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Environmental significance

Porosity and fluid pathway development during
cadmium sequestration by calcium carbonate
replacementfy

Maude Julia, ©*2 Christine V. Putnis,®® Oliver Pliimper® and Francois Renard®®

Cadmium contamination of ground water and soil has drastically increased in some areas through the last
few decades and remediation strategies are currently being investigated. The coupled dissolution—
precipitation of calcium carbonate in cadmium-containing solutions leads to the precipitation of
a (Ca,Cd)CO3 phase of lower solubility, this process trapping cadmium from a solution into a solid phase.
The present study analyses the reactions of two types of calcium carbonates (calcite as Carrara marble
and aragonite) in cadmium solutions and compares the different reaction pathways and their respective
efficiency. X-ray tomography scans of different Carrara marble and aragonite samples reacted in
cadmium solutions for 16 to 64 days at 200 °C were acquired and analysed. The reaction in Carrara
marble proceeds through a dissolution—precipitation reaction from the surface of the sample. The fluid
moves through the porosity developed in the newly precipitated phase and along grain boundaries.
Tomograms show that the porosity at the post-reaction time of imaging is mainly disconnected and that
the reaction extent decreases with an increase in cadmium concentration of the solution. For aragonite,
the main reaction pathway is opened by reaction-induced fracturing, which leads to a faster reaction
than for the Carrara marble as the reaction pathways open faster towards the centre of the sample
through successive hierarchical fracturing. The reaction rate for aragonite increases with time and
cadmium concentration of the solution. Thus, the sequestration of cadmium from solution is potentially
more efficient using aragonite due to the reaction-induced fracturing process taking place.

Heavy metal contamination of soil and ground water caused by anthropogenic activities has increased in the last few decades and has become a real concern in

some areas. Cadmium in one of these contaminant elements and its toxicity for humans through long term exposure has been shown to cause heavy renal and

bone diseases. Our study focuses on the use of carbonate rocks as remediation materials as these are widely available and their reaction with cadmium-

containing solutions can lead to the precipitation of less soluble phases containing cadmium through a coupled dissolution-precipitation mechanism. The

study of the mechanisms of cadmium uptake by different carbonate materials will provide a base for the development of better remediation strategies.

Introduction

to heavy metal water and soil pollution’® as well as excess
phosphates” from agricultural applications, causing eutrophi-

Environmental pollution of surface waters has been steadily
increasing in the years since industrialization mainly through
anthropogenic activities, including mining, agriculture, indus-
trial and pharmaceutical manufacturing processes. This leads
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cation of waterways,® and excess atmospheric CO,.” Conse-
quently, there is an increasing need to mitigate this
contamination by sustainable methods using available and
affordable materials. Many recent research activities are
focusing attention on suitable methods to tackle toxic element
contamination. Coupled dissolution-precipitation reactions
have been studied as a potential means to remediate environ-
mental pollution. Toxic elements such as Pb,'*** Se,"*** As,'*1¢
Sb,**"” Cr,"® and Cd"?® have all been studied to suggest
potential decontamination strategies using dissolution-
precipitation processes that involve minerals. Amongst the
examples of pollution already cited, increasing soil and water
cadmium (Cd) pollution has been a reason for concern in some
regions.** Anthropogenic cadmium pollution originates from
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activities such as non-ferrous metal mining, the intensive use of
phosphate fertilizers or the disposal of municipal waste.”” Long
term exposure to cadmium can lead to serious health problems
such as osteomalacia and renal tubular failure.”**° This has
promoted the need to find remediation strategies to sequester
cadmium from the soil and surface water.>'-**

Coupled dissolution—precipitation reactions allow the precip-
itation of a stable mineral phase, containing the target toxic
element, through the dissolution of a parent mineral with
a higher solubility in a contaminated solution. During a replace-
ment reaction, if the difference in molar volumes of the parent
and final phases, as well as their relative solubilities allows
a reaction to proceed, this reaction can lead to the complete
pseudomorphic replacement of the parent mineral.** Addition-
ally, for a pseudomorphic replacement to be complete, the new
phase must provide a pathway for the fluid to reach the reaction
interface with the parent material such as connected porosity,
grain boundaries or fracture networks. Some coupled dissolution—-
precipitation reactions have been observed to lead to a complete
pseudomorphic replacement of the parent material.>*?*¢

Carbonates, such as limestone, dolomite, and marble, are
common rocks in the crust of the Earth and their relative
solubility and crystal structure allow for reactions with multi-
component aqueous solutions to result in the formation of
a new more stable (less soluble) phase. Therefore, reactions
with carbonates present a viable possibility of achieving some
acceptable degree of environmental remediation.'®!"!316-18:37

The present study focuses on the replacement reactions
between carbonates and solutions containing dissolved
cadmium. Due to the existence of an ideal solid solution
between calcite (CaCO;3) and otavite (CdCO;),***° coupled
dissolution-precipitation reactions have been investigated
between CaCO; and cadmium-containing solutions as a poten-
tial cadmium trapping strategy. As otavite has a slightly lower
molar volume than both calcite and aragonite® a potential
replacement of the CaCO; sample could be reached. Experi-
ments have shown that the surfaces of calcite single crystals are
passivated by cadmium in solution due to the epitaxial growth
of a CdCO; layer on the crystal surface.”*** This is due to the
similar crystallographic structure and lattice parameters of
CaCO; and CdCO; as well as the lower solubility of CdCO;
compared to CaCOj;. Our previous study*' showed that by using
polycrystalline calcite (such as marble) or a polymorph of calcite
(such as aragonite) a partial replacement of CaCO; by a (Ca,Cd)
CO; solid solution could be achieved. The presence of grain
boundaries and random orientation of the calcite grains in the
case of Carrara marble have allowed the initial material to
dissolve and be replaced with a porous (Ca,Cd)CO; solid solu-
tion probably by hindering the epitaxial growth of otavite onto
the calcite surface® and facilitating access of the fluid into the
sample. As the new precipitating phase has a lower molar
volume and identical crystallographic structure to calcite, the
replacement is pseudomorphic and does not cause fracturing of
the sample. The replacement proceeded more efficiently from
the surface than from the grain boundaries in the Carrara
marble samples. In the case of aragonite during the reaction
with a cadmium-containing solution, the change of
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crystallographic structure and subsequent interfacial stresses
induced fracturing of the samples during the replacement
reaction, allowing fluid penetration and replacement inside the
sample. Reaction-induced fracturing has been observed and
studied previously, showing that it could in some cases sustain
a replacement reaction or inhibit it.***** However, all observa-
tions were made on two-dimensional images of sample sections
and the progression of the reaction with time and solution
concentration could not be quantified. More information about
the reaction extent for both materials as well as their dominant
fluid pathways is required to determine which material and type
of reaction are more efficient for cadmium-sequestration from
solution. This high pressure and temperature reaction could
provide a potential method for water decontamination in
industrial settings as well as a starting point to extend research
on experimental conditions closer to an environmental setting.

In order to study the extent of the reaction for both aragonite
and Carrara marble (calcite) we have reproduced some of the
reactions from Julia et al.** and analysed the resulting samples
using 3D X-ray tomography imaging. Both aragonite and Car-
rara marble samples were reacted in cadmium solutions for
different durations and solution concentrations and scanned by
X-ray microtomography to obtain 3D X-ray adsorption tomo-
grams. These tomograms were then compared to assess the
extent of the reaction, development of porosity and potential
fluid pathways, depending on the sample type, reaction time
and solution composition.

Methods

Sample preparation

Cubes of Carrara marble (Italy), with dimensions of 3 x 3 x 3
mm?, consisting of compacted calcite grains, with an average
size of approximately 300 um, with randomly oriented grain
boundaries, were cut with a saw from a single marble block in
the absence of water, following the method of Julia et al*
Crystals of aragonite (Molina de Aragén, Spain) were broken
into 2-3 mm wide pieces. The purity of the starting materials
was assessed by X-ray diffraction (the XRD spectra of the start-
ing materials are available as ESI Fig. S1 and S27).

Solutions with cadmium concentrations of 0.4 M and 2 M
were prepared with technical grade CdCl, (99%, Fisher Scien-
tific) dissolved in deionized water (resistivity > 18 mQ cm). The
pH of the solutions was measured with an Inolab pH/ION Level
2 pH meter and calculated with PHREEQC.*

The samples were reacted at 200 °C for 16, 32 or 64 days in a 0.4
or 2 M CdCl, solution. 3 mL Teflon sample holders were filled with
2 mL of solution, with the sample and sealed in brass cylinders.
The autogenous pressure reached in the sample holders during
the reaction can be estimated to be equal to the vapor pressure, so
16 bars. After reaction the samples were cooled in a stream of
compressed air, dried and imaged by X-ray microtomography.

X-ray microtomography acquisition

The acquisition of the X-ray microtomography scans for the
Carrara marble samples after different durations of reactions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was conducted at the beamline BMO05 at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.
Each Carrara marble sample was scanned at the beamline BM05
at ESRF, using a pink beam (e.g., white beam with two filters of
6.67 mm of aluminium and 20 mm of SiO,). For each volume,
2999 radiographs were acquired over a rotation of 360 degrees.
The duration of each scan was 4 minutes. The volumes were
reconstructed using phase contrast as in Mirone et al. (2014).*¢
The spatial resolution of the 3D tomograms is between two and
three times the voxel size.

The aragonite samples were scanned at the EPOS-NL MINT
facility, Utrecht University, the Netherlands, with a Zeiss Xradia
610 Versa X-ray tomography microscope system equipped with
a 160 kv X-ray source. A full volume of each sample was
acquired with the voxel size necessary to attain full visualization
of the sample. Four higher resolution scans were acquired in
specific areas of some of the samples. The spatial resolution of
the 3D tomograms is between three and five times the voxel size.
The specifications of the different scans are provided in Table 1.

Data segmentation and analysis

The segmentation of the reacted Carrara marble cube dataset
was conducted with the software Ilastik 1.3.3.*” The software
was trained on 100 images to analyse a stack of 1000 images of
each tomogram and separate the following phases: the back-
ground, the solid solution (the replaced phase of the samples),
the remaining calcite, and the pores. Each of the 100 training
images was manually segmented until the phase separation was
completed before feeding the remaining images to the software
for automatic segmentation. The top and bottom face of the
samples were excluded to ensure a consistent segmentation by

View Article Online
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feeding the software with similar images. An example of the
segmentation outcome is given in Fig. 1.

The segmented Carrara marble datasets were then analysed
using the software Thermo Scientific Avizo 3D 2023.1. Potential
areas of phase misattribution were manually corrected and the
volume of the respective phases was extracted as well as the
porosity connectivity. In addition, the pore volume repartition
obtained using the software Dragonfly during re-
examination of the dataset. After extraction of the volumes of
the different segmented phases, the results were extrapolated to
represent the full cube, instead of the analysed slice. This
assumes that the reaction has the same behaviour on all faces of
the cube.

The reacted aragonite samples were segmented by grey-scale
separation with the software Avizo 3D. The porosity could not be
separated due to the combination of the pores small size and
the limited resolution of the images. Only three phases were
identified: the background, the solid solution (reacted sample)
and the remaining aragonite.

was

Efficiency of the segmentation

As visible in Fig. 1(B) and (E), some areas of the Carrara marble
samples segmented with Ilastik 1.3.3 are attributed to the wrong
phase due to some shadow effects and closeness of grey levels
present in the original dataset. Most of these misattributions
consisted of some background attributed as calcite on the sides
of the samples and spots of background falsely detected inside
the samples. These artefacts were manually corrected during
analysis and reattributed to the correct phase. A comparison of
the different steps of the segmentation is shown in Fig. 1. The
segmentation showed other limitations such as the non-
separation of the crystals of CdCl, precipitated on the surface

Table 1 List of experiments, X-ray microtomography scan condition summary, and samples prepared for SEM analyses

Additional sample

Sample type (X-ray imaging) Reaction conditions Sample name Scan type Voxel size (um) prepared for SEM
Carrara marble 16 days - 0.4 M CdCl, Carrara - 01 Full sample 2.3 Yes
(ESRF, beamline BMO05) Zoom 0.36
32 days - 0.4 M CdCl, Carrara - 02 Full sample 2.3 Yes
Zoom 0.36
64 days - 0.4 M CdCl, Carrara - 03 Full sample 2.3 Yes
Zoom 0.36
16 days - 2 M CdCl, Carrara - 04 Full sample 2.3 Yes
Zoom 0.36
32 days - 2 M CdCl, Carrara - 05 Full sample 2.3 Yes
Zoom 0.36
64 days - 2 M CdCl, Carrara - 06 Full sample 2.3 Yes
Zoom 0.36
Aragonite 16 days - 0.4 M CdCl, Aragonite - 01 Full sample 5.5 No
(Zeiss Xradia 610 Versa) Zoom 0.43
32 days - 0.4 M CdCl, Aragonite - 02 Full sample 5.5 Yes
Zoom 0.8
64 days - 0.4 M CdCl, Aragonite - 03 Full sample 5.5 Yes
Zoom 0.43
Zoom 0.43
16 days - 2 M CdCl, Aragonite - 04 Full sample 6.7 No
32 days - 2 M CdCl, Aragonite - 05 Full sample 6.7 Yes
64 days - 2 M CdCl, Aragonite - 06 Full sample 6.7 No

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Segmentation errors

Fig.1 X-ray tomography imaging of marble sample Carrara-04 reacted for 16 days in 2 M CdCl,: (A) original slice, (B) after segmentation with the
software lIlastik (white: background, dark grey: (Ca,Cd)COs solid solution, light grey: pores, black: calcite) and (C) after attribution of the phases
(yellow: calcite, blue: (Ca,Cd)COs solid solution, red: pores, black: background) and correction of the segmentation errors. (D—F) are zooms into
respectively (A—C) (zoom area is shown by the square in A). The reaction progressed by the formation of a rim of solid solution around the original
carbonate cube and by reaction along the grain boundaries. The reaction product at the grain boundaries could not be segmented due to the

limited resolution of the images.

of the sample during quenching of the reaction from the rest of
the solid solution created by the replacement of the original
material (SEM images of a reacted Carrara marble sample with
highlighted CdCl, crystals are available as ESI Fig. S31). More-
over, the mineral replacement observed along the grain
boundaries could not be segmented due to the low difference of
grey level between the replaced phase and the original material
combined with the thinness of the replacement along the grain
boundaries. After thorough examination of the sample scans
and their segmentation, it was concluded that only the thin (<5
pm) replacement layer along the grain boundaries was unseg-
mented and no larger replaced area had been omitted. Both
these segmentation limitations were consistent within the
dataset and deemed not to hinder the comparison of the
samples.

For the aragonite dataset, the crystals of CdCl, precipitated
on the surface (SEM image of an aragonite sample with high-
lighted CdCl, crystals is available as ESI Fig. S41) could not be
separated from the rest of the replaced area as their colours on
the grey level scale are overlapping and no specific shape/
delimitation mark could provide a good ground for other
segmentation methods such as watershed segmentation or
the Ilastik 1.3.3 software. The porosity present in the samples
could also not be segmented to a separate phase. Most of the
porosity was segmented with the replaced phase, as shown in
Fig. 2.

18 | Environ. Sci.: Adv, 2025, 4, 115-124

Scanning electron microscopy and elemental analysis

Additional aragonite and Carrara marble samples were reacted
under similar conditions to those analysed by X-ray micro-
tomography and were embedded in epoxy resin and cut through
the centre. They were then carbon coated and observed by
scanning electron microscopy (SEM) and energy-dispersive
spectroscopy analysis. The reaction conditions used for these
samples are shown in Table 1.

Results
Extent of the reaction

The volumes of the replaced phase and remaining original
material were extracted for all samples and are plotted against
each other in Fig. 3.

The data show that the replacement of the samples during
the reaction is more advanced at equal time and solution
concentration for the aragonite samples than for the Carrara
marble samples (Fig. 3). The Carrara marble dataset shows that
the reaction keeps progressing with time for both solutions
tested. A slowing of the reaction is visible when the solution
concentration is increased. The aragonite samples show little
reaction progression between samples reacted for 16 and 32
days and a larger gap between samples reacted for 32 and 64
days. An increase in the solution concentration leads to a higher
replacement rate and widens the gap between the samples

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray tomography imaging of sample Aragonite-04 reacted for 16 days in 2 M CdCl,: (A) original X-ray tomography slice, (B) after
segmentation (yellow: aragonite, blue: solid solution of (Ca,Cd)COs, black: background). (C and D) are zooms into respectively (A and B), the
zoom area is indicated by the red area in A. The transformation of aragonite into a solid solution that contains cadmium occurred by a process of
reaction-induced fracturing.
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Fig. 3 (A) Evolution of the volume of the replacement phase (Ca,Cd)COs as a function of reaction time for both datasets and concentrations of
cadmium in solution, (B) phase volume comparison of the replacing phase (Ca,Cd)COs3 vol%) against the remaining original material (CaCO3 vol%)
for the reacted Carrara marble and aragonite datasets. The linear trend with a slope of —1 indicates volume conservation of the solid during
replacement. The legend on the right side of the figure is a common legend for both figures (A and B).
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reacted for 32 and 64 days. The replacement can be divided in
two categories: the replacement progressing inside the sample
through reaction-induced fracturing and the replacement layer
on the sample surface. The thickness of the replaced layer along
the sample surface was measured for samples Aragonite-01 to
Aragonite-05 using the X-ray microtomography scans, as dis-
played in ESI Fig. S5t with the measurement value and its
standard deviation for each sample. Sample Aragonite-06 pre-
sented too many fractures and a too advanced replacement to
separate areas where the replacement progressed from fractures
starting from the outer surface. One hundred measurements
were taken from three cross-sections on each sample, carefully
selecting areas as far as possible from fractures to avoid reac-
tion interference. An example image of the thickness
measurement of the surface replacement in an aragonite
sample is provided in Fig. S6.7 A slight increase in the layer
thickness could be observed with increasing time of reaction for
the samples reacted in 0.4 M CdCl, solution as well as with an
increase in cadmium concentration in the solution. This
increase of thickness with reaction time was not consistent for
the samples reacted in a 2 M CdCl, solution, however the third
sample of this set could not be used for comparison and sample
specificities could have influenced the surface reaction.

Porosity and connectivity

The porosity volume was extracted from the full scans of the
Carrara marble dataset. A three-dimensional rendering of the
porosity and the replaced area is shown in Fig. 4. The segmented
pores represent less than 1% of the volume of each sample with
no specific trend related to the reaction time and/or the solution
concentration. The minimum pore size extracted for each sample
was 10 um® and was limited by the segmentation method effi-
ciency to detect small pores. The majority of the pores had
a volume of the order of 10-100 pm? (ESI Fig. S71 shows the pore
size distribution for each Carrara marble sample). The pore
connectivity was analysed from both the full scans and the zoom
scans. Mostly the porosity was disconnected at the spatial reso-
lution of the images and at the time when the scans were
acquired (1-2 months after the end of the reaction).

View Article Online
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The porosity of the replaced phase in the aragonite dataset
could not be segmented from the rest of the material. SEM
images of a reacted aragonite sample sectioned through the
middle were used to gather information about the porosity in
the replaced phase. Fig. 5 shows the morphology of the
replacement along newly formed fractures and a thin layer of
replacement on the sides of the samples. The zoom in Fig. 5(B)
shows that the thin layer of replacement along the sample
surface is porous, although not being the area with the most
replacement. The size of the pores visible by SEM in the
aragonite sample goes down to ~0.5 pm. SEM images of the
porosity in both Carrara marble and aragonite samples reacted
under similar conditions is available in the ESI as Fig. S8 as
visual comparison.

Discussion

This study compares the extent and mechanism of the coupled
dissolution-precipitation reaction of two different forms of
CaCOj, Carrara marble consisting of compact calcite grains and
single aragonite crystals, in cadmium-containing solutions
leading to the precipitation of (Ca,Cd)CO; solid solutions for
different partial pseudomorphs of CaCO;. The extent of the
reaction was more advanced for the aragonite samples than for
the Carrara marble samples, for the same reaction conditions
(Fig. 3). This difference may be explained by the different types
of pathways used by the fluid to reach the unreacted material for
the two types of samples and the small difference of solubility
between calcite, - log Kc = 11.47 at 200 °C, and aragonite, — log
K, = 11.28 at 200 °C.*®

In the case of Carrara marble, it has already been shown that
fluid can penetrate along the grain boundaries and through
newly formed connected porosity in the replaced areas.***>*%°
The respective molar volumes of calcite (36.93 cm® mol ') and
otavite (33.97 cm® mol™")** are quite close and show that the
replacement of calcite by otavite or a (Ca,Cd)CO; solid solution
is not optimal for the creation of porosity. The analysis of the
porosity inside the reacted Carrara marble samples, after
segmentation of X-ray tomograms, does not show any

Fig. 4 Synchrotron tomography rendering of the marble sample Carrara-04 reacted for 16 days in a 2 M CdCl, solution. The replaced phase
appears in blue and the porosity is in red. (A) Full cube with a voxel size of 2.3 um and (B) a corner of the same sample with a voxel size of 0.36 um
showing both the external reaction rim and some reaction product along grain boundaries. From these data, the reacted volume is calculated.
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Fig. 5 Back-scattered electron images of sample Aragonite-03 reacted for 64 days in a 0.4 M CdCl, solution with (A) the full sample and (B-D)
are consecutive zooms in the areas indicated in red in the previous images. The labels in C indicate the different phases are: (a) aragonite, (s) the

(Ca,Cd)COs5 solid solution and (c) the CdCl, crystals.

connectivity at the resolution of the tomograms acquired in the
present study. However, the advancement of the reaction
through time observed in Fig. 3 suggests that fluid pathways
allowed the reaction to progress. It is possible that the cooling
process of the samples before imaging caused a reequilibration
of the pore space leading to the disappearance of pore
connectivity through the minimising of surface area. Textural
reequilibration during a replacement reaction is driven by
a reduction of surface energy and can result in a loss of pore
connectivity.*® X-ray tomography was carried out several weeks
post experiments giving time for loss of pore connectivity.
Moreover, the porosity analysed is the result of the segmenta-
tion of the scans and porosity with a size smaller than the
resolution of the segmentation (<0.5 pm) could not be imaged,
causing a loss of information concerning nanopores. Smaller
pores have probably been present and have provided a pathway
for the fluid towards the centre of the sample. Furthermore it
has been shown that precipitation could be inhibited in nano-
pores compared to larger pores,*** which would allow the
pores, if interconnected, to provide an open fluid pathway
during the reaction before their reequilibration.

The porosity of the aragonite dataset could not be analysed,
however information about reaction pathways could still be
deduced, implying interconnected pathways must have existed.
The analysis of the replacement layer on the sample surface,
which occurred without help of nearby fracturing, shows that
the porosity in this layer is probably connected as the thickness
of this layer increased through time (Fig. S5t), which requires
a fluid pathway to be opened. The respective molar volumes of
aragonite (34.15 cm® mol ') and otavite (33.97 cm® mol~')** are

© 2025 The Author(s). Published by the Royal Society of Chemistry

extremely close and not optimal for porosity creation. Although
the porosity seems connected, it was not the principal fluid
pathway used by the reaction to proceed through the aragonite
sample. The replacement of aragonite by a (Ca,Cd)CO; solid
solution leads to reaction-induced fracturing of the material as
visible in Fig. 5(A) where fractures cross the sample in a hier-
archical manner despite their absence from the starting mate-
rial. These fractures could have been caused by stresses at the
reaction interface with the precipitation of the new phase with
a different crystallographic orientation as there was no increase
in molar volume which could have created internal stress in the
aragonite crystals. Another explanation for the presence of
reaction-induced fracturing has been highlighted by
Monasterio-Guillot et al. (2021),>® who suggest that the pressure
exerted by crystallization of a mineral at the surface of another
mineral can lead to a build up of stress sufficient to induce
fracturing of the material. It was observed that the precipitation
of Na-phillipsite in etch pit edges and cracks of their host
material's surface created enough stress to cause fracturing. It is
possible that the presence of defects on our aragonite samples,
caused during their preparation, could potentially have acted as
favourable precipitation sites for otavite crystals. In the case
where the supersaturation reached at the surface of our samples
was high enough, the precipitation of otavite would have led to
the accumulation of stress and fracturing of the aragonite
crystals. These fractures opened new fluid pathways and
promoted higher reaction rates, which explains why more
replacement is observed inside the sample compared to the
more limited replacement happening on the sample surface.
After the initial surface reaction and appearance of the primary
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fractures from the sample surface, the aragonite reacts further
with the solution and is replaced by the solid solution phase,
leading to the formation of secondary fractures that keep
providing new pathways for the fluid. This fracturing network,
in addition to the porosity present in the newly precipitated
phase, enables the fluid to reach the centre of the samples.****
This reaction-induced fracturing-driven replacement process
also explains the behaviour of the reaction progress in the
aragonite samples displayed in Fig. 3. The reaction advances
faster with time, which is the case for a transport-driven process
and is due to the decrease of the distance between unreacted
material and bulk fluid when fractures appear.*®

The replacement of CaCO; by (Ca,Cd)COs; is limited by the
transport of cadmium from the bulk fluid to the reaction
interface. As observed by Julia et al** in the Carrara marble
samples reacted in cadmium solutions, the cadmium concen-
tration in the (Ca,Cd)CO; solid solution was lower close to the
reaction interface and in the grain boundaries than in the bulk
of the reacted volume. This observation has been explained by
the kinetic limitations on the equilibration of a solution inside
the restricted volume of the sample porosity with the bulk
solution, leading to a reduction of cadmium in the solution at
the reaction interface. This process could explain the slower
reaction rate for Carrara marble compared to aragonite. The
fluid needs to proceed through the porosity and grain bound-
aries in the Carrara marble cubes. This restricted space, also
associated with the possibility of cadmium complexes attaching
to the pore surfaces, could simultaneously slow down fluid
transport and hence the dissolution reaction,** and would slow
down the equilibration of the fluid inside the sample with the
bulk fluid. Effectively this is a kinetically controlled reaction.
Moreover, the porosity evolves during the reaction and it is
possible that a partial disconnection of the pores takes place
even before the cooling process and analysis of the samples,
reducing the fluid mobility inside the sample. On the other
hand, the aragonite samples underwent reaction-induced frac-
turing, leading to the creation of new and wider fluid pathways
that could be replenished from the bulk fluid quickly after their
formation. The fluid at the reaction interface would then have
a composition closer to the bulk fluid than in the case of Carrara
marble, avoiding evolved equilibration and the slowing down of
the reaction. Moreover calcite and otavite present an excellent
epitaxy®® and the precipitation of a partially pore free otavite
layer on some parts of the calcite surface at the reaction inter-
face could contribute to the slow reaction rate observed.

X-ray tomography as an analytical tool has many advantages,
enabling the observation of the whole sample instead of
extrapolating results from two-dimensional slices and intro-
ducing a time dimension in the analysis. The reaction quanti-
fication in this study is made easier and more precise using
three-dimensional tomograms as the samples can present
specificities and irregularities, which can impact extrapolation
from two-dimensional slices. This is especially important for
the aragonite samples as the replacement proceeds mainly
through reaction-induced fracturing, a process which is hier-
archical and irregular throughout the sample. In this case the
analysis of the microtomography scans is a more precise and
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reliable way to extract information about the evolution of the
reaction with time and solution concentration. Moreover, the
analysis of the microtomography scans of the Carrara marble
dataset was necessary to gather information about the porosity
volume and connectivity. This analysis allowed the interpreta-
tion of a probable closure of the porosity after termination of
the reaction and showed that the amount and size of the
porosity were similar in all samples. However, the analysis of X-
ray microtomography scans has some limitations, mainly due
to the segmentation method used, with the omission of nano-
porosity (with a diameter lower than 100 nm) in the segmen-
tation as well as the difficulty to extract porosity information in
the aragonite dataset because of the limited resolution of the
scan and sample specificities, such as grey level difference
between the phases or interferences during imaging. Nano-
porosity can have a strong impact on the permeability and
reactivity of a material as constrained volume modifies the
dissolution/precipitation behaviour of minerals.* Some recent
studies have developed new techniques to extract information
on porosity distribution and connectivity using two-
dimensional images of the samples and using these to model
the porosity,*>*® which could be of interest for further studies of
the CaCOj; to (Ca,Cd)CO; replacement in cadmium-solutions. X-
ray microtomography also provides important time-related
information on the process, such as the acceleration of arago-
nite replacement with time, which is consistent with a reaction-
induced fracturing replacement pathway. Moreover, although
not possible in the case of this study, other studies observing
reactions in minerals through time used dynamic imaging of
their samples by imaging the same sample in situ at discrete
time steps throughout the reaction.’”*® By doing so, studies can
be emancipated from the variations due to the specificities of
natural samples, such as grain size variation, inclusions, and
defects, and hence observe the evolution of a reaction with
greater precision.

Conclusion

The present study enables a comparison of the efficiency of the
replacement of CaCO; by (Cd,Ca)CO; solid solutions for Carrara
marble and aragonite. Observations showed that aragonite
reacts faster in cadmium-containing solutions than Carrara
marble due to the reaction-driven fracturing process occurring
in the samples that provides new and efficient pathways for
fluid infiltration and subsequent reaction. Both datasets
showed that the newly formed phase contained porosity. Over-
all, the porosity in the replaced phase was shown to provide
a pathway for the fluid in both aragonite and Carrara marble
samples as reaction progress could be observed. However, the
aragonite dataset showed that reaction-induced fracturing
could create a more efficient fluid pathway and could increase
reaction rates with time due to the multiplication of the fracture
network through the progression of the reaction. This study
shows that CaCO; as aragonite can act as an effective sink for
cadmium-contaminated fluids and consequently be beneficial
for water decontamination. However both aragonite and Car-
rara marble were able to effectively sequester cadmium. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactions presented in this paper require high temperature and
pressure, and so are applicable to industrial decontamination.
Under environmental low temperature and pressure conditions,
we suggest that as calcite and aragonite solubilities decrease
with temperature, the reaction could also provide an efficient
decontamination strategy in natural settings. The impact of the
reaction-driven fracturing in aragonite could be modified by the
pressure and temperature changes and thus, similar reactions
should be investigated at lower temperature and pressure in
order to assess their efficiency for environmental remediation.

Data availability
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