurface
solute transport and geochemistry (Pina et al., 1998; Putnis et al., 1992).
It can either develop porosity and fractures that enable fluid exchange
and thereby completely replace the primary mineral, or form armoring
layers that shield the primary mineral from further dissolution
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(Boampong et al., 2024; Deng et al., 2022; Forjanes et al., 2020; Putnis
et al., 1992; Steefel and Yang, 2021; Weber et al., 2023). While such
processes have been extensively studied, there is still much uncertainty
about the fate of gases produced during these reactions. Specifically, it
remains unclear whether the produced gas dissolves, accumulates and
becomes trapped within the newly formed secondary minerals, or is
instead transported through the surrounding fluid. Previous studies have
explored the fate of gas production resulting from mineral dissolution,
highlighting how multiphase flow dynamics influence gas transport,
reaction rates, and mineral stability (Jiménez-Martinez et al., 2020;
Soulaine et al., 2018; Xu and Balhoff, 2022). However, the coupling of
this phenomenon with simultaneous mineral precipitation has not been
explored to our knowledge.

Coupled mineral dissolution and precipitation can significantly
impact rock permeability and diffusivity, affecting the effectiveness of
subsurface energy storage and extraction (Beckingham, 2017; Lonartz
et al.,, 2023; Poonoosamy et al., 2020a; Poonoosamy et al., 2020b;
Poonoosamy et al., 2022; Steinwinder and Beckingham, 2019). For
example, trapped gases may impair the functionality of systems used for
CO4 sequestration, hydrogen storage, and even the long-term contain-
ment of radioactive waste (Gershenzon et al., 2017). A comprehensive
understanding of multi-phase fluid flow, gas generation, and reactive
transport under evolving geochemical conditions is therefore essential
for optimizing these applications.

Developing predictive models that accurately capture mineral
dissolution, precipitation, and gas exsolution remains a challenge due to
the complexity and non-linearity of these interactions (Seigneur et al.,
2019; Steefel, 2019). While investigations of natural and technical ma-
terials, such as rocks in geological formations and concrete, offer valu-
able insights, they often provide only a phenomenological
understanding. To explore the underlying mechanisms in greater detail
for theoretical model development, researchers often turn to simplified
“model systems”, which isolate specific processes under controlled
chemical and hydraulic conditions (Katz et al., 2011; Muniruzzaman
et al., 2014; Poonoosamy et al., 2016; Poonoosamy et al., 2015; Tarta-
kovsky et al., 2008). These model systems provide an ideal platform for
investigating complex processes and offer valuable insights for
improving predictive models in reactive transport studies.

Understanding how mineral dissolution, precipitation, and gas
exsolution interact under reactive flow conditions remains largely un-
explored, particularly at the microscale where transient saturation states
and confinement effects can drive unexpected phase behavior. It is
important to decipher parameters that govern in situ CO, generation and
entrapment, the microscopic mechanisms of gas exsolution, and the role
of solid—fluid interfacial dynamics in modulating mineral trans-
formations. To address these challenges, we developed a novel micro-
fluidic platform (Poonoosamy et al., 2024; Poonoosamy et al., 2021;
Poonoosamy et al., 2023) that enables real-time visualization of coupled
barite precipitation and CO2 exsolution during witherite dissolution in
acidic, sulfate-rich solutions, to evaluate whether the produced gas
dissolves, becomes trapped within the newly formed secondary min-
erals, or is instead transported with the surrounding fluid. Using optical
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microscopy, 3D Raman imaging, and geochemical modeling, we explore
the effects of pH, sulfate concentration, flow rate, and solid-to-liquid
ratios on coupled mineral precipitation and dissolution with gas
exsolution.

2. Methods
2.1. Microfluidic experimental setup

The experimental setup consisted of a microfluidic reactor (Fig. 1a)
connected to syringe pumps (PHD ULTRA™ Syringe Pumps, Harvard
Apparatus, Massachusetts, USA) and monitored using time-lapse optical
microscopy. The microfluidic reactor, fabricated out of poly-
methylmethacrylate (PMMA), consisted of three inlets and three outlets,
with dimensions as shown in Fig. 1a. The inlets (mini Luer) of the chip
were connected to the pump using Tygon tubing (AAD04103, ID 0.51
mm, OD 1.53 mm, Saint-Gobain Performance Plastics, Akron, OH, USA)
using mini Luer connectors (chipshop GmbH, Jena, Germany). The
outlet was connected to an effluent vessel.

2.2. Chemical reactions

In our study, we selected a model system in which witherite dissolves
under acidic conditions, followed by barite precipitation. This setup
provides a simple and controllable chemical environment at ambient
temperature and pressure, allowing us to generate gas and investigate its
fate during coupled mineral dissolution and precipitation. The solutions
used in the experiments include barium chloride (BaCly) prepared from
BaCly-2H50 salt > 99 % (index no. 056-004-00-8 Sigma Aldrich), so-
dium carbonate (NayCOg3) prepared from Nap,COs salt > 99.9 % (Merk
Cas no. 497-19-8) and sodium sulfate (Na;SO4) prepared from NaySO4
salt > 99 % (Cas no. 7757-82-6).

The experiment involved two steps:

(i) Step 1: controlled growth of witherite. In this step, the three inlets
(1, 2, and 3) were connected to three 5 mL glass syringes,
dispensing solutions of 10 mM BaCl,, deionized water, and 10
mM NayCOs (Fig. 1a). The outlets directed the effluent into
collection vessels. Initially, the microfluidic reactor was filled
with deionized water, followed by the injection of the three so-
lutions at a flow rate of 2 uL. min~! for 40 min. The introduction of
water between the BaCl, and Na;CO3 streams enabled laminar,
diffusion-controlled mixing at the interface, enabling the forma-
tion of witherite crystals. Despite rigorous measures to maintain
reproducibility at this step, flow instabilities arising from the
syringe pump can result in crystals exhibiting variable
morphologies.

(ii) Step 2:injection of acid and sulfate rich solution. Inlets 1 and 3, as
well as outlets 1 and 3, were disconnected and sealed with mini
Luer plugs (chipshop GmbH, Jena, Germany). A reactive solution
of NayS0y4 in hydrochloric acid (HCI) was injected through inlet 2
at defined flow rates.

HCI

+Nast4 0.5 mm

\

-

) |
witherite

Fig. 1. (a) Microfluidic chip of 10 pm depth, with the red box showing the monitored region, (b) optical micrograph of the microfluidic chip with initially syn-
thesized witherite in Step 1, followed by the injection of a mixed HCl and Na,SO, solution injection during Step 2.
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Table 1

Summary of conducted Experiments A-G, along with their corresponding boundary conditions. Details for the estimated rate of dissolution and saturation indices (SI) of all the experiments are given in Supplementary

Information S1.

Gas observed

SA

Precipitation rate of barite

Tprecip.
A

SA SIL. barite

Dissolution rate of witherite
Tdiss.
A

Velocity
u

Flow rates

Solid volumetric fraction

Conc. NaySO4

Conc. HCL

pH

Exp.

BaSO,4

BaCO3

[m’m 3]
68,725
68,725
68,725
68,725
68,725
68,725
68,725

|

[mol m~2s

[m’m 3]
46,533
46,533
46,533
46,533
46,533
46,533

[mol m~2s71]

|

1x 103
1x10°
1x 103
1x 103
1x10°

[nL min~1]

300
300
300

(1-m20)

[mol L]

[mol L]

0.1

yes

2.5 x 104

3.6
4.1

3.2 x 10°

0.05-0.25

0.3
0.3
0.3
0.1

yes

1.9 x 103

3.2 x 104

0.05-0.25

0.2

no

2.8 x 10°

2.6
3.5

3.2 x 10°

0.05-0.25

0.01
0.1

yes
no

1.5 x 10

3.2 x 10°

300
300

0.05-0.25

6.7 x 10

2.8
4.7

6.0

3.2 x 10°

0.05-0.25

0.01
0.3
0.3

0.1

yes

3.5 x 102

1.3 x 10

3.3 x 102
1x 103

1000
300

0.05-0.25

0.1

1.3 x 10!

9,432,976

3.2 x 10°

0.5-0.80

0.1

yes
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The injection of an acidic solution is expected to initiate the disso-
lution of witherite (Equation 1), releasing barium ions (Ba%;[])), which
would subsequently react with sulfate ions (so%'(aq)) from the inflowing
solution, leading to the precipitation of barite (BaSO4,)) (Equation 2).
Simultaneously, the aqueous CO (COz(aq)) generated during dissolution
would equilibrate with the solution and could be exsolved as gas
(Equation 3).

BaCOss) + 2H30(,,) < Baly, + 2H,0) + HyCOs(qq) @
Ba(2¢;;) + SOi(aq) < BaSO0y )
HCO03(aq) = H20, CO3(aq) <> CO2() + H20aq) &)

Seven experiments (labeled A to G) were conducted with varying flow
rates, pH levels, Na;SO4 concentrations and volumetric solid fractions
(Table 1). The pH acid used in our experiments were < 2. Such low-pH
conditions, though rare in most subsurface environments, can occur in
acid mine drainage systems with pyrite oxidation ((Becking et al., 1960;
Nordstrom et al., 2000), in engineered settings such as passive limestone
drains or acid stimulation during hydraulic fracturing, where carbonate
buffering and localized CO, degassing may influence secondary sulfate
precipitation. All experiments were performed at ambient temperature
(21 °C) and pressure.

2.3. Optical microscopy imaging

Imaging was conducted using an inverted Nikon Eclipse Ti2 micro-
scope (Nikon, Tokyo), equipped with a motorized stage. Images for
Experiments A-F were acquired using a 100 x oil immersion objective
(CFI Plan Apochromat, NA 1.45, refractive index 1.515, Nikon, Tokyo),
while a 40 x objective (CFI Plan Apochromat, NA 0.95, Nikon, Tokyo)
was used in Experiment G to capture a larger field of view. High-
resolution micrographs (170 ym x 170 um) were collected in differen-
tial interference contrast (DIC) mode using a Zyla sCMOS camera
(Andor, Belfast) for Experiments A-F. Image acquisition was performed
at 10 positions within a 10 mm monitored region (Fig. 1), at regular
intervals of 20 to 30 s, depending on the dynamics of the observed re-
actions. In Experiment G, micrographs with a 436 um x 436 um field of
view were captured to accommodate additional processes that emerged
during the experiment.

2.4. Raman 2D and 3D imaging

Experiment A was repeated using real-time Raman spectroscopy to
analyze both solid material and encrusted bubbles. Due to laser power
limitations, gas-phase tracking was not feasible. Measurements were
conducted using a Witec alpha300 Ri Inverted Confocal Raman Micro-
scope, equipped with a Nikon 100 x oil immersion objective (NA = 1.4,
working distance = 0.13 mm, with cover glass correction). The system
employed a 70 mW Nd:YAG laser (A = 532 nm), operated at 13.6 mW —
the maximum achievable with the current laser condition. The theo-
retical diffraction-limited lateral and axial resolutions of the Raman
measurements at the sample surface were ~ 464 nm and ~ 629 nm,
respectively, based on Equation (3) and (4) in Everall (Everall, 2008),
considering the refractive index of the immersion medium (n = 1.55). A
600 grooves per mm grating provided a spectral resolution of 4 cm™,
and a thermoelectrically cooled CCD detector was used for signal
acquisition. Raman intensities for 2D depth mapping were collected
with a 0.3 s integration time over the 500-3800 cm™! wavenumber
range.

At the end of all experiments (A — G), 3D Raman imaging was per-
formed at a minimum of two locations per experiment. Scans were
conducted with a step size of 500 nm in the x and y directions and 1 um
in the z direction over a depth of 10 pym. Raman intensities were
recorded with an integration time of 0.1 s across the 300-1400 cm ™
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wavenumber range. A grating with 1800 grooves per mm providing a
spectral resolution of 1 cm ! was used for these measurements. These
3D datasets enabled single-crystal analysis to quantify mineral dissolu-
tion and precipitation. Image stacks were processed and visualized using
ImageJ 3D Viewer (version 4.0.2).

2.5. Image analysis of microfluidic experiments

Due to the similar grayscale intensities of gas bubbles and crystals in
DIC images, automated segmentation algorithms failed. Therefore,
manual segmentation was performed using a paint-style application to
annotate regions of interest based on morphological features (Santoso
et al., 2025): bubbles were identified by their rounded shapes, while
crystals showed angular edges and faceted outlines. These visual dis-
tinctions are easily recognizable to the human eye, even when grayscale
intensities overlap. The areas of the growing bubbles and initial crystals
of the segmented images were evaluated for different time steps. Both
the original and segmented images are available in the data repository.

2.6. Transport control versus reaction control process

The dissolution of witherite with time [mol s '] in an acidic sulfate-
rich solution follows:

- dnwithen'te

ar = —-AXx kdiss. {aH+ } (1 - Qwir:herite)

Tdiss. = @
where A [m?] is the reactive surface area of witherite, kg [mol m 2
s~11 is the acidic dissolution rate constant (0.76mol m~2 s'at 298.15 K;
(Chou et al., 1989)), {ay-} is the activity of H, and Qerire is the
saturation state of the solution which remains significantly < 1 under
far-from-equilibrium conditions as in our experiments.

Two additional experiments were conducted to measure the disso-
lution rate of witherite in the microfluidic configuration at two different
flow rates: 300 and 1000 nL min~'. An HCI solution (pH 1) was injected
into a microfluidic channel containing witherite at a volumetric solid
fraction of 0.11 (i.e. 1-eH,0 = 0.11). The dissolution rates of witherite at
pH 1, rdT [mol m 2 s’l], in the microfluidic reactor were measured at
(324 0.1) x 10° mol m?s ! and (1.3 + 0.3) x 10° mol m 257! for
flow rates of 300 nL min~' and 1000 nL min’l, respectively (Table 1).
The dissolution rates for Experiments B (pH 0.2) and C (pH 2) were
estimated as function of pH as rate of dissolution is proportional to {ag- }
(Equation 4).

The reactive surface area for witherite is calculated from the specific
surface area, SA [m? m~3] evaluated from images as the area exposed to
the fluid (perimeter of crystal x depth of reactor) per unit volume and is
reported for each experiment in Table 1.

The rate of barite precipitation follows (Bosbach, 2002):

dnban‘te

Tprecip. = dt =A karecip. (]- - Qban'te)z

()
with Kprecp. equal to 1.5 x 10 molm?s~! and where the saturation
state of barite (Qpqrire) is given by:

{aBa* }{as0.* }
Ksp(barite)

(6)

Qparice =

where Kgppariee) is the solubility product of barite equal to 1072 mol?
L2 at 298.15 K (Hummel et al., 2002; Thoenen et al., 2013), and
{aBa*"} and {aS04>"} are the activities of Ba®>" and SOF, respectively.
The reactive surface area of barite is calculated from the specific surface
area, SA [m? m’3], evaluated from images as the total area occupied by
newly formed precipitate per unit volume and considered the same for
all experiments (Table 1).

To estimate the local saturation state, the saturation index (SI) of
barite, and the precipitation rate of barite, the concentration of aqueous
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Table 2

Analysis of transport versus reaction in Experiments A-G. Pe denotes Peclet
number, Dajgaco,), Daisaco,) denotes the Damkohler number of the first and
second kind based on witherite dissolution; Dajgaso,) and Dayysaso,) denotes the
Damkohler number of the first and second kind respectively based on barite
precipitation. (N.B the ratio of the Da is the same whether the first or second kind
is used).

Exp. Pe Day(acos) Dayaso,) Daygaco,) Dayypaso,) Dagaso,
Dagqco,

A 170 4 2.8 x 102 6.1 x 102 48 x10* 78

B 170 36 2.1 x 10° 6.1 x10° 3.6 x10° 60

C 170 0.4 3.2 x 10 6.1 x 10' 54x102 9

D 170 4 1.64 x 10> 6.1 x 10> 2.8 x10* 46

E 170 4 7.5 x 10! 6.1 x 10° 1.3x10° 2

F 567 43 1.2 x 10* 2.4 x10*  68x10° 281

G 170 726 1.4 x 107 1.2x10° 24x10° 19,699

Ba(zafn [mol m 3] around the witherite crystals was calculated using the
following equation:

Ax

@)

2+ | _  Tdis.
[Ba<ﬂ4>] ~ T V(eH20) " u

where Ax is the length of the monitored FOV (170 um) and u is the
velocity of the fluid equal to 1 x 10° m s™! and 3.33 x 10° m s~ for
experiments conducted at flow rates of 300 nL min * and 1000 nL
min~?, respectively. V is the volume of FOV equal to 2.89 x 1013 m®
(170 pm x 170 pm x 10 um). The solid fraction (1-eH20) of Experiment
A-F were set to 0.11 while that of Experiment G was set to 0.6. The
activities were computed using GEMs selector based on the concentra-
tions. The concentration of SO7 is that of the injected sodium sulfate
solution. The concentration of Ba2* was obtained by conducting addi-
tional dissolution experiments (see Supplementary Information S1) and
measuring the amount of witherite that has dissolved within the field of
view with time. The SI with respect to barite varies between 2.8 and 6, a
relatively high SI, which, however, can prevail in geothermal brines of
hydrothermal vent systems at mid oceans ridges (Jamieson et al., 2016).
In addition, the Peclet and Damkohler numbers were also calculated
as part of our analysis (Table 2). The Peclet number quantifies the
relative influence of advection versus diffusion in solute transport and is
defined as (Sanchez-Vila et al., 2010; Steefel and Maher, 2009):

Pe =—

D (7)

where u denotes the velocity [m s’l], L [m] denotes the characteristic
length scale (170 um field of view), and D denotes the diffusivity. When
Pe > 1, advection dominates; conversely, Pe < 1 indicates diffusion-
dominated transport (Sanchez-Vila et al., 2010; Steefel and Maher,
2009). As shown in Table 2, all experiments exhibit Peclet numbers
greater than one, indicating advection-dominated conditions.

The metric to describe the interplay of transport and reaction is the
Damkohler number of the first kind Da; (Salehikhoo et al., 2013;
Sanchez-Vila et al., 2010; Steefel and Maher, 2009). For the evaluation
of our experiments where both dissolution and precipitation occurred,
we define two separate Damkohler numbers:

1. For witherite dissolution:

Tdiss.L
Daypaco,) = W (8)
2. For barite precipitation:

rprecip.L
Dajpaso,) = (C)]

T
Vu x C¢
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where C,; [mol m 3] denotes the equilibrium concentration equal to
7.12 x 102 mol m~3, 1.04 x 102 mol m 2 for equation 8 and 9
respectively

The system can also exhibit flow heterogeneities where diffusion
might be the controlling transport mechanism of solutes and conse-
quently the Damkohler numbers of the second kind (Day) which
consider diffusive transport, computed here for completeness, are given
as:

1. For witherite dissolution:

Datsacon = 18 10)
1(BaC0y) = DR CE;H
2. For barite precipitation:
Torecip L2
Dagaso,) = —2—% a1

Ba2+
vD x Ceq

Da > 1 indicates fast reaction and that the process is transport-
controlled, while Da < 1 indicates a slow reaction, and the process is
reaction-controlled. Together, Pe and Da numbers provide insight into
whether the observed dynamics are governed primarily by transport or
reaction kinetics.

2.7. Setup of geochemical model using GEMS

The GEM2MT flow through simulation module of GEMS (Gibbs En-
ergy Minimization Software) (Kulik et al., 2013) was used to simulate a
simplified reactive fluid flow through a rock column over a number of
time steps. Rather than serving for direct comparison with our experi-
ments, the objective of these simulations was to determine under which
acid concentration gas would be exsolved and transported in the system.
The thermodynamic properties of solids (barite and witherite), aqueous
species and gases in the chemical system are based on the PSI/Nagra
thermodynamic database 12/07 (Thoenen et al., 2013). The gas phase
was modeled as a multi-component fluid (CO, CO,, Hy, H20, O3) using
the Peng-Robinson-Stryjek-Vera cubic equation of state ideal mixing of
these gas components (Peng and Robinson, 1976; Stryjek and Vera,
1986).

For the geochemical model, a chemical system was defined consist-
ing of barite, witherite, and mixed HCl/NaSO4 solution. A flow-through
reactor chain was constructed out of 100 units (reactors or boxes),
through which an acidic sulfate-containing solution is transported
(Fig. 2). The witherite units (boxes 2 to 99) are made out of witherite
solid. The solid volumetric fraction was fixed to 0.05 initially,
1 —eH,0 = 0.05. The aqueous solutions used in Experiments A-E were

step 1 step 1
step 2 step 2
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considered as boundary conditions defined in box 1, acting as infinite
source of solution with constant composition. At each step, 10 wt% of
the aqueous solution from each box moves and reacts in the next box in
the chain, continuing until box 100, which acts as an infinite sink
boundary. No kinetic rate laws were applied in the GEMS simulation;
each step represents equilibrium advancement rather than a real-time
interval. This approach approximates fluid movement under steady-
state conditions. After a given number of steps, the propagation of
alteration zones and reaction front were followed by plotting the
amounts of phases and components in all boxes.

3. Results
3.1. Coupled mineral dissolution and precipitation with gas exsolution

A microfluidic experiment was designed to investigate coupled
mineral dissolution and precipitation with gas exsolution. The experi-
ment involved injecting a reactive acidic sodium sulfate solution into a
microfluidic reactor (Fig. 1a) containing witherite (BaCOs3) crystals.

Under controlled conditions (flow rate: 300 nL. min~!, 0.3 M NayS04
solution at pH 1, and a volumetric solid fraction of 0.05-0.25 (within
different regions of interest in the microfluidic channel), referred to as
Experiment A in Table 1), witherite dissolution became evident within
four minutes, initiating with the disruption of the crystals in some cases
(red boxes in Fig. 3). Within 12 min, gas bubbles formed, coated with a
barite layer (Fig. 3), leading to a “cauliflower- like structure”, where CO,
bubbles grew with barite precipitating on their surface (Movie 1). As the
bubbles grew, their initially rounded shape was progressively altered by
the combined effects of barite growth guided by its crystallography and
the directional flow of the solution. At later stages of the experiment,
dissolution was still taking place. Consequently gas, appearing after 80
min as dark patches indicated by black arrows in Fig. 3, moved withing
the encrusted witherite crystals trying to get out (Movie 2). This rapid
movement of gas bubbles back and forth in the crystals appeared similar
to self-propelled droplet movement in conical structures (Liu et al.,
2022; Lv et al., 2014; McCarthy et al., 2019).

To ensure reproducibility, the experiment was duplicated, with in
situ Raman spectroscopy measurements recorded (Fig. 4). Gas bubbles
were systematically analyzed during their formation (Fig. 4), and Raman
spectra revealed an unexpected presence of water (liquid) within the
bubbles, though at a lower intensity as compared to the surrounding
solution outside the bubble (Fig. 4c). The water present is most likely in
the form of fine droplets evenly dispersed like a cloud and not as a dense
liquid at the bottom of the bubble. COzg) is not detected in our mea-
surement because of the low laser intensity of our instrument.

To quantify the role of acidity and saturation index on the growth of
encrusted bubbles, we evaluated the ratio of the area occupied by the
encrusted bubble to the area initially occupied by the witherite crystal
(A(t)/A(t = 0)), and plotted this ratio over time (Fig. 5a). In Experiment

step 1 step 1
flux out
step 2 step 2

flux in gi flux out

Fig. 2. Schematic of the flow-through reactor chain model implemented in the GEMS Selektor geochemical solver, where a continuous flux of fluid is pumped into

the first witherite unit and subsequently passes through each successive unit.
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Experiment A (pH 1, Na,SO, 0.3 M, flow rate 300 nLmin-!, 0.05< 1-€,,,, <0.25)
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Fig. 3. Microfluidic experimental results of reference case study, Experiment A. Optical micrographs of different sampled locations with time showing pristine
witherite crystals (pink arrows), dissolution and crystals breaking apart (red boxes), growing gas bubbles encrusted in barite (green arrows), and gas movement
within the original crystal (black arrows). Locations 2 and 3 demonstrate the reproducibility of the process.
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Fig. 4. Raman analysis of Experiment A. (a) sampled locations with optical micrographs and associated Raman imaging across the depth of the reactor, with z = 0 um
at the bottom of the reactor and z = 5 ym at the middle of the reactor, showing that barite (cyan blue) has completely replaced witherite and forms a crust around gas
bubbles after two hours. (b) Raman imaging depth scan (right) performed perpendicular to the view in the photo on the left (along red line). (¢) Raman signal
intensity measured inside and outside the bubble from e capturing the water bands after 40 min.

A, this ratio increased from 0 to a maximum value of 1.5 within 140 min. 3.1.1. Effect of pH

Multiple locations with slightly varying initial volumetric solid fraction In Experiment B, where a pH 0.2 solution was injected, gas bubbles
(1-eH20), defined by the area initially occupied by pristine witherite in encapsulated by a barite layer appeared within just two minutes. Unlike
the field of view of 170 pm x 170 pm, were analyzed, all yielding similar in Experiment A, the gas bubbles did not retain a rounded morphology
results (Fig. 5a). but instead formed angular, irregular shapes, rapidly evolving into
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Fig. 5. A measure of the “cauliflower-like structures” for comparing the experiments. Graphs showing the ratio of the area occupied by the gas bubbles encrusted
within barite (A(t)) to the area occupied by the initial witherite crystal (A(t = 0)) over time for Experiments A, B, D, and F, respectively with 1 —eH>O the volumetric
initial witherite fraction the FOV. For Experiments C and E, A(t) = 0. The error associated with the ratio A(t)/A(t = 0) is 0.46 % estimated from the pixels along the
perimeter and in the area, while the error for the time is + 20 s. Both of these errors are small and therefore do not appear in the graphs.

interconnected structures that bridged multiple bubbles (Fig. 6a, Movie
3). This reaction ultimately led to the complete replacement of witherite
by barite, as confirmed by Raman imaging (Fig. 6b). The ratio of A(t)/A
(t = 0) increases to 3.5 within 20 min (Fig. 4b), much faster than in
Experiment A. A small increase in the initial volumetric solid fraction
(1 —eH,0O = 0.22) also led to a lower ratio of the area of the bubbles to
the area of the crystals (Fig. 5b), because the bubbles had less space
available to expand in this particular configuration.

In contrast, when a pH 2 solution was injected (Experiment C), no gas
formation was observed (Fig. 6c, Movie 4). Instead, dissolution
occurred, followed by barite precipitation starting as “ridges” on the
surface of witherite. Over time, barite precipitates accumulated, forming
an armoring layer that shielded the remaining witherite (Fig. 6d) from
further dissolution, leading to complete passivation within one hour.
The average conversion of witherite to barite was estimated from our 3D
Raman image as 63.0 £ 0.1 %.

3.1.2. Effect of saturation with respect to barite

The local saturation index (SI), as calculated in supplement S1, with
respect to barite is influenced by the conditions near witherite surfaces,
the fluid injection rate, and sulfate concentration in solution as well as
the pH of the injected solution which releases aqueous barium. This
section evaluates the effect of sulfate concentration while maintaining
constant flow rates and pH. Our observations indicate that a saturation
index of 3.5 leads to the ‘“cauliflower-like structures” (Fig. 7a) in
Experiment D, whereas this phenomenon is absent at a lower SI of 2.8
(Fig. 7b) in Experiment E. In Experiment E, we observe a dissolution of
witherite followed by the precipitation of tiny crystals of barite. A
comparison between Experiment A (0.3 M NaySO4, SI = 3.6) and
Experiment D (0.1 M NapSO4, SI = 3.5) reveals that the encrusted
structures in Experiment D exhibit fewer bubble-like features but share

greater morphological similarity with those observed in Experiment B.
The ratio of A(t)/A(t = 0) in Experiment D increases to 1.5 within 60 min
(Fig. 5¢) faster than in Experiment A.

3.1.3. Effect of flow rates

Increasing the flow rate from 300 to 1000 nL min " results in a
measurable increase in the dissolution rate of witherite by one order of
magnitude (see Supplementary Information S1). In Experiment F, where
the flow rate is higher than in Experiment A, the “cauliflower-like
structures” are also observed (Fig. 6¢). However, unlike Experiment A,
bubble formation occurs much faster with A(t)/A(t = 0) = 3.5 after 35
min (Fig. 5d).

1

3.1.4. Effect of volumetric solid fraction

In Experiment G, the volumetric solid fraction was increased by
allowing witherite crystals to grow for more than one hour in step 1 (cf.
Methods section). This resulted in the formation of dendrite-like struc-
tures, as shown in Fig. 8. The “cauliflower-like structures” were
observed, along with the formation of free (not trapped) gas bubbles that
grew over time (Movie 5). CO, bubbles were either trapped within the
dendritic structures (ganglia) or transported along with the flow, tran-
sitioning the system from single-phase (liquid) to two-phase (gas-liquid)
flow (Fig. 8a and b). Indeed, in some locations the dissolved aqueous
CO4 reached supersaturation such that exsolution was possible forming
gas bubbles that grew with time. The encrusted barite layer also seems to
shield the primary mineral, preventing further dissolution, as evidenced
by 3D Raman analysis (Fig. 8c). 3D Raman imaging at two locations
indicated a 76 % conversion of witherite to barite. Due to the complexity
of the dendritic structures, accurately segmenting the image to quantify
the gas phase was challenging. Nevertheless, it appears that encrusted
bubbles occupy all available spaces between the dendrites. At later
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Fig. 6. Combined optical microscopy and Raman analyses of Experiments B-C. (a) Optical micrograph showing witherite dissolution with rapid gas production and
barite precipitation over time. Red arrows at t = 20 min indicate capillary bridges in Experiment B. (b) Illustrative Raman images of the alteration, where barite (cyan
blue) has completely replaced witherite. (c) Optical micrograph of coupled witherite dissolution and barite precipitation in Experiment C. (d) Hlustrative Raman

images of the alteration, where barite (cyan blue) coats witherite (pink).

stages the precipitated barite exhibited a morphology distinct from
those observed in our previous experiments in some locations. Instead of
forming encrustations on bubbles or on mineral surfaces, this phase
appeared to precipitate rapidly within free spaces (indicated by yellow
arrows in Fig. 8b, Movie 6). The high solid volumetric fraction likely
contributed to a localized high saturation index (SI) with respect to
barite, as shown in Table 1, due to enhanced dissolution leading to a
homogeneous nucleation of barite (yellow arrows in Fig. 8b). Morpho-
logically, this barite phase resembled the nanocrystalline structures
associated with homogeneous nucleation under high SI conditions, as
previously reported (Poonoosamy et al., 2016) and also appear extinct
under crossed polarized light. Further analysis is necessary to confirm
this similarity.

3.2. Geochemical modelling

To evaluate how the coupled dissolution of witherite under acidic
conditions and precipitation of barite influence COy production and,
consequently, the observed “cauliflower-like structures”, we conducted
a simplified geochemical simulation. This modeling work did not
directly replicate our experiments as only equilibrium calculations were
considered (i.e. no kinetics) — since, to our knowledge, no existing
reactive transport code can fully handle such processes — but instead
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served as a tool for process comprehension.

According to our model, a solution with pH 1 containing 0.3 M
NaySO4 (Experiment A) promotes the dissolution of witherite, releasing
gaseous COy (Fig. 9a) along with water vapor (H2O¢g)) (Fig. 9b). This
leads to the formation of both a dissolution front (Fig. 9¢) and a pre-
cipitation front (Fig. 9d). Only the major carbonate species are presented
here, and the production of water vapor and CO5 gas are correlated, as
indicated by similar graph trends.

Injecting a solution with pH 0.2 (Experiment B) results in higher CO,
and water vapor production, as well as a greater advancement of both
the dissolution and precipitation fronts. This solution also dissolves
more witherite per unit of witherite and per flux in each time step
leading to greater flux of Ba?t than available SO, resulting in more
dissolution than precipitation per unit of witherite. Conversely, using a
solution with pH 2 (Experiment C) does not generate significant gaseous
CO; or water vapor, though the dissolution and precipitation behavior
remains similar to that observed in the simulated Experiment A.

Reducing the Na;SO4 concentration to 0.1 M (Experiment D) or 0.01
M (Experiment E) leads to localized CO2(g) generation, which subse-
quently dissolves as the reaction progresses. This results in a slower
advancement of both the dissolution and precipitation fronts (Fig. 9c
and d).
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Fig. 7. Optical micrographs of the temporal evolution of Experiments D, E, and F. (a) Micrographs showing the “cauliflower-like structures” in Experiment D. (b)

Micrographs showing predominant dissolution of witherite crystals without gas exsolution and the precipitation of tiny barite crystals in Experiment E. (c) Mi-
crographs showing the “cauliflower-like structures” observed in Experiment F.
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Fig. 8. Optical micrograph at location 1 in Experiment G. (a) Shows the formation of barite-encrusted bubbles that shield the primary witherite from dissolution,
along with the formation of free gas bubbles, that can grow (blue arrows) and/or move with the flow. (b) Optical micrograph at location 2 in Experiment G with

yellow arrows indicating the precipitation of homogeneous barite not encrusting gas bubbles. (¢c) Raman imaging illustrating unreacted primary witherite shielded by
barite precipitation in Experiment G.
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barite (BaSO,4) present in the boxes at the end of the numerical experiment.
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Fig. 10. Schematics of the formation of “cauliflower-like structures”.

4. Discussion

4.1. The formation of “cauliflower-like structures”: competition between
dissolution and precipitation rate

A key finding of this study is the emergence of distinct “cauliflower-
like structures”, characterized by growing CO, bubbles encrusted within
a growing barite layer. The different steps of the interface coupled
mineral dissolution and precipitation with gas exsolution are depicted in
Fig. 10. Barite is formed primarily on the surface of the gas bubbles
because of the lower surface tension — compared to the surface tension
associated with nucleation in the free solution — promoting its nucle-
ation (Desarnaud et al., 2016; Hulin and Mercury, 2019a, b). The
presence of gas bubbles inherently involves the formation of thin water
films and, consequently, the development of an electrical double layer
(Yang et al., 2024), which increases reactivity at the gas-aqueous
interface (Albéric et al., 2018). The electric charge and zeta potential at
the surface of CO, bubbles may influence the distribution of solutes. Gas
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bubbles are generally known to have a negative zeta potential and can
thus attract positively charged Ba?" ions. This interaction may facilitate
the local accumulation of SO~ species through charge compensation
(Leroy et al., 2012), increasing the saturation index (SI) with respect to
barite and thereby promoting its precipitation.

The morphology and dynamics of these bubbles are strongly influ-
enced by pH, sulfate concentration, and flow conditions. The underlying
mechanism governing this phenomenon is the competition between the
dissolution of witherite (BaCO3) and the precipitation of barite (BaSO4),
both of which are dictated by solution chemistry and reaction kinetics.

In Experiment A, the dissolution and precipitation rates are 3.2 x 10°
5and 2.5 x 10 mol m~2 s}, respectively, with a ratio of precipitation
to dissolution rates equal to 8. At pH = 2, witherite dissolution occurs at
a rate of 3.2 x 10® mol m~2 s~! without significant gas exsolution,
leading to the formation of a passivating barite layer at a rate of 2.8 x
10% mol m~2 s7! that inhibits further reaction. Generally, the “cauli-
flower-like structures” are also observed in Experiments B, D, F, and G,
where the ratio of BaSO4 precipitation rate to BaCO3 dissolution rate
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exceeds 1 (see Table 1); that is, when precipitation is faster than disso-
lution. However, explaining the process based solely on reaction kinetics
is insufficient; transport effects must also be considered (see next
section).

Interestingly, no gas bubbles were observed in Experiment E (pH =1,
low sulfate concentration), despite conditions favoring witherite disso-
lution at similar rates as in Experiment A and D. A possible explanation
is that the slow precipitation of barite allows for rapid renewal of the
local solution chemistry, preventing aqueous CO2 supersaturation to
reach the threshold for exsolution. When the sulfate concentration in-
creases, the precipitation rate of barite increases and begins to match the
dissolution rate of witherite leading to sustained CO, production in the
vicinity of the witherite and the emergence of the “cauliflower-like
structures”.

Additionally, the dissolution rate is enhanced at lower pH and higher
flow rates, further increasing CO; production and the likelihood of
encrusted gas bubbles. Increasing the flow rate promotes witherite
dissolution, which in turn accelerates CO; exsolution and enlarges the
cauliflower structures (area of encrusted bubble / area of initial crystal
> 3). Furthermore, increasing the solid-to-liquid ratio (Experiment G) to
mimic porous media conditions results in excessive CO5 gas formation
and the transition from a single-phase to a two-phase flow regime, where
“free” gas bubbles flow through the system. The precipitated barite layer
also acts as a protective shield on witherite, limiting further dissolution
of witherite and altering the overall reaction dynamics.

A key observation from Raman spectroscopy (Fig. 4c) was the un-
expected detection of liquid water within the CO, bubbles, despite
geochemical models predicting the formation of water vapor. Although

Geochimica et Cosmochimica Acta 411 (2025) 86-99

the H,O Raman signal was weaker than the surrounding solution, its
presence suggests tiny water droplets (clouds) trapped within the
encrusted bubble. This entrapment could result from a combination of
capillary forces within the encrusted barite shell and partial water
vaporization due to local pressure fluctuations, potentially through
capillary condensation (Yang et al., 2020). The formation of clouds is
also reported during cavitation phenomena (Reese et al., 2024). The
detection of clouds within the bubbles further indicates a dynamic gas-
fluid interaction, which could influence bubble stability, growth ki-
netics, and barite precipitation patterns.

The geochemical simulations indicate that at pH = 1, COz is readily
produced from witherite dissolution, whereas at pH > 2, gas generation
is negligible, consistent with the absence of bubbles in Experiment C.
The modeled CO production is highest in Experiment B, which aligns
with the experimentally observed rapid growth of “cauliflower-like
structures”, reflecting the fast dissolution of witherite. Comparing the
modeled results for Experiments A, B, and D, where pH is identical, but
NaySO4 concentrations vary, reveals that the dissolution front decreases
as sulfate concentrations decrease, highlighting the role of SOF ions in
addition to H" in driving the disequilibrium of witherite. While the
current model does not capture the ‘real’ transport dynamics, the ex-
periments demonstrate that higher flow rates and volumetric solid
fractions enhance dissolution, CO, production, and the formation of
encrusted structures. Together, these observations indicate that the
“cauliflower-like structures” emerge when dissolution-driven COq
accumulation exceeds local transport, enabling rapid barite nucleation
on bubble surfaces.
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Fig. 11. Trend analysis on bubble area growth for Experiments A-F (a) Classification for each experiment based on Dajgaco,) and Daygaso,) confirmed by the
appearance of trapped gas bubbles; (b) An exemplary trend analysis using Experiment A data; (c) A linear correlation between transition time marking the time where
the exponential growth of the bubble is constrained by the precipitated phase and Daj(gqco,), and Daygaso,)-
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4.2. Rationalizing the formation of cauliflower-like structures formation

In Experiments A — G, two competing processes underline the
emergence of the cauliflower-like structures: (i) dissolution of witherite,
which releases Ba®** and COy(qq), and (ii) precipitation of barite on the
bubble surface, which consumes Ba®* and promotes bubble entrapment.

Fig. 11 delineates the relationship between the two Damkohler
numbers and the emergence of the “cauliflower-like structures”. The
conditions favoring the emergence of “cauliflower-like structures” were

identified as 2% - 10,

Dajpaco,

We also investigated the dynamic coupling between bubble growth
and barite precipitation, which underpins bubble entrapment within the
structure. These interactions exert a critical influence on both bubble
size and growth kinetics. Fig. 11 presents a representative analysis from
Experiment A, highlighting the trends observed in Fig. 3 and illustrating
the correlation between transition time where the growth of bubble is
constrained by the precipitated barite and the two Damkohler numbers.
Once the system exhibits a tendency toward the formation of
cauliflower-like structures, two distinct regimes of bubble area growth
become apparent: an early exponential growth phase, followed by a late,
power-law growth phase (Fig. 11b). Note that, before the exponential
growth phase, we suspect that the system exhibits an initiation phase
(Fig. 11a) which includes sufficient witherite dissolution for reaching
supersaturation of gaseous CO, and bubble nucleation (Yamada et al.,
2008). The nucleation occurs fast, forming an initial bubble that fulfills
the Young-Laplace condition (Yamada et al., 2008). The early expo-
nential growth aligns with the Rayleigh—Plesset model, where bubble
radius grows as R(t) e when expansion occurs against viscous forces
(Favelukis and Albalak, 1996). At later times, bubble growth transitions
to a power-law regime. Depending on the dominant mechanism, this

follows either R(t) t1/2 due to surface reactions (Favelukis and Yablon-
sky, 2004), or R(t) t'/> when gas generation drives bubble growth (Fu
and Pan, 2009). Since we use bubble area A(t) in our analysis, we can
expect an exponent for time ranging between 0.67 and 1.0. We observed
the variation of the time exponent value within this range in Experiment
A — G (see Fig. 11b for Experiment A and Supplementary Information 2
for the other fitting results). This behavior is interpreted as indicative of
a reaction-controlled growth regime.

Transition times between these two regimes (Fig. 11c) show a clear
trend with:

(Dagaso,) )"

20
Dajgyco, )

(10)

Liransition %

The transition time suggests a competition between witherite dissolu-
tion accelerating bubble growth and barite precipitation restricting its
expansion. In a porous medium, this transition time indicates how the
pore space changes with time, characterized by an initial rapid reduction
followed by a markedly slower decrease.

4.3. Implications of the “cauliflower like structures” for energy sub-
surface applications

Recently, (Wegner et al., 2025) investigated the same geochemical
replacement reactions in a larger configuration using core-scale column
experiments. These experiments revealed a behavior similar to Experi-
ment G, where single-phase flow transitions to a two-phase regime due
to gas exsolution. A key observation was localized porosity clogging,
which isolated primary witherite from further reaction despite contin-
uous acid injection. The “cauliflower-like structures” can have signifi-
cant implications for subsurface energy applications because they alter
pore structure, diffusivity, and permeability, thereby influencing the
long-term stability and efficiency of these systems. In hydrogen storage,
iron bearing mineral precipitation, can induce pore clogging, trapping
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hydrogen gas, reducing storage capacity and complicating retrieval. In
CO9 sequestration, the “cauliflower effect” may cause heterogeneous
CO, trapping, enhancing capillary trapping and mineralization, but
excessive mineralization could reduce injectivity, hindering large-scale
storage. In nuclear waste disposal, secondary mineral precipitation
and trapped gas bubbles reduce permeability, slowing fluid flow and
corrosion, similar to the shielding effect observed in Experiment G. This
can improve radionuclide retention, but gas expansion may induce
fractures, facilitating contaminant migration. The “cauliflower-like
structures” plays central role in coupled mineral dissolution, precipita-
tion, and gas exsolution, thereby reshaping pore structures and signifi-
cantly impacting permeability and flow behavior. Our observations
prompt the development of constitutive equations to describe solute
transport in such chemically evolving rocks due to the “cauliflower-like
structures” and will be addressed in future work. We plan to develop a
numerical framework that integrates the Lattice Boltzmann method with
geochemical modeling to accurately capture the coupled processes of
dissolution, precipitation, and bubble growth, and to assess their con-
sequences on permeability and diffusivity.

5. Conclusion

In this study, we developed a microfluidic platform that enables real-
time visualization of coupled barite precipitation and COy exsolution
during witherite dissolution in acidic, sulfate-rich solutions — our
defined model system. Using optical microscopy, 3D Raman imaging,
and reactive transport modeling, we systematically explore the effects of
pH, sulfate concentrations, flow rates, and solid-to-liquid ratios on
coupled mineral dissolution with gas exsolution, identifying conditions
that lead to gas entrapment or multiphase flow. Our observations reveal
complex dynamics, including the emergence of CO5 gas bubbles which
get coated with a barite layer forming “cauliflower-like structures”. At
low pH (<1), rapid gas exsolution and barite precipitation result in
extensive witherite replacement, whereas at higher pH (>2), witherite
dissolution occurs without significant gas formation, leading to passiv-
ation by a barite armoring layer. The interplay between the local satu-
ration index, flow rate, and volumetric solid fraction further modulates
mineral transformation. Higher sulfate concentrations and faster flow
rates enhance the formation of ‘“cauliflower-like structures”, whereas
lower saturation indices inhibit gas bubble formation by preventing the
CO, supersaturation threshold from being reached. Geochemical
modeling confirms that pH and sulfate concentration govern CO, pro-
duction and dissolution-precipitation front evolution. The “cauliflower-
like structures” are observed when the ratio of Damkohler number for
barite precipitation (Daj(sgso,) to the Damkohler number for witherite
dissolution (Dajgaco,)) is greater than 10. These findings offer new in-
sights into microphysical conditions controlling gas phase evolution
during mineral replacement, with implications for reactive transport
processes in natural and engineered systems, particularly regarding
carbonate dissolution, mineral scaling, and subsurface gas migration.
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