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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher Calcium carbonate and cadmium-rich fluid interactions have been studied at the nano and microscale with fluid

flow and static fluid conditions for three forms of CaCOj3: calcite in single crystals of Iceland Spar, calcite in a

Keywords: polycrystalline Carrara marble, and aragonite single crystals. Atomic Force Microscopy (AFM) showed the
galdc@m carbonate nanoscale effect of cadmium on CaCO3 dissolution and growth under flow-through conditions at ambient tem-
admium

perature, with the modification of calcite dissolution behaviour and simultaneous precipitation of a Cd-rich
phase on all the different samples. Hydrothermal experiments at 200 °C revealed that the reactivity of single
calcite crystals is passivated by epitaxial growth of the less soluble Cd-rich endmember of the (Ca,Cd)COs solid-
solution on the sample surface due to the similar crystallographic structures of calcite and otavite (CdCOs3).
Conversely, the presence of grain boundaries in Carrara marble or the change of crystallographic structure and
reaction-induced fracturing in aragonite allowed, to some extent, the pseudomorphic replacement of Carrara
marble and aragonite samples by a porous (Ca,Cd)CO3 solid-solution phase of variable composition. These
phenomena have been observed in solutions undersaturated with respect to all solid phases and are the result of
an interface-coupled dissolution-precipitation mechanism where the dissolving CaCO3 provides ions to super-
saturate the mineral-fluid interfacial layer, leading to the precipitation of a Cd-containing phase on the samples’
surfaces. This coupled dissolution-precipitation mechanism could potentially be used as a remediation process to
sequester cadmium from contaminated effluents.

Dissolution-precipitation
Mineral replacement
Sequestration
Environmental remediation

1. Introduction Therefore, during the last decades research has focused on finding

methods and materials to remediate various environments and to reduce

Anthropogenic activities have increased heavy metal concentration
in soils and water effluents above environmental protection re-
quirements in various areas (Kubier et al., 2019). Cadmium (Cd)
contamination is an example of this phenomenon. Cadmium is highly
toxic upon long-term exposure and can cause renal tubular dysfunction,
osteoporosis, osteomalacia and kidney dysfunction (World Health Or-
ganization, 2010). The recommended threshold for Cd in drinking water
by the World Health Organization is 3 pg/L (World Health Organization,
2021); however, due to mining and the metal industry, municipal waste
incineration, fossil fuel combustion and other anthropogenic factors, the
levels of Cd in soils and ground water of some areas can significantly
exceed this value (Kubier et al., 2019).
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Cd bioavailability. In order to be sustainable, these materials have to be
low cost and with a minimal environmental impact and calcite fulfils
these requirements. Calcite (calcium carbonate, CaCO3) as limestone
and marble comprises a significant amount of sedimentary and meta-
morphic crustal rocks and is ubiquitous in soils and sediments. Calcite
can sequester heavy metals including Cd (Andersson et al.,, 2014;
Zachara et al., 1991). The uptake mechanism of Cd by calcite has been
previously studied using various methods and interpreted using
different mechanisms depending on the experimental parameters used:
adsorption of Cd*" on the calcite surface, followed by a hypothesized
solid-state diffusion of the Cd into the calcite to form a solid solution
(Davis et al., 1987; Tesoriero and Pankow, 1996; Zachara et al., 1991);

Received 19 August 2022; Received in revised form 29 January 2023; Accepted 30 January 2023

Available online 3 February 2023
0009-2541/© 2023 Elsevier B.V. All rights reserved.



M. Julia et al.

dissolution of calcite and growth of a solid solution of (Ca,Cd)COg on the
calcite surface (Chada et al., 2005; Chiarello et al., 1997; Chiarello and
Sturchio, 1994; Pérez-Garrido et al., 2007; Prieto et al., 2003; Reeder,
1996; Riechers and Kerisit, 2018; Xu et al., 2014); or a combination of
both mechanism (Garcia-Sanchez and Alvarez—Ayuso, 2002; Hay et al.,
2003; Stipp et al., 1992). The precipitate was often assumed to be pure
CdCOs3 (otavite), which is the cadmium-rich end member of the (Ca,Cd)
COs solid solution, as predictions of thermodynamic stability e.g., using
the Lippman diagram (Pérez-Garrido et al., 2007), show that this is the
thermodynamically most stable phase.

The precipitation and growth of a solid solution (Ca,Cd)CO3 on the
calcite (1014) cleavage surface has been previously observed and
studied with different analytical techniques. The reported growth pro-
ceeds by monomolecular step advancement and island growth with a
strong epitaxy between the calcite surface and the new phase due to the
close lattice parameters (Chada et al., 2005; Chiarello et al., 1997;
Chiarello and Sturchio, 1994; Hay et al., 2003; Pérez-Garrido et al.,
2007; Riechers et al., 2017; Riechers and Kerisit, 2018). This epitaxy
between the calcite surface and the Cd-rich phase precipitating from
solution and the low solubility of this new phase leads to a passivation of
the calcite surface (Chiarello and Sturchio, 1994; Pérez-Garrido et al.,
2007; Prieto et al., 2003). Atomic Force Microscopy (AFM) studies have
shown that Cd?* ions modify the calcite dissolution mechanism, but also
the specific shape of the new phase precipitating on the surface. This
phase forms rod-like precipitates along the [421] direction (Chada et al.,
2005; Pérez-Garrido et al., 2007; Riechers et al., 2017; Xu et al., 2014).

The aim of this study is to extend the previous work on calcite-Cd
interaction at different scales (nm to mm) and to focus on the investi-
gation of the influence of Cd within a carbonate rock or mineral. We
have studied both: (1) the nanoscale interaction between the calcite
(1014) cleavage face and Cd-bearing solutions by AFM in situ observa-
tions under fluid flow and static ambient conditions and (2) the effect of
grain boundaries on the calcite-Cd interaction by comparing the reac-
tion of calcite and Carrara marble cubes (3x3x3 mm3) after hydrother-
mal reaction in a Cd?* solution. Furthermore, the influence of structural
characteristics was tested using aragonite (CaCOgs) reactivity under
similar conditions, as it has the same composition as calcite but a
different crystallographic structure. Results identify nanoscale mecha-
nisms relevant for the sequestration of Cd from contaminated water
where a carbonate rock may act as a sink for toxic ions like Cd.

2. Materials and methods
2.1. Materials

2.1.1. Solids

Three different kinds of CaCO3 solids were used for the AFM and
hydrothermal experiments: calcite crystals (Island spar from Vizcaya,
Mexico), pure white Carrara marble (Carrara, Italy) and slightly
brownish-coloured aragonite (Molina de Aragon, Spain). XRD analysis
of the samples showed that the calcite crystals and Carrara marble were
almost pure (99.9%) CaCOs while the aragonite included also a small
amount of chemical impurities (XRD of the initial materials available in
supplementary materials). An X’Pert PW 3040 PANalytical diffractom-
eter and the X'Pert Data Collector software were used to collect the
diffraction data in the range 5-70° 2 Theta using CuKal radiation.
Inductively coupled plasma-optical emission spectroscopy (ICP-OES)
analyses indicated the high purity of the calcite Iceland spar crystal,
with trace amounts of Mn (31 ppb), Mg (2.8 ppb), and Sr (11.4 ppb).

Carrara marble, with an average grain size 300 um, was prepared by
cutting and polishing 3x3x3 mm? cubes and 3x3x1 mm? platelets, in the
absence of water, for hydrothermal and AFM experiments respectively.
Aragonite and calcite samples were prepared just before the individual
experiments by cutting approximately 3 mm crystals with a razor blade
for the hydrothermal experiments and thin (1 mm) flat cleavage surfaces
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for the AFM observations. For calcite, these flat surfaces exposed (1014)
cleavage. For aragonite, the samples were broken from a single crystal
possibly along a distinct cleavage direction, the strongest of which is
(010), and the obtained surfaces were rough at the nanoscale.

2.1.2. Aqueous solutions

Two different types of aqueous solutions were used for the experi-
ments and were all prepared immediately prior to the start of the ex-
periments (Table 1). Dissolution solutions were prepared from technical
grade CdCly (99%, Fisher Scientific) dissolved in deionized water (re-
sistivity >18 mQ cm) and were undersaturated with respect to all solid
phases. AFM growth solutions were prepared by mixing reagent grade
NayCOj3 and CaCl, with CdCl; solutions to reach a CaCO3 concentration
in solution of 0.32 mM. The growth solutions were super-saturated with
respect to CaCO3 and CdCOs and the Saturation Indexes (SI) are shown
in Table 1. The pH and SI of each solution were calculated with
PHREEQC (Parkhurst and Appelo, 1999). The pH of the solutions was
also measured with a pH meter to confirm the PHREEQC simulation
results.

2.2. Atomic force microscopy experiments

In-situ AFM observations of CaCO3 growth and dissolution were
performed with a Bruker Multimode Atomic Force Microscope in contact
mode using a flow-through fluid cell and Nunano SCOUT 70 RAu tips (k
= 2 N m™}). The scan rate used, appropriate for carbonate reactivity,
was 3.8 Hz giving a scan time of approximately 70 s. The images were
analysed with the Nanoscope Analysis 1.5 software, etch pit spreading
rate was calculated by measuring the distance increase between two
opposite parallel steps in sequential images (Ruiz-Agudo and Putnis,
2012).

Calcite and aragonite samples were prepared minutes before the
beginning of each experiment. Carrara marble samples were prepared in
advance to acquire flat and polished surfaces. The samples were glued
on Teflon sample holders with Leit-C solution (Plano GmbH, Germany)
and left at room temperature to allow the organic component to evap-
orate completely. Each experiment started by injecting deionized water
over the sample’s surface for approximately 10 min to clean it and adjust
the AFM parameters. This step was also used in the case of calcite to
check normal dissolution of the surface by observing the retreat of
rhombohedral etch pit sides at a rate of 1-3 nm/s (Ruiz-Agudo and
Putnis, 2012).

For calcite experiments, a dissolution or growth cadmium solution
was then introduced in the fluid cell. The solution was renewed by in-
jection between each scan with a flow of 2 mL per scan (approximately
70 s per scan) giving an effective flow rate of 28 uL s™. Ten to twenty
scans were acquired in flow-through conditions for each sample before
leaving the samples in static solution without scanning for thirty mi-
nutes to four days. The different solutions used on calcite samples are
summarized in Table 1. For the aragonite and Carrara marble AFM ex-
periments only the 0.1 mM CdCl; (and 0.1 M CdCl; for Carrara marble)
dissolution solution was used in order to compare the impact of cad-
mium ions on the dissolution of the respective surfaces.

Ex-situ long term experiments were also conducted on calcite sam-
ples by immersing freshly cleaved calcite in dissolution or growth so-
lutions described in Table 1 for eleven days. After the experiment, these
samples were quickly dried to avoid precipitation on the surface, imaged
by AFM and then carbon-coated for scanning electron microscopy (SEM)
(JEOL JSM-6510LA) equipped with energy-dispersive X-ray analysis
(EDX) and an electron backscattered detector.

The different AFM experiments, their parameters and the number of
repetitions executed for each set of parameters have been summarized in
Table 1.
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Table 1
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Composition of the solutions used for in situ and ex-situ AFM dissolution and growth experiment with measured pH, PHREEQC calculated solution ionic strength and

CaCO3 and CdCO3 saturation index and number of repetitions of each experiment.

Type of Material Type of Solution CaCOg saturation CdCO; saturation Ionic Strengh (mol/  pH Number of
experiment solution composition index index kgw) repetitions
(mmol/L)
Cdcl, CaCOs3
0.1 / / / 3.0E-04 6.2 6
. . 0.005 / / / 1.5E-05 6.2 3
Dissolution 0.05E
a 2.4E- . 2
Calcite 03 / / / 4E-07 6.8
. 0.2 0.32 0.7 3.8 1.9E-03 9.3 5
In-situ AFM Growth 01 032 08 35 1.7E-03 93 4
0.05 0.32 0.8 3.2 1.7E-03 10.0 3
Aragonite Dissolution 0.1 / / / 3.0E-04 6.2 4
Carrara Dissolution 0.1 / / / 3.0E-04 62 3
marble
0.2 / / / 5.9E-04 6.2 2
Dissolution 0.1 / / / 3.0E-04 6.2 2
. . 0.005 / / / 1.5E-05 6.8 2
Exsitu AFM Calcite 0.2 032 07 3.8 1.9E-03 93 2
Growth 0.1 0.32 0.8 3.5 1.7E-03 9.3 2
0.005 0.32 0.9 2.2 1.6E-03 10.2 2

2.3. Hydrothermal experiments

Hydrothermal experiments were conducted only with CdCly disso-
lution solutions. Carrara marble cubes and crystals fragments of arago-
nite and calcite were placed in 3 mL Teflon reactors with 2 mL of CdCl,
solution. The reactors were then sealed in brass cylinders, put in an oven
that was preheated to 200 °C and left at autogenous pressure for various
times. At this temperature and for a liquid-air ratio of 2/3 the autoge-
nous pressure can be estimated to be 16 bar. The number of repetitions
for each experiment is shown in Table 2. After reaction, the brass cyl-
inders were immediately cooled with compressed air to room temper-
ature to quench the reaction. The samples were removed from the liquid
and dried quickly. They were then imbedded in epoxy, cut through the
centre and analysed using the same SEM described in section 2.2.

2.4. 180 wracing of the interfacial replacement reaction

One Carrara marble and one aragonite sample were individually
immersed in 2 mL of 80-enriched CdCl, solution in a Teflon reactor and
sealed in a brass cylinder. The solution was prepared by mixing 1.5 mL
of Campro scientific 97 at.% 180 enriched water and 0.5 mL of 1.6 M
CdCl; solution to obtain a final Cd concentration of 0.4 M and 73 at.% of
180, These samples were heated at 200 °C and left at autogenous pres-
sure for 32 days. After reaction, they were cooled to room temperature
with air to quench the reaction and embedded as for the hydrothermal

Table 2
Number of repetitions of each hydrothermal experiment for the different ma-
terials, solution concentrations and times.

Material Duration (days) Solution concentration in CdCl,
0.1 mM 0.1 M 0.2M 0.4 M 2M
2 1 1 1 1 1
4 1 1 1 1 1
Calcite 8 2 2 1 2 2
16 1 1 1 1 1
32 2 2 1 2 2
2 1 1 1 1 1
4 1 1 1 1 1
8 2 2 1 2 2
Carrara marble 16 2 2 1 2 2
32 2 2 1 2 2
64 2 2 1 2 2
98 1 1 / 1 1
Aragonite 32 / / / ! !
64 / / / 1 1

experiments described in the previous paragraph. They were then ana-
lysed by Raman spectroscopy to track the reaction by detecting the peak
of 180 in the precipitates with a Horiba Jobin Yvon Raman-Spectrometer
using a 632 nm laser.

3. Results
3.1. Atomic force microscopy experiments

3.1.1. Calcite single crystals

The dissolution of a cleaved calcite surface occurs by rhombohedral
etch pit nucleation (Fig. 1A), expansion and step retreat (Liang et al.,
1996; Ruiz-Agudo and Putnis, 2012; Stipp et al., 1994). This mechanism
is altered by the introduction of cadmium in the dissolution solution.
During dissolution with a CdCly solution during AFM flow experiments,
we could observe the etch pit edges becoming rougher and their shape
changing from rhombohedral to lens shape with an acceleration of the
dissolution along the [421] direction and a decrease of the dissolution
rate along [010]. This modification of the shape was visible during
dissolution with 0.1 mM and 0.005 mM CdCl; (Fig. 1B). For lower Cd
concentrations, the etch pit shape change was less dramatic, resulting in
a rounding and roughening of the initial rhombohedral shape. The
overall dissolution rate measured along [421] and [010] crystallographic
directions decreased with an increase of cadmium concentration in the
solution, going from an average dissolution rate of 1.23 + 0.15 nm/s for
0.05 x 1073 mM of CdCl; to 0.61 + 0.10 nm/s for 0.1 mM CdCl,.

While flowing the CdCly solution on the calcite samples, nano-
particles (average observed size 50-150 nm) precipitation on the surface
occurred simultaneously to the dissolution. This precipitation was
especially observed in areas of fast dissolution, such as etch pit sides and
edges. After 22 h of dissolution in static solution some areas of the
samples were completely covered with nanoparticles. These particles
preferentially aligned along steps of distinct crystallographic directions
(often [421]) and merged together resulting in elongated forms with
straight sides (Fig. 2-B and C), which indicates a high degree of crys-
tallinity of the new precipitated phase. The height of the nanoparticles
was usually within the range from 1 to 2 nm (Fig. 2-A and C) to 10 nm
(Fig. 2-B and D). The number of particles covering the surface and their
height varied depending on the area of scanning and not only on the
solution concentration, as visible by comparing the images in Fig. 2-C
and D. Both of these images were taken on the same sample but on a
different area and the coverage of the surface as well as the height of the
particles varies significantly, confirming the heterogeneous nature of the
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Fig. 1. AFM deflection images of calcite cleavage surface dissolution with A) distilled water, B) 0.005 mM CdCl, solution. In the presence of de-ionized water,
rhombohedral etch pits show well-defined crystallographic steps (A), where the presence of Cd produces more rounded pits (B).

Fig. 2. AFM deflection images of calcite dissolution with A) 0.1 mM CdCl; solution for 10 min, B) 0.05 x 10°° mM CdCl; solution (5 ppb of Cd) for 1 h30, C) and D)
0.1 mM CdCl; solution for 22 h, both images were taken on the same sample on different areas. Results show the precipitation of nanoparticles of a new Cd-rich phase

on the calcite surface.

precipitation on the calcite surface.

After eleven days in a dissolution solution, AFM imaging showed that
the samples were covered with precipitated, merged nanoparticles. On
samples reacted in 0.2 mM and 0.1 mM CdCl; solution some rounded
particles, a few pm wide, can be observed by SEM. EDX analysis detected
cadmium in these particles. These Cd-containing particles were not

observed for solutions with a lower CdCl, concentration. However, EDX
did not detect cadmium on the sample’s surface, which could be due to
the difference between the analysis depth (probably up to a pm) and the
thin nm depth of the new layer (SEM images and EDX analysis available
in supplementary materials).

Previous AFM observations showed that calcite growth on a (1014)
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surface takes place by rhombohedral island nucleation and growth, step
advancement and spiral growth (Ruiz-Agudo and Putnis, 2012). When
flowing a growth solution containing CdCly, the islands shape and
nucleation is altered and the growth rate (island expansion rate)
increased (Fig. 3). Growth occurred by two distinct mechanisms, step or
island growth and nanoparticle precipitation, that depend on the surface
reactivity as well as the solution composition. The growth rates of our
samples have not been measured as the islands expansion rate was
highly variable and the rate of growth by precipitation could not be
measured.

After 20 h in a static growth solution, the calcite samples were
completely covered with a layer of the new phase formed via the step
and particle growth observed during the in-situ experiments (Fig. 4-A
and B). The nanoparticles sometimes merged together developing
straight sides and rhombohedral shapes.

When left in a growth solution for eleven days, AFM observations
showed that the samples were covered with the new phase (Fig. 4-C and
D) and small round particles were visible on the surface in SEM. As for
the dissolution experiments cadmium was detected by EDX in the par-
ticles but not on the flat surface (SEM images and EDX analysis available
in supplementary materials).

3.1.2. Carrara marble

AFM observations show that the surface of Carrara marble platelets is
rough (on a nm scale) with particles and carved lines, the latter probably
resulting from the cutting and polishing process. Dissolution in water
occurred with the apparition of rounded features (Fig. 5-A and B). After
dissolution in 0.1 mM CdCl, solution with fluid-flow for 30 min and then
static fluid for 16 h, no further modification of the surface was observed.
When increasing the solution concentration to 0.1 M CdCl, the aspect of
the sample’s surface changed. An increase of the number of rounded
features on the surface was observed minutes after the introduction of
the new solution (Fig. 5-C and D).

3.1.3. Aragonite

Aragonite crystals do not have as good a cleavage direction as calcite,
so the starting surface of the aragonite samples was rough on a nano-
metre scale. During dissolution in water, rounded features appeared on
the aragonite surface as visible in Fig. 6-A and B.

When flowing a CdCl; solution on the aragonite surface the disso-
lution continued with a simultaneous precipitation of Cd-rich particles.
The height differences between the particles and the underlying arago-
nite increased with time as showed in Fig. 6-C to F. In contrast to the
behaviour of calcite, particles on aragonite did not merge or show
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straight sides even after 48 h in the 0.1 mM CdCl; solution.

3.2. Hydrothermal experiments

3.2.1. Calcite single crystals

After reaction in 0.2 M, 0.4 M and 2 M CdCl; solutions from 2 to 32
days the calcite samples showed evidence of reaction. Small replaced
areas (Fig. 7-A and B) or a layer (Fig. 7-C and D) of (Ca,Cd)CO3 was
observed by back-scattered electron (BSE) imaging on the samples’
surfaces as well as CdCl; crystals that probably formed during quench-
ing. The amount of calcite replacement by the (Ca,Cd)COs solid solution
did not increase significantly with increasing reaction time or solution
concentration and seemed to be more dependent on features of the
sample microstructure, such as the presence of initial defects or fractures
caused by the cutting as we can see in Fig. 7-A and C where we observe
either small areas of replacement close to the surface where potential
defects were formed during the cutting as well as a higher amount of
replacement for a lower Cd concentration which is probably due to the
initial presence of more surface defects and fractures caused by the
cutting of this sample.

The replacement reaction from calcite to (Ca,Cd)COs3 solid-solution
preserved the original shape of the sample while the crystals of CdCl,
grew as a new layer on the sample’s surface.

For 0.1 M and 0.1 mM CdCl; solutions no replacement by (Ca,Cd)
COs3 solid-solution was detected by SEM and BSE and no or few CdCly
crystals formed on the surface. The concentration of these solutions was
possibly too low to induce the reaction observed with the other samples
in the given temperature and time conditions.

The amount of CdCl; crystals on the sample surface tends to increase
with the solution concentration and the time of reaction as well as the
sample weight (graphs of the evolution of the weight variation of the
samples for each reaction duration as a function of the solution con-
centration in Cd are available in the Supplementary Materials section).
The weight gain observed depends more on the crystallization of CdCly
on the surface (most likely formed during sample quenching) than on
the replacement of calcite by a (Ca,Cd)COs solid solution.

3.2.2. Carrara marble
The cadmium solution penetrated to the centre of the Carrara marble
cubes following the grain boundaries within 4 to 8 days for Cd con-
centrations between 0.1 M and 2 M and had reacted to form a thin layer
of (Ca,Cd)COs solid solution along the grain boundaries (Fig. 8-A and B).
When reacted for a longer time and/or in a higher concentrated
CdCl; solution the samples also showed a replacement reaction taking

Fig. 3. AFM deflection images of a calcite sample growth with A) 0.3 mM CaCOj3 solution and B) 0.32 mM CaCO3-0.1 mM CdCl, solution. Growth occurs by the
formation of islands with crystallographic-size unit height. Without Cd, the islands show well-defined crystallographic orientations (A), whereas the presence of Cd

produces more rounded islands (B).
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Fig. 4. AFM deflection images of a calcite sample growth after A) 22 h in 0.32 mM CaCO3-0.1 mM CdCl, solution, B) 19 h in 0.32 mM CaCO3-0.1 mM CdCl, solution,

C) and D) 11 days in 0.32 mM CaCO3-0.2 mM CdCl, solution.

place into the grains from the sample surface. The grains were replaced
by a (Ca,Cd)COs solid-solution (Fig. 8- C and D). As observed for calcite
single crystals, the replacement reaction was pseudomorphic as it pre-
served the initial shape of the marble cubes (confirmed by measure-
ments before and after the experiments), and a layer of CdCly crystals
grew on the cubes surface. The cube weight increased with the
replacement reaction time as well as the amount of CdCly crystals
growing on the cube surface. The Supplementary Materials contain plots
of sample weight variation at end of the experiments (Fig. 17 and 18 in
Supplementary Materials).

After 64 days of reaction the replacement reaction took place inside
the cube from the grain boundaries (Fig. 8-D).

As shown in Fig. 8-E to G, the newly formed solid solution is porous
and has a variable composition. Quantitative EDX analyses showed that
the (Ca,Cd)CO3 phase composition in one sample could vary within the
range CaCOs: 10 to 70% - CdCOs3: 90 to 30%. The amount of cadmium in
the newly formed solid solution is on average lower in the grain
boundaries and at the reaction front than near the sample’s edges.

3.2.3. Aragonite

A replacement reaction is also observed with the aragonite samples
(Fig. 9). The light colour phase is a (Ca,Cd)COs3 solid-solution that
replaced the aragonite. This replacement reaction occurred faster along
fractures inside the sample than on the outer rim. The new phase is
porous and its composition varies between CaCOs: 10 to 60% and
CdCO3: 90 to 40%. The fractures were probably induced by the
replacement reaction as initial samples did not show any fractures. After
reaction, the morphology of the samples was preserved and a layer of
CdCl; formed on the surface (again possibly during sample quenching).

3.3. 180 tracing of the interfacial replacement reaction

The Raman spectra of pure calcite, otavite and aragonite (available
in the Supplementary Materials) will be used to compare with our
reacted Carrara marble and aragonite samples. The Raman spectra of
calcite, otavite and aragonite and their band attribution have been
compared to values found in literature (Dufresne et al., 2018; Kon-
toyannis and Vagenas, 2000).

After reaction in ‘80 enriched water, the carbonate vl(C16O3)
stretching vibration band at 1085 cm™! in the calcite-otavite solid-so-
lution (Dufresne et al., 2018) of all our samples is accompanied by three
additional bands that correspond to the expected locations for the three
180-enriched isotopologues of carbonate: 11(C'®0'0,) at 1065 cm ™,
11(C1030) at 1045 cm ™! and v1(C'®03) at 1025 ecm ™! as visible in
Fig. 10. These bands have been attributed to these specific vibrations
according to Perdikouri et al. (2011) study. The measurements on
replaced areas of the samples showed the presence of the isotopically-
enriched carbonates bands vl(C1601802), vl(Cl'SO%BO) and vl(Clgog)
in addition to the v1(C'°05) stretching vibration band. The unreacted
parts of the samples did not show any bands of 180-containing carbon-
ates and could be matched with the reference spectra. In addition, when
measuring close to the reaction front, where EDX of the hydrothermal
samples showed a lower amount of replacement of the calcium car-
bonate by cadmium carbonate, the peaks of calcite and otavite are both
present with a double peak at 262-282 cm ™! and the calcite peak at 710
cm ! whereas close to the edge of the sample, where the solid solution
contains a high amount of cadmium, only the otavite 262 cm ™! peak is
measured.

Additional information could be gathered with the Raman analysis:
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Fig. 5. AFM deflection images of a Carrara marble sample A) dry surface, B) after 10 min in water flow, another Carrara marble sample C) after 24 h in static water
and then D) 5 min in 0.1 M CdCl, solution flow in the same area. Water induce the apparition of rounded features on the marble surface (A compared to B) and
cadmium increase the amount of these features and decrease their size (C compared to D).

the Raman spectra of the (Ca,Cd)COs solid solution on the aragonite
sample also showed that the replaced part is only a calcite-otavite solid-
solution and does not contain any remaining aragonite.

4. Discussion

The main results are: 1) cadmium has a measurable impact on CaCO3
growth and dissolution at the nanoscale even under fluid flow condi-
tions; 2) a coupled dissolution-precipitation takes place on the CaCOs3
{1014} surface when exposed to a cadmium solution; 3) this coupled
dissolution-precipitation mechanism induces a pseudomorphic
replacement reaction in Carrara marble and aragonite samples but 4)
passivates the surface of a calcite single crystal.

4.1. Observation at the nanoscale of the impact of cadmium on CaCO3
dissolution and growth

AFM in situ observations showed the impact of Cd%t on CaCO3
growth and dissolution as observed on the {1014} calcite cleavage
surface. During growth the presence of Cd%* ions modified the shape of
the islands nucleating and growing on the surface, making them irreg-
ular and differing from the rhombohedral shape of islands during reg-
ular calcite growth (Ruiz-Agudo and Putnis, 2012). This modification
could be due to the high supersaturation with respect to otavite of the
solution used that could have led to a fast precipitation of Cd-containing
nano-species or nanoclusters on the surface, potentially nucleating new
islands and modifying their shape by preferential attachment to pre-
existing islands edges. This mechanism could also explain the growth

by nanoparticle precipitation that was also observed on some parts of
the sample surfaces. When a calcite surface is exposed to an undersat-
urated Cd solution, dissolution of the regular rhombohedral etch pits
progressively change shape possibly due to the pinning of the acute
angles by cadmium ions and to the potential competition between
CaCOs dissolution and Cd adsorption on the surface. The dissolution rate
increases along [421] and decreases on [010], modifying the etch pit
from rhombohedral to a “lens” shape. This phenomenon has previously
been observed during dissolution in static fluid (Pérez-Garrido et al.,
2007) but is also now shown to take place with fluid flow. The modifi-
cation of calcite behaviour during growth and dissolution has been
previously explained as the consequence of ion (here Cd) adsorption at
specific sites on the calcite surface. Depending on the size of the ion, the
kink sites used for the adsorption will vary as observed in previous
studies (Guren et al., 2020; Paquette and Reeder, 1995; Reeder, 1996;
Renard et al., 2018, 2015, 2013; Ruiz-Agudo et al., 2010; Ruiz-Agudo
and Putnis, 2012).

4.2. The mechanism of coupled dissolution-precipitation observed by
atomic force microscopy

Additionally, during calcite dissolution in a CdCl, solution under
flow-through conditions, the precipitation of a new phase was observed
on all samples surfaces even with solutions undersaturated with respect
to any possible Cd or Ca phase. In the case of calcite, the new precipitates
were nanoparticles formed along dissolving step edges and etch pit
sides, that is, at sites where enhanced dissolution occurred (Fig. 2). In
the case of aragonite and Carrara marble, they appeared as rounded
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Fig. 6. AFM deflection images A) surface of an aragonite sample before water injection B) the same sample after 5 min of dissolution in water, C) deflection and D)
height image of a sample after 3 days in 0.1 mM CdCl, solution, E) deflection and F) height image of the same sample 23 h after pictures D and C were taken still in
0.1 mM CdCl,. In water, aragonite shows rounded features developing on its surface. Precipitation occurs on the surface when exposed to cadmium as we can see with
pictures C and E, the height measured between point (a) and (b) increased by 50 nm between pictures D and F (measured with Nanoscope software).
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Fig. 7. BSE images of calcite samples reacted in A) and B) 0.4 M CdCl, for 32 days, C) and D) 0.2 M CdCl; for 32 days. The white areas correspond to CdCl; crystals,
dark grey areas to unreacted calcite and lighter grey areas to the (Ca,Cd)CO3 solid solution. The white squares on A and C show the areas where picture B and D

were taken.

7500 pum m—
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3 30 pm

Fig. 8. BSE images of Carrara marble samples reacted A) and B) 4 days in 0.1 M CdCl, solution and C) and D) 64 days in 0.4 M CdCl,. The white crystals around the
samples correspond to CdCl,, the dark grey areas to unreacted calcite and the lighter grey areas to the (Ca,Cd)COj3 solid solution. E) BSE image of a zoom on a Carrara
marble sample reacted 16 days in 0.2 M CdCl; at the replacement reaction boarder and EDX mapping of the same area for F) cadmium and G) calcium.

features on the sample’s surface without signs of merging or alignment
along preferred directions (Fig. 5 and Fig. 6), probably due to the high
roughness of the surface at the nanoscale and to the material hetero-
geneity in the case of Carrara marble.

These observations can be explained by the formation of a boundary
layer at the mineral fluid interface with a different composition from the
bulk solution, which has also been proposed in previous studies (Putnis
et al., 2021; Putnis and Ruiz-Agudo, 2021; Ruiz-Agudo et al., 2014).

During the dissolution of CaCOs in the presence of cadmium ions, Ca%*
and CO% ™~ ions are released to the interfacial fluid layer that can become
saturated and subsequently supersaturated with respect to a new (Ca,
Cd)COs3 solid solution phase. This scenario would be favoured where
dissolution of the carbonate is faster than diffusion of ionic species away
from the mineral-fluid interface, that is at positions of faster dissolution
such as step edges and etch pits.

The CaCO3-CdCOs solid solution is nearly ideal but as CdCO3 is much
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B

Fig. 9. BSE images of two aragonite samples reacted for 32 days in A) and B) 0.4 M CdCl, (same sample, different area) and C) 2 M CdCl,. The grey central area
corresponds to the initial aragonite, the light grey areas to the (Ca,Cd)CO3 solid solution and the white crystals on the surface are CdCl,.
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Fig. 10. Raman spectra of a Carrara marble cube reacted for 1 month in 0.4 M CdCl, solution enriched in '®0. Data of a) an unreacted part of the sample, b) a
replaced area. The reacted part shows the three additional bands resulting from the incorporation of the '80-enriched isotopologues of carbonate.

less soluble than CaCO3 (the solubility product of calcite is K, = 107848
and otavite is Ksp, = 107121, precipitation of a solid solution composition
close to the end member CdCO3 is eventually thermodynamically

10

favoured. This can be seen in the Lippmann diagram of the (Ca,Cd)CO3
solid solution ((Ca,Cd)COj3 solid solution Lippmann diagram available in
Supplementary Materials) (Lippmann, 1980) and discussed by Pérez-
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Garrido et al. (2007). A Lippmann diagram plots both the solution and
solid compositions, showing the solidus/solutus thermodynamic equi-
librium states for a given binary solid solution in equilibrium with an
aqueous solution containing the two substituting ions (in this case Ca®*
and Cd*"). In our case the final state would be close to the Cd-end
member (Lippmann diagram of the (Ca,Cd)COs solid solution in sup-
plementary documents). The EDX analysis of the sample surface allowed
us to detect cadmium on the new precipitates covering the surface but
not to perform a quantitative analysis as the thickness of the layer was
too thin (a few nm) compared to the electron beam penetration depth
(possibly a pm). The observed precipitation of rounded nanoparticles
with a low adhesion to the surface in AFM is consistent with the pre-
cipitation of an amorphous precursor on the calcite surface as observed
by Riechers et al. (2017) in the case of otavite epitaxial growth on
calcite. The growth of this new phase on the surface thus probably fol-
lows a non-classical crystallization pathway (Putnis et al., 2021;
Riechers et al., 2017) with growth by nanoparticle precipitation and
merging (Putnis and Ruiz-Agudo, 2021). However, in the case of calcite
the merged particles showed a straightening of their sides after 1-2 h,
indicating that these amorphous nanoparticles could tend to merge and
transform into a crystalline phase.

The formation of elongated particles on calcite’s (1014) surface
along [421] direction and their merging has been observed by AFM in
static conditions in previous studies (Chada et al., 2005; Pérez-Garrido
et al., 2007; Riechers and Kerisit, 2018; Xu et al., 2014). The elongation
of the particles along a specific direction has been interpreted as a
consequence of the structure of the calcite surface. This can be predicted
by the direction of the periodic bond chain model (Paquette and Reeder,
1995) and of the elastic modulus of the [421] direction, which is the
lowest of the (1014) surface (Lea et al., 2003). In this study, the same
phenomenon was observed in flow-through conditions, showing that the
formation of the saturated boundary layer at the mineral-fluid interface
is almost instantaneous and persistent under flow conditions. However,
after several hours or days in a static dissolution solution we observed
that the coverage of the surface is inhomogeneous. This is explained by
the heterogeneity of the calcite surface reactivity (Arvidson et al., 2003),
the subsequent dissolution rate changes depending on the reactivity of
the surface observed and thus the supply of calcium and carbonate ions
into the interfacial layer. Therefore, the changing composition of the
mineral-fluid boundary layer is heterogeneous, as well as the supersat-
uration state and precipitation rate. The latter will result in a temporary
lowering of the saturation state at the specific nanoparticle precipitation
position that then induces faster dissolution, as seen in coupled fluctu-
ations in element release during dolomite (Ca,Mg)COs dissolution
(Putnis et al., 2014). Ultimately, the coupled reactions at the mineral-
fluid interface are dynamic, reflecting the complex energy landscape
of the mineral surface (Navrotsky, 2004; Putnis et al., 2021).

Growth of the Cd-bearing phase on the marble and aragonite crystals
showed no indications of being controlled by the dissolving mineral
crystal structure, unlike in the single crystal calcite experiments where
precipitation was clearly favoured along specific calcite crystallographic
directions.

Calcite and otavite (CdCOg3) have the same crystallographic structure
(trigonal), leading to the epitaxial growth of the new phase on its sur-
face. Meanwhile, aragonite has a different structure (orthorhombic) so
that the new phase precipitates preferentially at energetically favour-
able sites on its surface without epitaxial growth. Prieto et al. (2003)
also observed that aragonite and calcite have drastically different uptake
capacities towards Cd*" ions in solution because of the crystallographic
relationship between otavite and calcite. On calcite, the precipitation of
otavite or a (Ca,Cd)COs3 solid solution occurs as epitaxial growth
(Chiarello and Sturchio, 1994; Pérez-Garrido et al., 2007) of a nano-
metric layer that is less soluble than calcite. This effect results in po-
tential passivation of the calcite surface, whereas the precipitates do not
cover the aragonite surface, allowing continued dissolution and
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providing carbonate ions for further otavite precipitation. Thus, the
height difference between the particles and the surface on aragonite
samples increases with the dissolution-precipitation process while the
passivation of the calcite surface inhibits the particle growth after some
time. This was also observed in our AFM experiments (Fig. 2 and Fig. 6).
For Carrara marble, this difference with single calcite crystals could be
due to the preparation of the samples. The marble platelets were saw cut
and the calcite grains (averaging 300 pm) exposed different planes,
which can impact the precipitation, growth mechanism and rates
observed on the Carrara marble surface by favouring the precipitation
on some energetically favourable sites and/or preventing the epitaxial
growth of (Ca,Cd)COs solid solution and also make the crystallographic
directions difficult to establish. Moreover, the dissolution observed in
water happens with the apparition of rounded features on the surface
instead of etch pits nucleation and growth or step retreat. This different
dissolution behaviour could be caused by a dissolution mechanism not
dominated by etch pit nucleation and spreading but by the removal of
surface clusters. We hypothesize a non-classical growth mechanism
involving nanoparticle merging and cluster formation (Putnis et al.,
2021) during the metamorphic transformation (recrystallization) of the
Carrara marble. This could subsequently impact the mechanism of
dissolution of Carrara marble as well as the precipitation of other phases
on its surface. Such a dissolution process has been suggested by de Ruiter
et al. (2019) during the dissolution of quartz at high pH.

4.3. Coupled dissolution-precipitation mechanism leading to a
replacement reaction

The mechanism of dissolution precipitation observed by AFM on our
samples’ surfaces was also found to take place within the samples in the
case of aragonite and Carrara marble but not calcite single crystals. The
reactions between marble and Cd solutions were remarkable in showing
a coupled dissolution-precipitation reaction occurring along the grain
boundaries towards the centre of the cubes (Fig. 8).

By performing hydrothermal experiments for different CdCl, solu-
tions concentrations and durations, a replacement reaction has been
observed in several samples. These reactions allow the replacement of a
mineral by a new phase through a fluid mediated re-equilibration pro-
cess where the initial mineral dissolves and a new phase precipitates
from the supersaturated fluid-mineral boundary layer. The driving force
for the reaction is the disequilibrium between the mineral and aqueous
fluid. To allow the advancement of the reaction front within the sample,
the new phase has to be porous for the fluid to reach the initial material
and continue dissolving it to provide ions to supersaturate the boundary
layer. Porosity development during a coupled dissolution-precipitation
reaction will be achieved considering both the molar volume change
between the parent and product phases as well as the relative solubility
differences (Pollok et al., 2011; Putnis and Putnis, 2007; Putnis et al.,
2005). In the case of this study the molar volumes of our different ma-
terials are: 36.93 cm®/mol for calcite, 34.15 cm®/mol for aragonite and
33.97 em®/mol for otavite (calculated using the cell parameters of the
materials from the website “Mineralogy Database, n.d.”). As calcite and
otavite have the same crystallographic structure and close lattice pa-
rameters, the molar volume of the (Ca,Cd)COs3 solid solution will be
between calcite and otavite molar volume and will depend on the solid
solution composition. These reactions are common in many geological
systems and examples of replacement reactions of carbonates rocks have
been previously observed and studied (Jonas et al., 2014; Pedrosa et al.,
2017, 2016).

A porosity within the replaced phase could be seen in our reacted
marble and aragonite samples, thus potentially enabling the fluid to
penetrate and react further within them (Fig. 8 and Fig. 9). Further
evidence of this mechanism is presented in the Carrara marble and
aragonite samples reacted in the presence of '®0-enriched solutions.
Raman spectroscopy shows the presence of 20 in the replaced phase but
not in the unreacted material (Fig. 10). As shown by Perdikouri et al.
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(2011), the equilibration of 180_enriched water with carbonates in so-
lution occurs extremely fast at 200 °C (0.9 s for 90% equilibration),
producing '80-enriched carbonate ions almost immediately after con-
tact of the original '°0 carbonate with the enriched solution. Our
experiment with '80-enriched water allowed us to confirm that the
Carrara marble and aragonite (both CaCl603) have been dissolved
before the incorporation of 180 from the enriched water and the (Ca,Cd)
C'805 solid-solution precipitation, confirming our hypothesis of a
replacement by the dissolution-precipitation mechanism. In the present
study the impact of: 1) the crystallographic structure difference between
the original phase and the product phase and 2) the presence of grain
boundaries on the dissolution-precipitation reaction has been observed.
A disparity of behaviours has been observed in our different samples and
can be linked to their physical and structural characteristics, given that
all samples studied are CaCOs.

4.3.1. Calcite-otavite: Single crystal and close crystallographic structure

In the case of calcite single crystals, the replacement reaction is
extremely limited. Only a few surface inclusions or a thin layer of (Ca,
Cd)COs solid solution could be observed on the sample surfaces even for
high CdCl, concentrations and/or long reaction time. The amount of
replacement was not observed to increase with the concentration of the
solution nor with the duration of the experiment, which seems to indi-
cate that the sample surface is passivated by a thin layer of the new
phase. The epitaxial growth of the (Ca,Cd)COj3 solid solution on the
calcite sample does not allow the development of porosity in the new
phase, blocking the potential pathways for the fluid and inhibiting
calcite dissolution and passivating the samples as observed in previous
studies (Pérez-Garrido et al., 2007; Prieto et al., 2003). This observation
shows that the epitaxial growth is governed by the Stranski-Krastanov
mechanism, as observed by Pérez-Garrido et al. (2007), where an
almost perfect fit between the new product surface and the substrate
allows the passivation of the underlying parent material. A mechanism
involving a lower substrate-overgrowth adhesion, that is, a higher order
of misfit between parent and product phases, as described by the
Volmer-Weber mechanism, would not entirely prevent the dissolution-
precipitation reaction and therefore not effectively passivate the sur-
face. By arresting the replacement reaction, subsequent release of ions to
the fluid-mineral boundary layer was prevented. The weight increase of
the samples is partly due to the increased molar weight of the new Cd
phase but possibly mostly due to the precipitation of CdCl; crystals from
solution during the fast quenching of the samples, the amount of CdCl,
crystalizing on the samples increasing with the reaction time and solu-
tion concentration (Table 1).

4.3.2. Carrara marble-otavite: Control by grain boundaries and the same
crystallographic structure

In the Carrara marble samples, the replacement reaction takes place
on the outer rim of the sample and along the grain boundaries while
preserving the initial shape and size, that is, a pseudomorphic replace-
ment reaction (Fig. 8). The grain boundaries act as fluid pathways,
allowing the fluid to eventually penetrate to the centre of the cubes with
the formation of a thin layer of (Ca,Cd)COs solid solution along the
boundaries. After two months of reaction, the replacement also could be
observed to take place from the grain boundaries into the inner grains of
some samples. Moreover, the grains on the outer rim are replaced by
(Ca,Cd)CO3 solid solution of variable compositions showing a possibly
interconnected porosity (Fig. 8) that would allow the fluid to penetrate
into the sample and enable the replacement reaction to continue. The
lower molar volume of otavite and the (Ca,Cd)CO3 solid solution
compared to the initial calcite grains, coupled with the solubility dif-
ference between the phases, allowed the formation of this porosity. The
variation of composition in the solid solution is partly a consequence of
the temperature of reaction allowing a larger range of components of the
CdyCa; xCO3-H0 system to precipitate at 200 °C (Wang and de Leeuw,
2008) than at room temperature as well as the evolving variation in the
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fluid composition at the reaction interface. Coupled dissolution-
precipitation reactions are characterized by the dynamic evolution of
product compositions as the reaction interface proceeds within the
parent mineral, as a result of fluid flow through the interconnected
porosity formed in the new phase (Putnis et al., 2005). The fluid is
deprived in cadmium when the new phase precipitates, leading to the
precipitation of a (Ca,Cd)COs solid solution containing less cadmium
until the diffusion through the reaction layer from the bulk solution
provides more cadmium to the fluid in the sample (Pollok et al., 2011).
This is also visible when analysing the composition of the (Ca,Cd)CO3
solid solution along the grain boundaries, the phase in the centre of the
cube contains less cadmium as the cadmium supply is slower inside the
cube.

The replacement reaction is seen to slow down with time, the one-,
two-, and three-month hydrothermal experiments being quite similar.
The replacement reaction will be rate-limited by diffusion within the
fluid phase and follow a diffusion profile that decreases with time
(Putnis and Mezger, 2004). Consequently, as well, the replacement re-
action would be reaction and advection limited so that further within a
sample all rates would decrease. It is also possible that textural re-
equilibration occurs so that the porosity does not continue to provide
a connected fluid pathway large enough for the fluid to keep providing
Cd ions to the reaction front, leading to the eventual cessation of the
reaction. Once chemical equilibration begins, it is followed by textural
equilibration involving the coarsening of the porosity that may then lose
connectivity as the system will tend towards a lower free energy, in this
case by reducing its interfacial surface area (Putnis et al., 2005). Addi-
tional experiments and analyses would be necessary to further investi-
gate this replacement reaction and the extent to which it could proceed.

4.3.3. Aragonite-otavite: Single crystal and different crystallographic
structure

A replacement reaction is also observed in the single crystal arago-
nite samples, but the mechanism is different from the single calcite
crystals and the reaction with Carrara marble. A thin layer of replace-
ment is observed on the outer rim of the samples but the main part of the
replacement takes place inside the samples along newly-formed frac-
tures. This phenomenon has also been observed for aragonite-calcite
transformation with a combination of fracturing of the crystal and
initiation of nucleation and growth of the product phase (Perdikouri
etal., 2013, 2011). Reaction-induced fracturing has often been observed
during dissolution-precipitation replacement reactions (Jamtveit et al.,
2009; Jamtveit and Hammer, 2012; Putnis and Putnis, 2007; Renard,
2021), probably resulting from interfacial stress during the replacement
reaction. The (Ca,Cd)COs solid solution replacing the aragonite has a
composition varying in the range Cagp1Cdg9CO3 to CagpgCdg4COs3.
Considering that calcite and otavite have the same crystallographic
structure and close lattice parameters, the Vegard law allows us to
calculate the molar volume of the solid solutions, which is then
comprised between 34.27 em®/mol and 35.75 em®/mol. This molar
volume is slightly superior to the aragonite molar volume which could
then cause the accumulation of interfacial stress during the replacement
reaction, leading to the fracturing of the sample. Consequently, the
fractures create fluid pathways allowing the fluid to penetrate the
sample and proceed to the dissolution-precipitation reaction at the
interface. As the crystallographic structures of the original aragonite
crystal and the new (Ca,Cd)COs phase are different there is no epitaxy
between the phases, allowing the replacement reaction to proceed
through the newly formed porous material rather than passivating the
surface as in the case of calcite single crystals. The porosity of the new
material is probably created by a solubility difference between the initial
and newly formed material rather than by the molar volume difference
as the new material has a higher molar volume (Pollok et al., 2011).
Moreover, as shown by the Raman spectroscopy of the aragonite sample
reacted in '80-enriched CdCl, solution, no aragonite remains in the
replaced phase. Aragonite being unstable in the reaction conditions,
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only calcite and otavite precipitated after dissolution of the initial
aragonite (Perdikouri et al., 2011).

4.4. Implications for potential environmental remediation

Coupled dissolution-precipitation reactions result in a more stable
less soluble product mineral phase. When environmental waters such as
rivers, lakes, estuaries, seas and oceans are contaminated with toxic
elements, mostly through anthropogenic processes, it may be possible to
introduce remediation barriers to sequester the toxic elements such as
cadmium, into a low solubility phase that then can be physically
removed in the solid state. Calcium carbonate is a readily available
mineral in the form of limestone and marble (calcite) and sea shells
(aragonite). Our results indicate the relative uptake ability of theses
phases towards Cd in hydrothermal conditions at 200 °C and 16 bars.
These high temperatures and pressure conditions have been used to
accelerate the reaction kinetics as required to observe a significant re-
action in our samples in a time scale compatible with our project and
subsequently we have modified the thermodynamics of the system by
allowing a wider range of (Ca,Cd)COj3 solid-solutions to precipitate in
the given time. However our results indicate that there is a difference
expected in the uptake ability of these materials and our AFM experi-
ments conducted at room temperature also demonstrate that for all of
the materials studied the presence of the dissolving surface enables the
formation of a Cd-enriched phase. The hydrothermal experiments
demonstrate that although an epitaxial relationship between the Cd-
bearing phase and calcite is important in limiting replacement on cal-
cite’s main cleavage surface, this effect is not as dominant when multiple
surfaces are present in a calcite-rich system (Carrara marble) or in
aragonite systems. This effect will also be critical at room temperature
over longer time scales than were examined here, that are relevant to
remediation schemes. Although a larger range of Cd—Ca solid solution
compositions is possible at higher temperatures, our hydrothermal ex-
periments indicate that a significant amount of Cd can be taken up by
marble or aragonite at room temperature as the formation of phases with
higher Cd content is more favourable under these conditions. However,
longer-term experiments could be conducted to verify the applicability
of this replacement reaction as a Cd-capture tool in an ambient envi-
ronmental temperature setting. Previous research has also shown how
other toxic cations such as Pb can be trapped by calcium carbonate in a
new more stable carbonate phase (Di Lorenzo et al., 2020) or metal
hydroxide phases (Hovelmann et al., 2018). As well, toxic anions such as
Se, As, Sb, Cr, can be removed from solution by the formation of more
stable calcium phases (Guren et al., 2020; Renard et al., 2018, 2015,
2013). In effect, a knowledge of the mechanism of mineral replacement
processes in the presence of an aqueous phase at the nanoscale enables
us to propose remediation strategies. Given the current threat of toxic
elements in the environment, there is an urgent need to protect sensitive
ecosystems as well as human health.

5. Conclusion

Our experimental results indicate that cadmium interacts in different
ways with various calcium carbonate phases (calcite and aragonite
single crystals, Carrara marble) under ambient and hydrothermal con-
ditions, through an interface-coupled dissolution precipitation mecha-
nism. These results exemplify ways in which minerals and rocks may
sequester toxic elements, such as cadmium, from contaminated envi-
ronmental aqueous fluids.

e Calcite dissolution behaviour is impacted by Cd** even in flow-
through conditions with the deformation of the rhombohedral etch
pit shape by adsorption of Cd?* on kink sites and precipitation of
nanoparticles on the calcite surface. On longer term exposure to Cd-
rich fluids the precipitate can passivate the calcite surface by
epitaxial growth of a less soluble (Ca,Cd)COs layer.
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e The presence of fluid pathways (in this case grain boundaries in
Carrara marble) or the change of crystallographic structure and
reaction-induced fracturing (aragonite), allows the CaCOs to react
further with a Cd-rich fluid, leading to a partial replacement of the
initial calcium carbonate by a (Ca,Cd)COj3 solid-solution. This new
phase is porous and has a variable composition due to eventual
reduced mobility of the fluid further up to the reaction front through
the newly created interconnected porosity.

Calcium carbonate (in the form of limestone, marble or aragonite)
could potentially be used as barriers to sequester cadmium from
contaminated effluents through a coupled dissolution-precipitation
mechanism whereby Cd is trapped in a stable and less soluble solid
phase, (Ca,Cd)COs.
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