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ABSTRACT: The formation of micrometric-thick mineral cohesive layers is
a novel method to prevent the deterioration of historical buildings. Here, we
study the formation of thin, cohesive, pseudomorphic shells of strontianite
(SrCO;) and witherite (BaCO;) on the surface of calcite (CaCO;) single
crystals reacted with aqueous solutions bearing Sr** and Ba®*, respectively.
The reaction front moves inward from the calcite—solution interface through
a dissolution—crystallization reaction, which stops before the strontianite and
witherite shells are barely 40 thick. These shells consist of elongated
crystallites that grow oriented on the calcite substrate, with which they share very small contact areas. The calcite—strontianite and
—witherite epitaxies are mono-dimensional and involve a parallelism between (1014)c,ll(021)g, . Strontianite and witherite
cohesive layers remain strongly attached to the calcite substrates, which appear crack-free even after 2 years of reaction time. The
formation of thin, cohesive, and durable replacement layers of strontianite and witherite may provide a long-lasting protection for
calcitic marbles and limestones used as building stones in cultural heritage.

B INTRODUCTION atmospheres). This type of treatment has been successfully
applied, both in situ and in the laboratory, to calcite crystals,

Calcite is the stable pol h of CaCOj; under Earth surf:
acie 18 Hhe stable polymorph oF Lat Ly under Barth suriace on whose surface a micrometric thick layer is replaced by a

conditions.” Moreover, calcite is the main mineral constituent

of limestones and a major component of most marbles. Both cohesive layer of calcium oxalate after interaction with oxalate-

bearing fluids.”*”'® Due to the large positive molar volume
change (more than S50%) associated to this mineral
replacement reaction, the so-formed calcium oxalate cohesive
layer effectively protects the calcite substrates since it is
virtually devoid of porosity.

A good adhesion between the substrate and the overgrowing
cohesive layer is a key factor that determines how effectively
the cohesive layer can preserve the building stone from
alteration.”®” Indeed, the fragility of calcium oxalate cohesive
layers and their proneness to detach from the calcitic substrates
constitutes the main problem of this building stone treatment.
Commonly, the existence of crystallographic relationships
between the overgrowth and the substrate facilitates the
formation of more strongly attached and less fragile over-
growths."'~'? However, epitactic overgrown cohesive layers
can also develop cracks due to accumulated tensile stress.'* ™'
Though these cracks originate within the cohesive layer, they
can often also penetrate the substrate, irreversibly damaging it

limestone and marble are considered ornamental rocks and
have been widely used as building materials since ancient
times. Numerous cultural heritage buildings and structures are
partially or entirely built with these rocks, from the Megalithic
temples of Malta (Globigerine limestone) and the Greek
Parthenon (Pentelic marble) to the Taj Mahal (Makrana
marble) and many european royal palaces like those of Madrid
and Aranjuez (Colmenar limestone). Most limestones and
many marbles contain substantial volumes of porosity.” The
presence of this porosity makes limestones and marbles highly
prone to alteration as it provides them with large surface areas
where the interaction with the environmental elements and
colonization by microorganisms can take place.”* An
increasing awareness of the unique value of cultural heritage
and the importance of preserving it for future generations has
prompted the search of novel methods to prevent the
deterioration of art treasures and historical buildings.” In
the case of the latter, numerous treatments have been applied
to prevent the alteration of building stones. One of these
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stones. These cohesive layers reduce the porosity of the .
building stones and, as a result, its exposure to potential = -

alteration vectors (microorganisms, pollution, and acid
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and making its interior accessible to alteration vectors that can
further increase the damage.16 Therefore, the formation of
cracks may become a major hindrance to the extended
application of cohesive layer-based methods in the con-
servation of cultural heritage building stones.

Strontianite (SrCO;) and witherite (BaCO;) are ortho-
rhombic carbonates (space group Pmcn; strontianite: a = 5.090
A, b=28358 A, and ¢ = 5.997 A; witherite: a = 5.3126 A, b =
8.8958 A, and ¢ = 6.4284 A), isostructural with aragonite
(CaCOs,),"” whereas calcite is trigonal (space group R3¢, a =
4.988 A, and ¢ = 17.061 A).'® Aragonite and calcite type
structures share structural features since both consist of layers
of hexagonally arranged calcium atoms alternating with also
hexagonally arranged CO; layers.'” The similarities between
both types of structures increase the possibility for the
development of epitactic relationships between crystals with
aragonite-type and calcite-type structures.”’>* Strontianite
and witherite have molar volumes that are 5.6 and 24.1% larger
than the molar volume of calcite, respectively. Therefore, we
hypothesize that the replacement of a micrometric outermost
layer of the calcite crystals by either strontianite or witherite
may result in the formation of cohesive layers, constituting a
potentially effective treatment for protecting limestone and
marble surfaces from interaction with the alteration vectors.

In this work, we study the reaction of rhombohedral calcite
single crystals with aqueous solutions that bear different Sr or
Ba concentrations. The interaction results in the formation of
strontianite or witherite replacement layers on the calcite
substrates. By using a combination of different microanalytical
techniques, we assess the existence of crystallographic
relationships between the overgrown layers and the substrate.
Furthermore, we investigate the influence of temperature,
interaction time, and aqueous solution concentration in the
textural and compositional features of the strontianite and
witherite cohesive layers and evaluate the effect that the
formation of these overgrowths may have on the calcite parent
substrate. These results provide insights into the factors that
must be considered when designing effective cohesive layer
formation-based treatments for the protection of limestone and
marble cultural heritage buildings.

B EXPERIMENTAL SECTION

Several experiments of interaction were conducted between aqueous
solutions bearing different concentrations of either Sr or Ba (0.05 and
1 M) and rhombohedral calcite surfaces. The aqueous solutions were
prepared by dissolving reagent grade SrCl,-6H,0 or BaCl,-2H,0
(Sigma-Aldrich, St. Louis, MO, USA) in high-purity deionized water
(Milli-Q; Burlington, MA, USA) (18 MQ-cm). Highly pure optically
clear calcite single crystals (Iceland spar variety) from Naica (Mexico)
were used as starting material. These crystals were cleaved along the
(1014) planes in fragments of approximately 2 X 3 X 3 mm, which
were then washed with deionized water and ultrasonically cleaned.
For each experiment, three different calcite fragments were used.

Two types of experiments were performed: (1) experiments at 25
+ 0.5 °C and atmospheric pressure were performed in a thermostatic
chamber (JP Selecta) by placing a calcite fragment together with 1.5
mL of aqueous solution in polypropylene reactors sealed with a lid.
(2) Hydrothermal experiments at 70 + 1.5 and 120 + S °C under
endogenous pressure were carried out by placing 3 calcite fragments
into sealed polytetrafluorethylene liners filled with 4.5 mL of the
aqueous solutions. The liners were placed in sealed stainless-steel
autoclave reactors, and then, these were placed in a preheated oven
(Memmert GmbH UN110 Single).

The experimental runs lasted between 30 min and 2 years (Table
S1). Once the experiments were concluded, reactors were removed
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from either the thermostatic chamber or the oven, cooled to room
temperature if required, and then opened. The interacted calcite
fragments were removed from the solution, washed, first with Milli-Q_
water and then with ethanol, and left to dry overnight at 50 °C in the
thermostatic chamber.

Molecular scale information on the early stages of the interaction
between a Sr- or Ba-bearing aqueous solutions and calcite {1014} was
obtained by conducting in situ atomic force microscopy (AFM)
experiments in contact mode at room temperature in the fluid cell of
the Digital Instruments Multimode Nanoscope III (Bruker). Solutions
with different Sr or Ba concentrations were used (0.001, 0.00S, 0.01,
0.05, and 1 M). Calcite substrates were scanned with Silicon nitride
(SizN,) tips (Veeco NP-S10) with a nominal force constant of k =
0.06—0.58 N/m. The solution was kept static in the AFM fluid cell,
and the interaction process was monitored by taking images at
intervals of 50—60s. Massive nucleation of three-dimensional (3D)
nuclei taking place in the bulk solution few seconds after the
beginning of the experiments made it impossible to carry out AFM
imaging using the 1 M aqueous solutions. In the case of experiments
conducted with solutions containing Sr or Ba concentrations below
0.05 M, no nuclei formation was observed after ~1 h interaction.

Reacted calcite samples were studied by scanning electron
microscopy (SEM) and X-ray diffraction (XRD) analyses. The
surfaces and cross sections of the reacted calcite crystals were imaged
using the JEOL JSM 6400 and JEOL JSM 6335 scanning electron
microscopes equipped with the Oxford Instruments 80 mm* X-Max
SDD and Oxford Instruments 20 mm? energy dispersive spectrom-
eters (EDX), respectively. The reacted calcite samples were mounted
on holders and coated, first with carbon (Quorum Q150T-E; 8 nm)
and then with gold (Quorum QI1S0R-S; 15 nm). Moreover, reacted
calcite samples from 180 days long experimental runs were embedded
in the epoxy resin (Struers) and then polished down to the middle
parallel to {1014}, prior to being SEM imaged. Reacted calcite
surfaces were imaged using secondary electrons (SE), while the cross
sections were imaged using backscattered electrons (BSE).

Reacted calcite samples were further characterized by grazing
incidence XRD (GIXRD) and powder XRD (PXRD). GIXRD
diffractograms were collected using a PANalytical X’Pert PRO
MRD with an angle of incidence of 0.1° on reacted calcite {1014}
surfaces in order to minimize the presence of peaks coming from the
bulk calcite crystal. PXRD diffractograms were recorded from crushed
reacted calcite samples with a microprocessor-controlled PANalytical
X’Pert PRO MPD diffractometer, using a Cu Ka radiation source.
Phase composition evaluation of the reacted samples was conducted
by comparing the diffractograms to standard mineral files compiled in
the crystallographic open database (COD, 2017 version) using the
X’Pert and Match! Softwares. Furthermore, Rietveld refinement
analysis was performed with the EdPCR program of the FullProf Suite
(version 2.00)** and using the COD IDs 5000093 for strontianite,'”
1000033 for witherite,'” and 9000965 for calcite'® as references to
yield a semiquantitative estimation of the percentage of each mineral
phase in the reacted samples (Figure S1).

Textural information on the reacted calcite samples was obtained
from the analysis of bidimensional XRD (2D-XRD) patterns recorded
using an X-ray diffractometer (Bruker D8 VENTURE) equipped with
a CMOS area detector (PHOTON 100). The working conditions
were set at 50 kV and 30 mA, using a Cu Ka source (1 = 1.54056 A),
with a pinhole collimator of 0.5 mm in diameter. The 2D-XRD
patterns were registered by reflection mode, while rotating the sample
360° around the ® angle (S° per step) with an acquisition time of 10
s per frame, setting the diffractometer @ and 26 angles at 10 and 20°,
respectively. The 2D-XRD frames were integrated in a one-
dimensional pattern, and the pole figures (PF) at specific (hkl)
crystallographic planes representing the 3D calcite (rhombohedral
surface), strontianite, and witherite orientation were calculated using
the XRD2DScan software.”*
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B RESULTS

Calcite Interaction with Sr-Bearing Aqueous Solu-
tions. AFM Observations. As soon as the 0.05 M Sr-bearing
aqueous solution is injected into the AFM fluid cell, rhombus-
shaped etch pits nucleate on the calcite surfaces. These pits are
similar to those observed during the interaction of calcite with
deionized water (dashed line in Figure $2).”>*° Calcite
dissolution progresses through the retreat of monolayer
cleavage steps and etch pit edges. The retreat accelerates
~40 min after the beginning of the interaction, concomitant to
the formation of 3D nuclei of a new phase. The islands of the
new phase show a slightly elongated shape and appear similarly
oriented”>*”*® (Figure 1).

0.05M Sr-bearing solution
40 minutes

Figure 1. AFM image showing the oriented overgrowth of 3D nuclei
(white dashed circle) on the (1014) calcite surface after 40 min
interaction with a 0.05 M Sr-bearing aqueous solution.

SEM imaging of calcite surfaces interacted with Sr-bearing
aqueous solutions evidences the formation of new crystals that
grow oriented on the calcite substrates (Figure 2a). These
crystals are already clearly distinguishable on the surfaces of
calcite samples reacted during 30 min, where they appear
spatially associated to cleavage macro-steps on the calcite
substrate (Figure 2a; yellow star). The density of new crystals
on the flat terraces between macro-steps is very low (Figure 2a;
blue star; Figure S3). As the interaction progresses, the new
crystals progressively coalesce to build up tightly packed layers
(Figure 2b). These layers completely carpet the calcite
substrates after interaction times that decrease with increasing
reaction temperature and Sr concentration in the aqueous

solution (Table S2). GIXRD analyses confirm the overgrown
layers as consisting of strontianite (Figure S4).

EDX analyses of the strontianite layers show that they
contain Ca. The average Ca content of the strontianite crystals
is 10.6 (£3.84) mole percent CaCO;. No major differences in
the Ca content of the strontianite crystals are observed as a
function of temperature, interaction time, or Sr concentration
in the aqueous solution (Figures SS—S11).

SEM images of cross-sections show that strontianite forms a
thin layer around an unreacted calcite core. Table S2
summarizes the thickness of the strontianite rims that envelop
calcite crystals reacted with 0.05 or 1 M Sr-bearing solutions at
different temperatures during 30 days. In all the cases, the rims
are less than 40 um thick (Figure 3 and Table S2). The
thickness of the overgrowth hardly increases after two years of
interaction with the aqueous solution (Figure S12).

The results of PXRD Rietveld analysis (Figure S13) indicate
that in all the reacted samples, strontianite represents less than
3.5 wt %, in agreement with the very small thickness of the
strontianite layers, as observed in SEM micrographs.

High-resolution SEM images show that the strontianite
layers consist of pseudohexagonal prismatic crystals that are
elongated along the ¢ axis and show marked re-entrant edges
(Figure 4a). The presence of re-entrant edges is indicative of
twinning. Thus, the pseudohexagonal habit is the consequence
of the cyclic twinning characteristic of aragonite-type carbonate
crystals, which involves three individual crystals joined by
{110} planes (Figure 4a). Each individual crystal is bounded
by the {110} and {010} prisms, with less developed faces that
belong to the {111} rhombic bipyramid and the {021} prism.
Strontianite crystals become more elongated, showing a more
marked tapering with increasing temperature (Figure 4b). The
Sr concentration in the aqueous solution also influences some
morphological characteristics of strontianite crystals in the
cohesive layers. Thus, crystals grown in contact with 0.05 M Sr
aqueous solutions are larger (10—15 pm) than those formed
from a 1 M Sr aqueous solutions (1—2 ym), where they often
appear as spherulites (Figure S14)

Strontianite crystals grow oriented on the calcite substrates
(Figure S15), though the orientation is poorer when the Sr
concentration in the aqueous solution is 1 M (Figure S15d) or
when the interaction time increases. 2D-XRD analyses were
performed in order to determine the 3D orientation relation-
ships between the strontianite overgrowth and the calcite

0.05M Sr; 3 days (25°C)

Figure 2. Interaction of calcite crystals with aqueous solutions bearing Sr leads to the formation of strontianite patches. (a) The secondary phase
nucleates mostly at or closer to the original calcite exfoliation steps (yellow star). Contrarily, flat areas remain uncarpeted for longer times (blue
star). (b) These patches later grow to constitute thick continuous layers.
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| Sr concentration in the aqueous solution (M) |
| 0.05M I m |

25 °C

Calcite
Core

70 °C

3

Temperature (°C) of Interaction

120 °C

Figure 3. SEM images of cross-sections of calcite crystals after 30 days of interaction with Sr-bearing aqueous solutions. In all the cases, a thin
strontianite layer encapsulates an unaltered calcite core. Regardless of the Sr concentration in the aqueous solution or the temperature of
interaction, the strontianite cohesive layer is less than 40 ym thick.

Figure 4. (a) SEM image of strontianite crystals growing on calcite (1014) surfaces after interaction with a 0.05 M Sr-bearing aqueous solution at
25 °C. The crystals are twinned according to the aragonite law. The simulation of the twinned crystal was made using the software SHAPE, based
on SEM observations. (b) SEM image of strontianite crystals formed upon interaction with a 0.05 M Sr-bearing aqueous solution at 70 °C.
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Figure S. 2D-XRD analyses performed on calcite surfaces after 1 day interaction with a 0.05 M Sr-bearing aqueous solution at 120 °C. (a) 2D-XRD
pattern (phi-rotation scan each 5° step, combination of superimposed 72 frames) from the calcite crystal surface (strong single crystal spots),
together with strontianite overgrowth crystals (Debye—Scherrer diffraction rings). (b) 26 scan profile obtained from the radial integration of the
2D-XRD pattern for calcite (blue lines) and strontianite (red lines) mineral phases. (c) PFs obtained from 2D-XRD analyses, showing the
crystallographic relationships between the rhombohedral calcite surface and the overgrowing strontianite. (1) PF for (202) calcite reflection, tilted
approximately 31° from the figure center. (2) PF for (002) strontianite reflection, showing a maximum titled approximately 55° from the figure
center. (3) PF for the combined (021) + {111} strontianite reflections, displaying two maxima tilted approximately 47° from the PF center, (111)
and (111) reflections and a maximum corresponding to the (021) orientation. (4) PF for the combined (022) + {130} + {112} reflections for
strontianite crystals, confirming the preferential orientation for strontianite crystals.

substrate. The 2D-XRD patterns show the presence of well-
defined and high-brilliance diffraction single spots, correspond-
ing to the calcite substrate (i.e., coherently as a single crystal).
Moreover, the 2D-XRD patterns also display different Debye—
Scherrer diffraction rings (i.e., hkl reflections) associated to the
polycrystalline strontianite overgrowth (Figure Sa). Super-
imposed on these diffraction rings, the intensity is concen-
trated in arcs, indicating that the overgrowth of strontianite
shows a certain degree of preferential orientation. The
preferential orientation of the strontianite crystals on calcite
(1014) surfaces was further characterized by the determination
of the PFs from several (hkl) reflections. These reflections
were identified from the one-dimensional scan (ie., 260
diffraction pattern) obtained from the radial integration of
the 2D-XRD patterns (Figure Sb). PFs corresponding to a
calcite sample interacted with a Sr-bearing aqueous solution for
1 day and are shown in Figure Sc. The PF for calcite (202)
reflection (Figure Sc; number 1), tilted approximately 31°
from the figure center, indicates that the sample is oriented
parallel to the calcite (1014) surface. For the strontianite
overgrowth, the PF for the (002) reflection (Figure Sc, number
2) displays a maximum tilted approximately S5° from the
figure center, indicating the strontianite c-axis direction. The
combined PF for strontianite (021) reflection (Figure Sc,
number 3) displays a maximum approximately at the center
and two maxima for {111} reflections, tilted approximately 47°
from the center. The combined PF for (022), {130}, and
{112} strontianite reflections (Figure Sc, number 4) confirmed
the preferential orientation of the strontianite crystals. Overall,
these 2D-XRD analyses confirm the existence of a crystallo-
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graphic orientational relationship between the calcite substrate
and the strontianite overgrowth, defined by the parallelism
between (1014)c, and (021)g.

Calcite Interaction with Ba-Bearing Aqueous Sol-
ution. The interaction of calcite crystals with Ba-bearing
aqueous solutions leads to the formation of oriented witherite
cohesive layers that show similar characteristics to those
described above for the strontianite overgrowth (Figure S16).
However, the complete carpeting of the calcite substrates by
witherite requires much longer interaction times than those
needed for strontianite (Table S2). Furthermore, the witherite
cohesive layers are slightly thinner than those of strontianite,
with maximum average thickness ~25 ym (Figures 6 and S12).

The results of the Rietveld analysis derived from XRD data
confirm that witherite accounts for less than 2.5 wt % in all the
reacted samples, regardless of the Ba concentration, interaction
time, and the temperature in the experiment (Figure S17).

Witherite cohesive layers consist of pseudohexagonal
prismatic crystals that are bounded by the same faces and
show similar tapering and identical twinning as the crystals that
constitute the strontianite layers. The most remarkable
morphological difference between witherite and strontianite
crystals regards their size, which is significantly larger in the
case of witherite. Thus, witherite crystals formed in contact
with 0.05 M Ba bearing aqueous solutions show average sizes
of around 25 pm, compared to the 10—15 um size of
strontianite crystals formed in contact with the equivalent
counterpart solutions (Figure 7a). Witherite crystals grown in
the 1 M aqueous solution appear mostly as spherulites (Figure
7b). EDX analyses indicate that witherite crystals incorporate
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Figure 6. SEM images of cross-sections of calcite crystals after 30 days interaction with Ba-bearing aqueous solutions. In all the cases, a thin
witherite layer encapsulates an unaltered calcite core. Regardless of the Ba concentration in the aqueous solution or the temperature of the
interaction, the witherite cohesive layer is less than 25 ym thin.

Figure 7. (a) SEM image of witherite crystals growing on calcite (1014) surfaces after 7 days interaction with a 0.05 M Ba-bearing aqueous solution
at 25 °C, showing the characteristic pseudohexagonal morphology. (b) Witherite growing on calcite (1014) surfaces after 4 days interaction with a
1 M Ba-bearing aqueous solution.

lower amounts of Ca than strontianite crystals do [average Ca Similar to that observed for strontianite crystals, witherite
crystals grow oriented on calcite (1014) surfaces. This

content of 4 (£2.65) mole percent CaCOj;] (Figures S5—S11). orientation is apparent when witherite crystals form in contact
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Figure 8. PFs obtained from 2D-XRD analyses, showing the crystallographic relationship between the calcite surface and the witherite overgrowth.
The analyses were performed on calcite surfaces after 1 day interaction with a 0.0S M Ba-bearing aqueous solution at 120 °C. (1) PF for (006)
calcite reflection tilted approximately 44° from the figure center, indicating the direction of the c-axis direction. (2) PF for (002) witherite
reflection, showing two maxima titled approximately SS° from the figure center, indicating the direction of the c-axis. (3) PF for the combined
(021) + {111} witherite reflections, displaying two maxima corresponding to the (111) and (111) reflections and a centered maximum
corresponding to the (021) orientation. (4) PF for the combined (023) + {113} reflections, confirming the orientation of witherite replacement.

with 0.05 M Ba-bearing aqueous solutions (Figure S18a—c).
However, it is not distinguishable in the case of witherite
crystals that form in contact with 1 M Ba aqueous solutions as
they grow as spherulites (Figure S18d). The preferential
orientation observed in the witherite crystals overgrown on
rhombohedral calcite surfaces in contact with 0.05 M Ba-
bearing aqueous solution was characterized by 2D-XRD
analyses. PFs describing the crystallographic relationships
between calcite and witherite crystals are shown in Figure 8.
As previously reported for the strontianite overgrowth, 2D-
XRD analyses confirmed the crystallographic relationships
between calcite and witherite as (1014)cll(021)yyg.

B DISCUSSION

In contact with Sr or Ba-bearing aqueous solutions, the surface
of calcite single crystals undergoes dissolution, releasing CO;*~
and Ca’* ions to the fluid. As a result, supersaturation with
respect to strontianite or witherite rapidly mounts up until the
threshold value for the heterogeneous nucleation of these
phases is overcome.”’ At this point, strontianite or witherite
nuclei form on the calcite substrate and, as they grow, remove
CO;*™ and Sr** or Ba*" ions from the fluid. This promotes
further dissolution of calcite, which in turn leads to additional
strontianite or witherite precipitation. Soon after this feedback
loop is defined, the rates of calcite dissolution and strontianite/
witherite precipitation become tightly coupled. It could be
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expected that this dissolution—precipitation feedback loop
should operate as long as undissolved calcite remained and the
concentration of Sr** or Ba** in the fluid remained high
enough to allow the precipitation of strontianite or witherite.’’
Contrarily, our results indicate that this dissolution—precip-
itation feedback loop is strikingly short lived. Regardless of the
experimental conditions (temperature or Sr or Ba concen-
tration in the aqueous solution), calcite crystal surfaces become
passivated after the formation of thin (<40 ym) strontianite or
witherite cohesive layers. Therefore, in both systems (calcite-
strontianite; calcite-witherite), an identical outcome is
achieved: the armoring of the calcite surface from further
interaction with the fluid. However, specific features (thick-
ness, size and co-orientation degree of constituting crystals, Ca
content, etc.) of each type of replaced layer may influence its
long-term adhesion to the calcite substrate. Both the
strontianite and witherite replacement layers define shell-like
rims surrounding unreacted calcite cores. These cohesive layers
are strikingly resistant and remain well attached to the
substrate after two years in contact with the aqueous phase.
Furthermore, their prolonged interaction with the fluid does
not result in major textural or compositional evolution
(Figures S5—S11).

Two main factors contribute to the swiftness of the
passivation of calcite surfaces by thin strontianite and witherite
layers: (i) the development of an epitaxy involving the calcite
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substrate and both strontianite and witherite overgrowths and
(ii) the molar volume change involved in the calcite
dissolution-strontianite /witherite precipitation reaction.

As explained above, the strontianite and witherite crystals
that constitute the overgrowths show habits bounded by the
{111}, {021}, {110}, and {010} forms, the 4 most stable ones,
as predicted by the Donnay Harker’s rule for strontianite and
witherite.”’ Both strontianite and witherite crystals show
tapered faces, although the tapering is more marked in the
former ones (Figures 4 and 7). The different degree of tapering
between strontianite and witherite crystals can be explained by
the incorporation of larger amounts of Ca in strontianite since
the development of tapered surfaces has commonly been
attributed to the effect of impurities adsorbed during
growth.”>** The incorporation of Ca into the structures of
strontianite and witherite can also explain the formation of
spherulites at latter stages of the growth process. Due to the
smaller size of Ca** (ratio Ca™ = 1.18 A) compared to Sr**
(ratio Sr™ = 1.31 A) and, more so, Ba®* (ratio Ba™ = 1.47 A),
this incorporation induces strain in the lattice of both
strontianite and witherite. This lattice strain can be released
through the formation of dislocations. The arrangement of
these dislocations at regular intervals will the result in the
formation of small angle boundaries, giving rise to the split
growth phenomenon and, eventually, to the formation of
spherulites.

SEM imaging and 2D-XRD analysis evidence that
strontianite and witherite (021) faces grow parallel to the
calcite (1014) substrates, that is, (10T4)C31||(021)Str/wth.Ss’36
This epitaxy can be characterized by considering the
crystallographic matching between the substrate and over-
growth crystal structures along the [010] direction in calcite
and the [100] direction in strontianite and witherite. The
misfit between these directions can be calculated with the
expression3’7’38

t[uvw]Str orWth — t[uvw]Cal

tluvw]e,

mf =

where t{uvw] is the Ca—Ca repeating period along the [010]
direction for calcite (4.988 A) and the Sr—Sr and Ba—Ba
repeating period along the [100] direction in strontianite
(5.090 A) and witherite (5.313 A). This calculation yields
linear misfit values of 2.0 and 6.3% for the calcite—strontianite
and the calcite—witherite structural matchings, respectively.
Both values are clearly within the limits (<110—12%l) for the
formation of an epitactic layer.””*” Furthermore, the defined
matching involves a crystallographic relationship along
directions that are parallel to periodic bond chains (PBCs)
in the structures of both calcite and strontianite/witherite.’
This scenario favors the oriented growth of strontianite or
witherite on calcite as the coincidence between close-packed
atomic rows minimizes the interface energy.'””” It is well
established that the existence of epitactic relationships between
the substrate and overgrowth can strongly influence the
kinetics of solvent-mediated replacement reactions.'">**~*
This influence is highest when the replacement involves
isostructural phases that belong to the same mineral group. In
such cases, structural misfits are commonly very low and
epitactic overgrowths often form through the Frank-van der
Merwe or the Stranski—Krastanov growth mechanisms®”*” as
epitactic 2D nuclei grow and coalesce to build up highly
cohesive nanometric layers. The formation of these over-
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growths rapidly armors the substrate and prevents its
interaction with the bulk solution.'"*¥***/*~% When
solvent-mediated replacement reactions involve mineral phases
with relatively poor structural matchings, the formation of
epitactic replacing overgrowths is commonly governed by the
Volmer—Weber mechanism. These overgrowths are less
cohesive and show less rigorous epitactic relationships with
the substrate than those formed through the Frank-van der
Merwe or the Stranski—Krastanov mechanisms. Furthermore,
they consist of 3D nuclei which form in inhomogeneities
associated to the substrate and mainly grow out of the epitactic
plane, with rather limited lateral growth on the substrate.”*
The matching between the structures of strontianite and
witherite and the structure of calcite is good enough to allow
the oriented nucleation and growth of the former phases on
calcite {1014} substrates. However, both epitaxies are mono-
dimensional as they only involve the parallelism of just one
crystallographic direction within the epitactic plane of each
overgrowth-substrate pair: [100]g; o win//[010]cy. It can be
expected that such mono-dimensional epitactic overgrowths
will form through the Volmer—Weber mechanism. Indeed, the
results of in situ AFM experiments of the interaction between
calcite {1014} surfaces and Sr-bearing solutions and SEM
observations support this interpretation as strontianite and
witherite oriented 3D-nuclei appear associated to steps and
dissolution pits (Figure 2a), and substrate inhomogeneities
play a key role in the Volmer—Weber mechanism.’*
Furthermore, crystal morphological and textural features, as
evidenced by SEM imaging, are also in good agreement with
the Volmer—Weber mechanism governing the formation of
strontianite and witherite overgrowths on calcite, especially
during the early stages of the process. In both overgrowths,
crystals first form decorating macro-steps on the calcite surface
(Figure 2a). Individual crystallites are elongated out of the
epitactic plane, with which they share very small contact areas,
as expected for crystallites with limited lateral growth on the
calcite substrate. The observation that as the replacement
reaction progresses, the co-orientation between crystal
individuals within the overgrowth decreases and the epitactic
relationships between the overgrowth and substrate are
progressively lost is also consistent with the Volmer—Weber
mechanism.

The coexistence of several epitactic relationships within
Volmer—Weber epitactic layers determines that these layers
accumulate small amounts of porosity as differently oriented
3D nuclei coalesce and leave micropores trapped between
them.”®*® Epitactic overgrowth porosity plays a key role in
guaranteeing the progress of solvent-mediated mineral
replacement reactions. After the surfaces of the parent crystals
become totally carpeted by a secondary phase epitactic
overgrowth, the existence of a network of interconnected
pores within the epitactic layer provides a path for the
continuous communication between the primary—secondary
phase interface and the bulk solution.*”*® When the
replacement reaction involves a negative molar volume change,
the preservation of the external shape of the primary phase
requires that the molar volume loss is balanced by the
generation of an equal volume of transitional porosity.””*’
This porosity adds up to the intrinsic characteristic of
Volmer—Weber epitactic layers. The permeability of the
resulting porosity network depends on a variety of features,
including the total porosity volume, its size, morphology,
density and distribution, its interconnectivity, and so
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forth.****73° Volmer—Weber layers that contain both intrinsic
microporosity and porosity, generated as a result of the
pseudomorphic mineral replacement reaction fail to effectively
armor the underlaying substrate. Thus, the formation of such
Volmer—Weber epitactic layers may significantly slowdown the
kinetics of mineral replacement reactions but rarely preclude
their progress.”***%3! Both strontianite and witherite have
larger molar volumes than calcite (Vg = 39.01 cm®/mol, Vyy =
45.81 cm®/mol, V¢, = 36.94 cm’/mol). The molar volume
increases involved in the calcite-by-strontianite (AV = + 2.07
cm®/mol; +5.6%) and calcite-by-witherite (+8.87 cm®/mol;
+24.1%) replacement reactions determine the formation of
very compact overgrowths which only contain a small volume
of isolated micropores. The lack of interconnected porosity
within these overgrowths makes them impermeable to the
fluid, preventing significant mass transfer from the bulk fluid to
the reactive interface between the Volmer—Weber replacement
layer and the unaltered calcite core.*”**~>* Slight differences in
the molar volume change involved in both replacement
reactions can result from differences in the amount of Ca
incorporated into strontianite and witherite as this incorpo-
ration will contribute to the decrease of the molar volume of
both phases. In any case, the impact of these differences on the
textural features of the strontianite- and witherite-replaced
layers will be very small and will not significantly affect the
effectiveness of their armoring of the calcite surface.
Interestingly, there are numerous examples of dissolution—
crystallization reactions that, despite involving significant
positive molar volume changes and the formation of epitactic
overgrowths, steadily progress to reach completion, with the
primary phase being fully replaced by the secondary
ne.' %757 In most of these cases, the progress of the
reaction is promoted by the formation of cracks which
originate at the substrate—overgrowth interface and propagate
within the primary phase, defining a network of fractures. The
replacement of the primary crystal takes place along fractures
since they provide a path for the infiltration of the fluid phase.
It has been interpreted that cracks form due to the stress
generated by the increase in the molar volume.'*”®
Furthermore, it has been stated that the nucleation of crystals
of the secondary phase on point and line defects of the primary
phase surfaces generates stress-concentrating environments
from where fracturing propagates, similarly as that observed
during metal corrosion.”” " Surprisingly, despite the signifi-
cant increase in the molar volume associated to the
transformation of calcite into strontianite (+5.6%) and the
very large one associated to its transformation into witherite
(+24.1%), no cracks are observed in crosscut sections of calcite
crystals partially replaced by either strontianite or witherite,
even after 2 years interaction with the fluid. Gillet et al
(1987)°" observed that during the pseudomorphic replace-
ment of abiogenic aragonite by calcite, which involves a molar
volume change of +8.4%, fracturing only occurred when calcite
crystals in the overgrowth reached sizes well over 50
micrometres. As explained above, strontianite and witherite
overgrowths consist of very small, elongated crystals that
during the early stages of the replacement, grow approximately
perpendicular to the calcite surface, sharing a very small area
with the calcite substrate at the interface. This may determine
that the stresses generated by the positive molar volume
change involved in the calcite-by-strontianite and calcite-by-
witherite replacement reactions are not large enough to trigger
the fracturing of the calcite substrate. This could explain the
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effective passivation of calcite substrates by very thin
strontianite and witherite overgrowths. The formation of
small amounts of porosity that compensates the amount of the
primary phase lost to the solution when this is replaced by a
less soluble secondary phase may explain that the replacement
of calcite-by-strontianite, a phase significantly less soluble than
calcite, progresses further than the replacement of calcite-by-
witherite, which is slightly less soluble than calcite.*

B CONCLUSIONS

This study shows that the interaction of calcite single crystals
with Sr- or Ba-bearing aqueous solutions leads to the formation
of cohesive layers of strontianite and witherite, respectively,
through a coupled dissolution—crystallization mechanism.
These layers are composed of small, elongated crystals that
grow oriented on the underlying calcite substrate. The reaction
temperature and starting Sr or Ba concentration in the fluid
influence the crystal size, habit, and composition of the
strontianite and witherite crystals of the overgrowths.
However, regardless of the experimental conditions, thin,
micrometric cohesive overgrowths of strontianite and witherite
invariably passivate the calcite crystals, which appear as
unreacted, crack-free cores after reaction times as long as 2
years. We attribute the high effectiveness of the calcite surface
armoring by strontianite and witherite overgrowths to their low
porosity as both calcite-by-strontianite and calcite-by-witherite
replacement reactions involve positive molar volume changes.
Moreover, strontianite and witherite epitactic overgrowths
form through the Volmer—Weber growth mechanism and
consist of individual small crystallites which share very small
contact areas with the calcite substrate. This explains the
absence of stress-related fracturing, a phenomenon which is
often observed in pseudomorphic replacement reactions
involving positive molar volume changes. This absence of
fractures and porosity prevents the infiltration of the bulk fluid
to the calcite substrate and explains the effectiveness of calcite
surface passivation by strontianite and witherite overgrowths.

Long-term experiments (over 2 years interaction) confirmed
the absence of any fracturing signs in the calcite core and
evidenced excellent overgrowth-substrate adherence as no
overgrowth detachment was observed in any of the systems.
These results support that the formation of strontianite and
witherite cohesive layers could be incorporated in treatment
protocols to prevent the alteration of building limestones and
marbles in historic buildings as these overgrowths behave as
strong and durable protective layers. The specific character-
istics of strontianite and witherite cohesive layers (thickness,
size and co-orientation degree of constituting crystals, Ca
content, etc.) may influence their long-term adhesion to the
calcite substrate. Qualifying this influence will require further
research. Similarly, the formation of strontianite and witherite
cohesive layers in calcite-bearing polycrystalline materials like
marbles and limestones may show characteristics that differ
from those observed for calcite single crystals since the
existence of grain boundaries and differently oriented calcite
crystal surfaces may facilitate fluid infiltration and the
development of different epitactic relationships. This issue
also needs to be addressed in future research. The results from
this work also help to explain the scarcity of natural strontianite
or witherite deposits linked to the replacement of calcium
carbonates.
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