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Epitactic growth of celestite on anhydrite:
Cie tis: Coysenacomm 2020 22, SUDStrate induced twinning and morphological
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Epitactic crystal growth plays a main role in the development of mineral processes and in the synthesis of
advanced materials. Celestite (SrSO4) forms epitactic overgrowths on anhydrite (CaSQO,4) (100), (010) and
(001) surfaces upon interacting with Sr-bearing aqueous solutions. Two populations of differently oriented
celestite crystals related by symmetry operators of substrate are identified on (001)an, and (100)ann
anhydrite substrates by SEM observations and synchrotron X-ray diffraction analysis. Substrate-induced
twins arise after the coalescence of individuals belonging to these populations. Progressing growth results
in @ marked morphological evolution of epitactic celestite, whose crystals undergo sustained branching
and loss of co-orientation that result in the formation of sheaf-like aggregates, on (100)snn, and swan-like
aggregates, on (001)s.n. We relate this evolution to celestite growth in a Ca-rich environment due to
continued anhydrite dissolution and incorporation of small amounts of Ca into celestite structure. This
incorporation would induce lattice strain which would be released through the formation of dislocations.
The regular arrangement of these dislocations in small-angle boundaries would result in progressive
splitting, driving the evolution from celestite single crystals to aggregates. Sharp compositional gradients in
the boundary layer could explain the anisotropic development that leads to the formation of the swan-like
celestites.
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interacts with a fluid phase can effectively armor the mineral
substrate. An early armoring can partially or fully prevent the
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Epitactic growth is a main step in the processes of synthesis
of a variety of materials for industrial applications, from
electronics to semiconductors.® Epitactic growth is also a
common phenomenon in natural environments. Indeed, the
existence of structural similarities between mineral crystals
facilitates their transformation into one another. This is
particularly so for polymorphic reconstructive phase
transitions, whose kinetics significantly accelerates when they
have a topotactic character.>° In contrast, the formation of
epitactic layers often hinders the development of the interface
coupled dissolution-crystallization reactions, which control
mineral pseudomorphic replacements in numerous geological
setups."”** Indeed, even the formation of a nanometric
epitactic layer of a secondary phase on a mineral surface that
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progress of the mineral surface-fluid interaction, thereby,
leading to the slowdown or even the complete stoppage of the
dissolution-crystallization reaction."®"*"'®> The effectiveness of
the epitactic growth-related hindering of a dissolution-
crystallization = reaction  strongly depends on the
characteristics of the overgrown epitactic layer.'® These
characteristics are defined by the goodness of the structural
matching between the overgrowth and the substrate phase
through their interface.'” The quality of the structural fitting
determines the epitactic growth mechanism involved in the
formation of the overgrowth and defines the degree of
substrate-overgrowth interface coherency and adhesion."”
Epitactic growth that involves low interface misfits occurs
through the Frank-Van der Merwe mechanism and is
commonly characterized by coherent interfaces and high
substrate-overgrowth adhesions."®'® In contrast, higher
interface misfits lead to epitactic growth dominated by the
Stranski-Krastanov or the Volmer-Weber mechanisms and
result in the formation of epitactic layers with poor substrate-
overgrowth  adhesion and semi to  incoherent
interfaces."'®**?* Frank-Van der Merwe epitactic layers
provide a significantly better armoring of a substrate than
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those epitactic layers that form through the Stranski-
Krastanov or the Volmer-Weber mechanisms because the
latter layers contain a certain volume of intrinsic
microporosity. This microporosity constitutes a permanent
path for the communication between the bulk growth
medium and the overgrowth-substrate interface.'®*® The
quality of the armoring provided by an epitactic layer can
decrease as the thickness of the overgrowth increases and
lattice-mismatch strain accumulates.®® This strain will
eventually be relaxed through the formation of
dislocations,*” as is, for example, observed during the
preparation of heteroepitaxial semiconductor films.**°
Strain dislocations represent an intrinsic source of
misorientation that drives the progressive polygonization of
epitactic layers and negatively affects the armouring of the
substrate that these layers provide. Polygonization and
progressive loss of co-alignment within an epitactic layer can
also result from external factors like the incorporation of
impurities into the structure of the overgrowth since it also
induces lattice strain and eventually can lead to the
nucleation of dislocations and the polygonization of the
overgrowth.***>?13> In geological environments, where crystal
growth commonly occurs in chemically complex systems, the
growth of impurity-bearing mineral phases is the norm,**3*
as most minerals grow as solid solutions that show a variety
of chemical zoning patterns.”>**” The effect of impurity
incorporation on the evolution of orientational features
within mineral overgrowths that form during dissolution-
crystallization reactions may significantly affect the kinetics
of the mineral transformations that take place in these
settings.

Celestite (SrSO,) is the main ore of strontium.*® Strontium
has been widely used in different industries,*® including
ferrites production, fabrication pyrotechnics, cathode-ray
tubes and in drilling muds, substituting Ba, when prices for
this element shoot up. All large exploitable deposits of
celestite are associated to sedimentary rocks, where they are
spatially and genetically associated to carbonate and sulphate
evaporitic formations.*> The formation of celestite deposits
has been related to the interaction of calcium sulphate
minerals, namely gypsum (CaSO,-2H,0) and/or (CaSO,)
anhydrite, with Sr-rich fluids.*® This interaction would result
in the release of sulphate ions to the fluid phase through the
dissolution of the calcium sulphate mineral, which would be
immediately followed by the precipitation of celestite.>**°
The existence of a during time-sustained feedback loop
between the dissolution and precipitation reactions could
explain the large volumes of celestite deposits in these
geological settings. Here, we study the formation of celestite
on the three main cleavage surfaces of anhydrite, (100), (010)
and (001), upon their interaction with Sr-bearing aqueous
solutions. Celestite initially grows oriented on all anhydrite
cleavage surfaces. However, a progressive loss of co-
orientation is observed as celestite growth progresses. We
describe the epitactic relationships between celestite and
anhydrite substrates as well as the evolution of celestite
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crystal morphology and the associated progressive loss of co-
orientation during growth. By combining morphological
observations and crystallographic and chemical analyses we
aim to advance in the understanding of the factors that
control the evolution of orientational features within epitactic
overgrowths in natural multicomponent systems and evaluate
its possible influence in the kinetics of mineral
transformation that take place through dissolution-
crystallization reactions.

Experimental

We conducted interaction experiments between anhydrite
(CaS0,) surfaces and Sr-bearing aqueous solutions ([Sr],q = 0,
0.1, 1.0, 10 and 50 g L") at 25 °C + 0.5 °C and atmospheric
pressure. The Sr-bearing aqueous solutions were prepared by
dissolving reagent-grade SrCl,-6H,O in high purity deionized
water (MiliQ) (18 MQ cm). The anhydrite samples were 1 mm
thick, square-shaped (3 x 3 mm?) slices of highly pure blue
single crystals from Naica (Chihuahua, México). These slices
were cut parallel to the (001), (010) and (100) planes. Their
orientation with respect to the main crystallographic
directions of anhydrite was confirmed by observing their
interference figure using a polarized optical microscope.
Freshly cleaved anhydrite slices were placed in glass
reactors, laying on one of their squared surfaces. The reactors
were then filled with 5 ml of the Sr-bearing aqueous solution
and sealed with a polystyrene cap. The experiments were
finished after set interaction times (30 minutes; 1, 2 and 6
hours; 1, 5, 7, 14 and 20 days). Independent runs were
conducted for each of the three cleavage surfaces and each
time of interaction considered. After finishing the
experiments, the anhydrite samples were removed from the
Sr-bearing solutions, thoroughly rinsed with MiliQ water and
left to dry overnight at 45 °C in a thermostatic chamber.
Afterwards, anhydrite samples were mounted on holders,
with their larger surface that had been exposed to the Sr-
bearing solution lying upwards. New phases formed on
anhydrite surfaces were analyzed by glancing incidence X-ray
diffraction (GIXRD) using a Philips XPert PRO MRD
diffractometer equipped with a Cu-Ka source (45 kV, 40 mA),
a X-ray parabolic mirror in the incident beam and a parallel
plate collimator with flat graphite monochromator in the
diffracted beam (Xe proportional detector). The surfaces were
scanned over the range 26 = 20-90° at a scan speed of 0.8°
min~' and with a 0.1° beam incidence angle. Standard
mineral files for celestite (COD-96-900-4091)*" and anhydrite
(COD-96-900-4096)"* of the Crystallographic Open Database
(COD, 2017 version) and glancing incidence X-ray diffraction
diagrams were correlated to determine solid phases.
Anhydrite samples were then coated, first with carbon
(Quorum Q150T-E; 8 nm) and then with gold (Quorum
Q150R-S; 15 nm), and studied by means of a scanning
electron microscope (JEOL JSM 6400, 40 kV) to obtain
information on dissolution features and morphological
characteristics of precipitates newly formed on anhydrite

This journal is © The Royal Society of Chemistry 2020
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surfaces as a result of its interaction with the Sr-bearing
aqueous solutions. Cross sections of some of the anhydrite
samples were also prepared by embedding them in epoxy
resin and polishing down to the middle of the crystals.
Backscattered scanning electron microscope (BSEM) imaging
of these cross-sections allowed for the identification of
different phases on the basis of their difference in contrast.
The scanning electron microscope was equipped with an
energy dispersive spectrometer (LINK Ex1; Oxford
Instruments 80 mm?® X-Max SDD; acquisition time: 120
seconds) that allowed to obtain information on chemical
characteristics of the newly formed phases. Most EDX
analysis were collected in the embedded samples to avoid
any possible influence coming from the anhydrite substrate.

The shape of the newly formed crystals was modelled
using the JCrystal software (KrystalShaper, 2019). Finally,
structure computer models were constructed using the
CrystalMaker software for analysing the -crystallographic
relationships between anhydrite surfaces and the newly
formed precipitates.*’

Synchrotron diffraction experiments

Cleaved slices of anhydrite were prepared as described in the
previous section to explore the epitactic growth of celestite
on (100), (010) and (001) anhydrite substrates through
synchrotron diffraction experiments. After the interaction
with the Sr-bearing solutions, the samples were mounted on
a goniometer with a glass pin for rotation. The experimental
reference system is shown in Fig. 1, where the rotation axis
(/1Y) is parallel to anhydrite [001], [100] and [100] for (100),
(010) and (001) anhydrite slices, respectively. The diffraction
experiments were done at the ID11 beamline at the European
Synchrotron Radiation Facility (ESRF), France.** The
experimental setup and procedure were as follows. A
monochromatic X-rays beam (dimensions 0.5 x 0.5 mm;
wavelength 0.030996 nm) was directed at the sample,
previously mounted on a goniometer head and investigated
in transmission geometry. Diffraction images were recorded
by a FreLoN detector (2048 x 2048 pixels), 23 cm away from
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Debye ring
AK

2l > //
]

N~

cch
+X Wbeam-stop

+Z

A)

w4

View Article Online

Paper

Diffraction images display Debye rings with azimuthal
intensity variations indicating texture, and very bright single
crystal diffraction spots (Fig. 2). Both patterns have been
indexed by correlating diffraction diagrams and standard
mineral files of the Crystallographic Open Database (COD,
2017 version) matching celestite and anhydrite standard
patterns, respectively (Fig. 2).

During data collection, in order to prevent the detector
saturation, 60 images were collected with a short acquisition
time (0.5 s) for each sample. In order to improve pole figure
coverage, the sample slice was rotated around an axis
perpendicular to the beam (w//Y; Fig. 1) from +10° to -10°. A
CeO, standard was measured in the same conditions as the
samples to determine instrumental parameters, like sample
to detector distance.

Diffraction images from each rotation were corrected for
FReLon geometrical distortion and merged into a single
image in TIFF format, using Fit2D software.”> Images were
decomposed with the Rietveld program MAUD (Material
Analysis Using Diffraction)*® into 72 azimuthal sectors of 5°,
over which intensity was integrated, providing a total of 216
diffraction spectra per sample (Fig. 2). In some cases, the
severe overlapping of the anhydrite single crystal pattern
prevented the use of some sectors, which were manually
eliminated from the dataset. In the Rietveld refinement, the
celestite crystal structure by Hawthorne and Ferguson®
(Pnma; a = 8.360 A, b = 5.352 A, ¢ = 6.858 A) was used as
reference.

For quantitative texture analysis, E-WIMV algorithm*” was
applied, as implemented in MAUD, without imposing any
sample symmetry. The final celestite orientation distributions
(OD) were exported to BEARTEX for additional processing
and recalculation of pole figures.*® Texture strength is
quantified in pole-figures density scale (multiples of a
random distribution, m.r.d.) and F*> index.*” A detailed
description of the method is published elsewhere.**>*

Results

SEM imaging of freshly cleaved anhydrite (001), (010) and
(100) surfaces shows that they consist of large flat terraces

B)
\Y/11001],
ZI17100],,,
Anhydrite||| X //[010
substrate (070

Fig. 1 Experimental (A) and sample (B) reference system. Coordinate system for anhydrite (100) sample is described in (B) as an example. For
anhydrite (001) and (010), Y//[100]ann — X//1010]ann, @and Y//[100]ann — X//1001]ann, respectively. See the text for a discussion.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Diffraction images with Debye rings (celestite) and spots (anhydrite), for the three different substrate orientations studied: (A) anhydrite
(001), (B) anhydrite (010) and (C) anhydrite (100). Intensity variations along Debye rings are due to celestite texture. Some planes are indexed.

Reference system (XYZ) as defined in Fig. 1.

bounded by macrosteps. Slightly different features are
observed on the (001) surface, which appears rougher and
contains a larger number of steps than the other two
surfaces. In all cases, after 30 minutes of interaction of the
anhydrite substrates with either pure water or an aqueous
solution bearing Sr, the formation of etch-pits on flat terraces
is observed. The characteristics of these etch-pits on an
anhydrite (100) surface after its interaction with water are
depicted in Fig. 3a (interaction time 30 minutes). The
progress of the interaction latter leads to the nucleation of a
secondary phase on the anhydrite surfaces considered when
[Srlaq = 1 g L' (Fig. 3b). Regardless of the interaction time
no new phase is observed to form on any anhydrite cleavage
surface when the interaction takes place with aqueous
solutions containing [Srl.q < 1 g L™* (Fig. S17).

Several EDX spectra were collected in epoxy-embedded
cross-cut sections of anhydrite crystals interacted with a [Sr]aq
=50 g L' for 7 days (Fig. 3c and S21). EDX spectrums
portrayed on the new phase show that these crystals
primarily consist of oxygen, sulfur and strontium, with small
contents of calcium (up to 1.5 wt% in almost every analysis;
detection limit of the EDX is approximately 0.1 wt% for bulk
materials). These EDX analyses support that these new
crystals are Ca-bearing celestite. Most analyses were
portrayed in cross-cut sections to avoid any possible
influence coming from the anhydrite substrate. Additional
EDX spectra collected on celestite crystals grown on all
anhydrite substrates considered after their interaction with
aqueous solutions bearing [Srl,q = 1 g L' show similar
characteristics. This interpretation is further supported by
the results of GIXRD analysis. A GIXRD diagram taken on an
anhydrite (001) cleavage surface after 2 hours interaction with
a [Srlaq = 50 g L' is shown in Fig. 3d. All diffraction peaks
match well those of celestite, although some of them appear
slightly shifted towards higher 26 angles compared to their
positions in the standard XRD pattern of celestite (COD-96-
900-4091).**

The substrate surface area carpeted by celestite crystals
progressively increases and celestite crystal growth and
coalescence leads to the formation of a layer that appears
patchy when the interaction occurs with an aqueous solution

5746 | CrystEngComm, 2020, 22, 5743-5759

with [Sr],q = 1 g L' regardless of both, the anhydrite
substrate and the interaction time considered. When the
interaction takes place with aqueous solutions with higher Sr
concentrations ([St]l,q > 10 g L") this layer becomes
continuous after an interaction time that varies depending
on both, the specific initial [Sr],q value in the aqueous
solution and the orientation of the anhydrite substrate
(Fig. 4a and S37). Thus, after two hours interaction with a
[Stlaq = 50 g L', 80% of the anhydrite (001) substrate is
already carpeted by celestite crystals. This percentage
decreases to less than 50% in the case of anhydrite (010) and
(100) substrates (Fig. S41). On anhydrite (001) surface
celestite crystals already form a continuous layer after only
one day of interaction while anhydrite (100) and (010)
surfaces only appear completely carpeted by a continuous
celestite layer after three days interaction with an aqueous
solution bearing [St],q = 50 g L™". The interaction time for the
formation of a continuous layer when the aqueous solution
contains [Sr],, = 10 g L' rises to 5 days for an anhydrite
(001) surface and is longer than one week in the cases of
anhydrite (010) and (100) surfaces. The continuous celestite
layer becomes progressively thicker as the interaction
progresses and the celestite-anhydrite interface moves
inwards within the anhydrite crystal. Thus, after 7 days
interaction with a solution bearing Sr ([St],q = 50 g L™), the
celestite layer parallel to the original anhydrite (001)
substrate reaches 120 microns while the celestite layer
parallel to the original anhydrite (010) substrate has a
thickness of 40 microns (Fig. 4a). The precipitation of
celestite in the bulk solution is not observed.

Overgrown celestite initially appears as micrometer-sized
single crystals that grow oriented on the anhydrite surfaces
studied (Fig. 4b and S4f). Celestite crystal habit is mainly
defined by flat faces belonging to the {001} pinacoid and the
{210} prism. Though less developed, some crystals also show
faces that belong to the {101} prism (Fig. 3b). Some
differences are observed between the habits of celestite
crystals that grow on different anhydrite surfaces.
Furthermore, celestite  crystals undergo  significant
morphological changes during growth (Fig. S4f). Epitactic
relationships between celestite and each anhydrite substrate

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) SEM image of an anhydrite (100) cleavage surface after 30 minutes interaction with pure water. Anhydrite surfaces are characterized by
the presence of flat terraces and large macrosteps. Once the dissolution of anhydrite starts, etch pits develop on the terraces. The orientation and
geometry of these pits allow us to identify main crystallographic directions on the substrate. (b) The interaction of the anhydrite surfaces with
aqueous solutions bearing [Sr] = 1 g L™ leads to the formation of celestite single crystals, with a habit defined by a combination of the {001}
pinacoid and the {210} and {101} rhombic prisms (see the drawing). The image shows a celestite crystal grown on an anhydrite (100) surface after 2
hours interaction with a Sr-bearing aqueous solution ([Srl.q =19 L™). (c) A typical EDX analysis obtained in an epoxy-embedded cross-cut section
of an anhydrite crystal interacted with a [Srl,q = 50 g L™ for 7 days showing that the newly formed crystals have a composition consistent with that
of Ca-bearing celestite. (d) Glancing incidence X-ray diffraction pattern (0.1°) recorded after 2 hours of interaction between an anhydrite (001)
surface and a [Srl,q = 50 g L™ aqueous solution. All diffraction peaks in the GIXRD pattern match well those of celestite, although some of them
appear slightly shifted towards higher values of 26.

Fig. 4 (a) BSE image of an anhydrite crystal cross-cut along (100) after 7 days interaction with a Sr-bearing aqueous solution ([Srl.q = 50 g LY.
The different thickness of the replaced-by-celestite layer reflects the different reactivity of the (001)s,n and (010)ann surfaces. (b) Celestite
secondary crystals grown clearly oriented on an anhydrite (001) substrate that had interacted with a Sr-bearing aqueous solution ([Srl,q = 1 g LY
during 1 hour.

This journal is © The Royal Society of Chemistry 2020 CrystEngComm, 2020, 22, 5743-5759 | 5747
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as well as substrate-specific celestite morphological features
and their evolution are described in the following sections.

Celestite overgrowth on anhydrite (100)

Crystallographic directions on anhydrite (100) surfaces are
identified based on its dissolution features, which mainly
consist in shallow, pencil-shaped etch-pits elongated along
[001].°* Celestite crystals that form on anhydrite (100)
surfaces upon interaction with Sr-bearing aqueous solutions
preferentially nucleate on edges of these etch pits or in
nearby areas (Fig. S4at). The habit of these crystals is defined
by faces that belong to the {001} pinacoid and, to a lesser
extent, to the {210} and {101} prisms.

Celestite secondary crystals grow oriented with respect to
the anhydrite substrate with their {001} pinacoid parallel to
the anhydrite (100) substrate (Fig. 5a). Two populations can
be distinguished among these oriented celestite crystals. One
population includes numerous individuals and consists of
crystals that grow with their <120> edges parallel to
anhydrite [010] direction (Fig. 5b; yellow star). The other
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population comprises fewer celestite crystals, and these are
oriented with their <120> edges parallel to [001] direction in
the anhydrite substrate (Fig. 5b; red star). The local
coalescence of celestite crystals belonging to each of these
populations leads to the formation of simple twins
(Fig. 5b and c). Furthermore, the coalescence of celestite
crystals of the same population but with different orientation
due to existence of symmetry operators (mirror planes and
2-fold axis) inherent to the anhydrite structure and normal to
the anhydrite (100) surface can also lead to the formation
simple twins (Fig. 5b). As interaction between anhydrite (100)
surface and Sr-bearing solutions progresses and celestite
crystals continue to grow, they develop disoriented subunits,
whose number increases along time and is accompanied by a
progressive loss of parallelism between celestite and
anhydrite directions. As can be seen in Fig. 5d and S4b,} the
development of subunits in celestite crystals growing
epitaxially on anhydrite (100) involves two combined
misorientational spreads. One spread is associated to a
progressive loss of parallelism between (001)c) and (100)anp,
while the other comprises a gradual loss of parallelism

Fig. 5 SEM micrographs showing the formation of celestite crystals on anhydrite (100) surface after interacting with aqueous solutions bearing
different Sr concentrations during different times. (a) A continuous layer consisting of densely packed oriented celestite crystals carpets the
anhydrite substrate after 5 days interaction ([Srl,q = 50 g L™). (b) The interaction of anhydrite (100) surfaces with both pure water and Sr-bearing
aqueous solutions results in the early formation of etch pits that run parallel to [001]. When the interaction occurs with aqueous solutions with
[Srlag =19 L%, the epitactic nucleation of secondary celestite crystals is also observed. The epitaxy between anhydrite and celestite involves the
matching of the plane (100) of anhydrite with the plane (001) of celestite. Celestite <120> edges are parallel to the [010] direction in the anhydrite
substrate (yellow star) and, to a lesser extent, to the [001] direction in the anhydrite substrate (red star). The SEM micrograph shows the (100)
surface of an anhydrite crystal after a 5 days interaction with an aqueous solution with [Srl,q = 10 g L™ (c) The coalescence of two neighbored
celestite crystals with different epitactic orientations leads to the formation of simple twins ([Srl,q = 10 g L™ interaction time 5 days). (d) Celestite
crystals develop progressively misoriented subunits as their growth progresses. These misoriented units are apparent in celestite crystals formed
on anhydrite (100) surface after 7 days interaction with an aqueous solution bearing 10 g L™ Sr.

5748 | CrystEngComm, 2020, 22, 5743-5759 This journal is © The Royal Society of Chemistry 2020
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between [120]c;; and both [010],n, and [001],,,. Maximum
orientational spreads reach 20° after 5 days interaction.

Celestite overgrowth on anhydrite (001)

Etch pits formed on anhydrite (001) surface in contact with
Sr-bearing aqueous solutions are elongated along [100] and
bounded by steps parallel to [100] and [010].>* The
coalescence of these oriented etch pits results in the
formation of evenly spaced grooves that run along [100].
These grooves are deep and give anhydrite (001) surface a
very rough appearance. Celestite crystals nucleate on the
edges of these grooves soon after the beginning of anhydrite
interaction with the Sr-bearing aqueous solution. On
anhydrite (001), celestite crystals show a rhombus-like habit,
dominated by faces corresponding to the {001} pinacoid and
the {210} prism (Fig. 4b, 6a and S4ct). These crystals grow
with one face of their {210} prisms laying in direct contact
with the anhydrite (001) substrate, (001)sn4/l(210)cy, and their
larger faces, those corresponding to the {001} pinacoid,
oriented perpendicular to both, the anhydrite substrate and
the deep grooves on it, so that {001}c L (001)r,n, and
[100]ann (Fig. 6). As a result, celestite [120] edges (defined by
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the intersection of {210} and {001} forms) appear oriented
parallel to [010]y,n, while [001] edges (defined by the
intersection of faces corresponding to the {210} form) are
oriented parallel to [100],,, (Fig. 6b and c¢). Two
approximately equally abundant orientations of celestite
crystals can be distinguished (Fig. 6a). These two orientations
are related by a mirror plane symmetry operator parallel to
anhydrite [100] direction, this is, the direction of the grooves
on the anhydrite (001) substrate (Fig. 6c¢). Additionally,
another much less abundant population of celestite crystals
oriented with their [120] edges parallel to [100],,, is also
observed (Fig. 4b; white arrow).

Similarly to the observed on anhydrite (100) substrate,
epitactic celestite crystals that grow on an anhydrite (001)
substrate progressively develop increasingly misoriented
subunits and evolve from single crystals to crystal aggregates.
This evolution is significantly more marked in the region of the
celestite crystal that directly lays in contact with the anhydrite
(001) substrate (Fig. 6a). In this region (marked with a red
ellipse in Fig. 6b) subunits develop due to the combination of
two different misorientational spreads. One spread involves the
progressive loss of parallelism between (001)c, and [010]znn
while the celestite plane remains perpendicular to (001)an,, The

Fig. 6 SEM images showing celestite crystals that grow on anhydrite (001) surfaces. (@ and b) Celestite crystals grow oriented so that
(001)aAnnll(210)c- The epitaxy between both phases involves the matching of the plane (001) of anhydrite with the plane (210) of celestite. Celestite
<120> edges run parallel to [010] direction in the anhydrite substrate. The existence of a mirror plane perpendicular to anhydrite (001) substrate
generates two populations of celestite crystals. (c) Celestite single crystals progressively develop subunits during growth. These subunits are
arranged according to two orientational spreads. Wider orientational spread occurs in the region of the celestite crystal that is closer to the
substrate, which leads to the development of a swan-like habit. (d). Simulation of a typical celestite crystal growing on an anhydrite (001) cleavage
surface. ((@): [Stl.q = 10 g L™ (a), interaction time = 2 hours; (b) [Stl.q = 1 g L', interaction time = 2 hours; (c) [Stl.q = 10 g L', interaction time = 2
hours).
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other spread arises from the progressive tilting in the
orientation of (001)qy, which evolves from perpendicular to
parallel to (001)ann. The combination of both misorientational
spreads gives a swan like-shape to these crystals, where the
misorientational spread between subunits can reach up to 180°
(Fig. 6a). In contrast, orientational spread in the region of the
celestite crystal that does not directly lays in contact with the
anhydrite (001) substrate (marked with a yellow ellipse in
Fig. 6b) exclusively arises from the change in the orientation of
(001)¢y, which despite progressively losing its parallelism to
[010]snn remains perpendicular to (001)s,,. In this case, the
maximum misorientation between crystal subunits only reaches
up to 45°. The peculiar swan like morphology of celestite crystal
aggregates resulting from the development of the described
misorientational spreads is depicted in Fig. 6, where a
simulation of a typical celestite crystal growing on anhydrite
(001) surface as a result of the interaction of the later with a Sr-
bearing aqueous solution has been included (Fig. 6d).

Celestite overgrowth on anhydrite (010)

Etch pits formed on anhydrite (010) surface upon dissolution in
contact with Sr-bearing aqueous solutions are shallow and
rectangular-shaped (Fig. 7). These pits appear elongated along
[001] and bounded by steps parallel to [100] and [001].>* A small
population of platy and rhombus-shaped celestite crystals
whose habit is dominated by the {001} pinacoid also forms on
anhydrite (010) substrates. All these crystals grow on either
cleavage macrosteps or steps bounding etch pits. Both the
absence of celestite crystals growing on terraces and the much
smaller celestite crystal density on this substrate compared to
that observed on anhydrite (100) and (001) surfaces points to
celestite nucleation actually taking place on the two latter
surfaces, where these two planes are exposed on steps, rather
than directly on anhydrite (010). SEM observations suggest that
celestite crystals that grow on anhydrite (010) substrates also
develop a certain degree of misorientational spread that leads
to the formation of subunits (Fig. S4ff). However, the
characteristics of this misorientational spread are much more

Fig. 7 SEM micrograph of an anhydrite (010) surface after interaction
with Sr-bearing aqueous solutions ([Stl,q = 1 g L™; interaction time = 2
hours). The interaction promotes the formation of celestite crystals
poorly oriented with respect to the anhydrite substrate.
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difficult to evaluate due to the smaller number and size of
celestite crystals that grow on this anhydrite substrate together
to their unclear epitactic relationships with respect to the
anhydrite (010) substrate.

Texture analysis

The Rietveld processing results in a good data fit (Fig. 8),
which ensures a convergence of the refined parameters. The
refinement of celestite cell parameters shows a shortening
reduction of all of them compared to their lengths in the
reference structure,”’ with their mean values for the three
anhydrite substrate orientation being a = 8.380, b = 5.324 and
¢ =6.876.

Recalculated celestite 001, 100, 110, 101, 210 and 120 pole
figures for each anhydrite orientation ((100)snn, (001)snn and
(010)snn) are shown in Fig. 9.

In all the samples, celestite preferred orientation with
different geometrical relationships to the anhydrite substrate
is observed. Celestite overgrowths on (100)s,, show the
strongest texture, with most of the celestite crystals showing
preferred orientation (pole figure minimum = 0.1 m.r.d.
Fig. 9a). In contrast, on (001)s,, and (010)anp, although most
crystals are preferentially oriented, there is a significant
proportion of them that appear randomly oriented, with
minima ranging from 0.48 to 0.39 m.r.d (Fig. 9c to f).

Overall, most of celestite crystals fit into two textural
components (A and B; Fig. 9), which can directly be
correlated with the overgrowth patterns that can be observed
in SEM micrographs corresponding to Fig. 5 and 6.

Celestite texture on anhydrite (100)

Celestite texture on anhydrite (100) has the strongest
preferred orientation, with an F> = 6.1087 and a pole figure
max/min = 3.97/0.1 m.r.d. (Fig. 9a). Two textural components
are identified. Component A is defined by celestite crystals
with their (001) poles distributed in two maxima around
anhydrite [100] (//Z axis) and elongated preferably along the
X-axis (//[010]ann). The angular dispersion around the Z-axis
is about 50°. Furthermore, celestite (210) poles show two
peripheral maxima parallel to the X- and Y-axes, separated
70-80°. A similar pattern is observed for (120)¢y. poles.

In the textural component B, celestite (001) poles show an
elongated maximum parallel to the Y-axis, with an angular
dispersion of 35° in the YZ plane and 25° in the XY plane.
Celestite (210) poles define a small maximum and an
incomplete girdle between X and Y axes at 30° and 50-60°,
respectively, from Z-axis.

Celestite texture on anhydrite (001)

Texture strength of celestite on this plane is F> = 2.3363, and
pole figure max./min. = 1.92/0.48 m.r.d (Fig. 9c). Overall, there
is a significant number of celestite crystals randomly oriented
(0.48 m.r.d.). Textural component A includes numerous celestite
crystals with their (210) poles parallel to [001],,, (/Z axis) and
an angular dispersion (ca. 15°) about anhydrite [001]. A second
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well the measured diffraction data below.

(210) point maximum is identified in the X-axis at 76°. The
(120)c;; and (100)¢;, poles are also concentrated in the
surroundings of the Z-axis (/[001]ann) (£20°). The peripheral
distribution of the (001)c, poles around [100]s,, (£30°) is
consistent with textural component A.

Celestite crystals in component B depict a stronger
texture, with (001)¢//(001)snn (+20-30°, maximum dispersion
56° along X and Y-axes). A set of (210)c; poles concentrate
between 16 and 30° from [100]sy,, along the Y-axis. A
projection of (210)¢ along X-axis is geometrically consistent
and partially overlaps with A-component, what prevents a
detailed distinction. Moreover, (100)¢, peripheral girdle and
a point maximum close to [100]a,, (£20°) are a coherent part
of the B-component.

Celestite texture on anhydrite (010)

SEM observations showed no oriented celestite overgrowths
on (010)ann (Fig. 7). Texture analysis, however, shows distinct
pole patterns (Fig. 9e and f) and a considerable strength (F> =
6.1055), with pole figure maximum and minimum of 2.77
and 0.39 m.r.d. Most celestite crystals have their (001) poles
parallel to the X axis (//[001]snn) With an angular dispersion
of +75° in the XY plane, and +30°in the XZ plane of the
reference system (Fig. 1). The (001)c, poles depict two
secondary point maxima, which fall along Y-axis,
representing (001)¢;, planes at +50° to the (010),n, Substrate.
(210)¢)e poles show a peripheral distribution close to the
X-axis and between X- and Y-axes. Other point maxima of
(210)¢y¢ poles fall close to the Y-axis, forming an angle of 40°
and 60° with the substrate. Geometrical constraints suggest
that celestite texture is compatible with a mixture of two
populations developed on step and pit edges, where (100)5nn
and (001),,p, surfaces are exposed (inset; Fig. 9e).

Discussion

We observe that the interaction of any of the three main
anhydrite cleavage surfaces with aqueous solutions bearing
[Srlaq = 1 g L' leads to the precipitation of celestite crystals
that grow oriented with respect to the anhydrite substrate.
When the interaction starts, the Sr-bearing solution contains

This journal is © The Royal Society of Chemistry 2020

no sulfate and its supersaturation with respect to both
anhydrite and celestite is zero. The dissolution of the
anhydrite substrate results in the release of SO,*” and Ca**
ions to the aqueous solutions, whose supersaturation with
respect to celestite rapidly increases to overcome a threshold
supersaturation for celestite heterogeneous nucleation before
the aqueous solution becomes saturated with respect to
anhydrite in the case of those solution with initial [Sr],q = 1
g L™". The concept of threshold supersaturation is equivalent
to that of critical supersaturation but applies to systems
where supersaturation evolves along time. The threshold
supersaturation value is not unique but depends on the rate
at which the systems moves from equilibrium, this is the
supersaturation rate.”>”” Thus, it will be higher the faster
the substrate dissolves and SO,> and Ca*' ions are released
to the aqueous solution. The nucleation and growth of
celestite crystals removes SO, ions, as well as Sr*", from the
solution and promotes further dissolution of the anhydrite
substrate, which in turn results in the solution again
becoming supersaturated with respect to celestite, thereby
facilitating the growth of celestite crystals. In this way, a
dissolution-crystallization feedback loop is stablished, which
operates as long as the system does not become exhausted of
either anhydrite and/or dissolved Sr or the celestite does not
completely armor the anhydrite substrate from interaction
with the solution. This loop operates according to the
following reactions:

CaSOy(s) + nH,0() — Ca*' (4q) + SO4> (aq) + nH,O() 1)
SO42_(aq) + Sr2+(aq) - SI‘SO4(S)11 (2)

As stated above, we observe the formation of a significantly
higher density of celestite crystals on (001),, than on (100)nn
and (010)ann. This higher crystal density can be explained if we
take into account the dissolution kinetics of the three anhydrite
substrates. In situ atomic force microscopy experiments
conducted by Shindo et al.>* evidenced that the dissolution of
(001)snn in contact with water takes place at a much faster rate
than the dissolution of (100)an, and (010) .. It stands to reason
that (001),,, will also dissolve at a much faster rate than
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(010)anh- On the left column, main textural components: (001)c, and (210)c. (A: grey; B: black) are summarized in stereographic projection.
Dashed circles represent different angles to the anhydrite substrate. Main epitactic relationships are illustrated with simple schemes on each case
(see Fig. 10 and 11). The absence of oriented celestite overgrowth on (010)a. suggests that texture in this surface arises from mixing crystals
growing on (100)ann and (001)ann steps and/or edge pits exposed in this surface (Fig. 7). The reference system XYZ has been defined in Fig. 1 and
indicates the orientation of anhydrite directions ([100], [010] and [001]) for each plane. Equal angle projections are marked with linear contour

intervals (m.r.d.: multiples of a random distribution).

(100)ann and (010),,, in contact with a Sr-bearing aqueous
solution, which will result in a Sr-bearing solution in contact
with (001)s,, becoming supersaturated with respect to celestite
at a faster rate than a solution in contact with the two latter
surfaces. Assuming that anhydrite dissolution is the rate
limiting step in the dissolution-crystallization reaction, the
faster dissolution of (001)s,, will result in the dissolution-
crystallization loop also operating at a faster rate when the Sr-
bearing solution interacts with this substrate.

5752 | CrystEngComm, 2020, 22, 5743-5759

Regardless of the anhydrite surface considered, celestite
crystals show habits dominated by the {001} pinacoid,
combined with the {210} and {101} prisms, which appear less
developed. All these forms are common in natural celestite
crystals.”® Moreover, they define the theoretical habit of
celestite, according to the periodic bond chain (PBC) analysis
conducted by Hartman and Strom®® for crystals with the
barite structure. This analysis attributes the lowest
attachment energy to the {001} form, which explains that it is
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the most developed form in all the newly formed celestite
crystals, regardless of the anhydrite substrate on which they
are growing.

Epitactic relationships between anhydrite and celestite

The structural matching between the overgrowth and the
substrate is a key parameter that must be considered in order
to understand the development of an epitaxy. A good
matching between layers of two different phases requires that
their structures share both, geometrical features and
structural elements. Despite crystallizing in different systems,
anhydrite (space group Amma, a = 6.993 A, b = 6.995 A, and ¢
= 6.245 A)*” and celestite (space group Pnma, a = 8.360 A, b =
5.352 A, ¢ = 6.858 A),*" it does exist a clear affinity between
the structures of these phases. Indeed, both structures are
orthorhombic and consist of sulfate - cation chains linked
into sheets which in turn are linked together to build up a
framework. As a result, the formation of (001) and (210)
layers of celestite onto the (100) and (001) surfaces of
anhydrite does not result in the interruption of the sulfate -
cation sequences but guarantees their continuity, thereby
also ensuring the structural continuity between the two
phases involved in the epitaxy. This structural continuity
through the interphase constitutes a basic requirement
condition for the existence of epitactic relationships between
two crystalline individuals.®” On the other hand, in all the
epitactic relationships described above between the celestite
and the three anhydrite substrates considered, the matching
between the structure of these two phases involves
crystallographic directions that are parallel to PBCs: in the
structure of anhydrite, three PBCs run parallel to its main
crystallographic axes, whereas in the structure of celestite the
most stable PBCs run parallel to [001] and <120>. According
to the PBC theory,"” this scenario favors the development of
an epitaxy since a minimum interface energy is achieved
when there is a coincidence between close-packed atomic
rows (defined by the PBCs).

Beyond structural considerations, the formation of an
epitaxy also requires low misfit values between the lattice
planes involved. Lattice misfit (mf) can be expressed by
means of the equation (van der Merwe, 1978):"°

t[uvw]Cls - t[uvw]Anh

mf (%) = %100 3)

t[uvw]Anh

Table 1 Epitactic relationships between anhydrite and celestite
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where fj,,; is the repeating period (distance between
successive equivalent SO, groups) along the [uvw] direction of
the substrate (anhydrite) and overgrowth (celestite). Negative
misfit values mean that the unit cell of the overgrowth is
contracted along [uvw] in comparison to the unit cell of the
substrate (frwwicie < fwwlann)- Similar repeating periods (mf
< |10|% to |12]|%) mean a good matching between the two
structures and favour the formation of an epitaxy.'>**
Table 1 shows the misfits calculated for the shared directions
between celestite and anhydrite defined in the epitaxy. In all
the cases, mf < |10|%, which puts them within the
acceptable limits for the formation of an orientated
overgrowth of celestite on the substrate of anhydrite. The
matching between the two structures through the (001)snn
and (210)¢y, is remarkably good, with linear misfits that are
lower than |3|% for all the shared directions involved in the
epitaxy. Moreover, the fact that a and b axes in anhydrite are
almost identical in length (hb-a = 0.002 A) explains the
existence of two different populations of celestite, whose
orientations are related by a pseudo 4-fold axis. Additionally,
the less good matching between [001],,, and [120] (8.74%)
through anhydrite (100) surfaces explains that the population
of celestite crystals that show this orientation is much less
numerous than the one formed by celestite crystals oriented
so that [120]¢;; and [010],,, are parallel, since a much better
matching (-2.91%) exists between these two latter directions
through anhydrite (100) surfaces (Fig. 5b).

As has been explained, on all the anhydrite surfaces
studied several populations of differently orientated celestite
crystals are observed. For a given anhydrite substrate the
orientations shown by the celestite crystals that grow on it
are related by symmetry operators which belong to the
symmetry class of anhydrite (2/m 2/m 2/m) and are
perpendicular to that substrate. The coalescence of
differently oriented individuals as a result of their growth
leads to the formation of twins. “Substrate induced twinning”
is a well-documented phenomenon which can lead to the
generation of specific textures.®®** The occurrence of
substrate induced twinning has already been reported
associated to numerous dissolution-crystallization reactions
that involve sulfate, carbonate and/or phosphate mineral
phases.’®***>  One of these dissolution-crystallization
reactions involves the interaction of Pb-bearing aqueous
solutions with anhydrite, which leads to the precipitation of
anglesite (PbSO,4) on anhydrite surfaces.>® Both, anglesite and

Anhydrite (CaSO,)

Celestite (SrSO,)

Misfit

Contact plane Parameter (A) Contact plane Parameter (A) Population (%)
(100) 2 x [010] = 13.990 A (001) [120] = 13.582 A 1 -2.91
2 x [001] = 12.490 A 2 8.74
(001) 2 x [010] = 13.990 A (210) [120] = 13.582 A 3 -2.91
[100] = 6.993 A [001] = 6.858 A 1.93
2 x [100] = 13.986 A [120] = 13.582 A 4 -2.88
[010] = 6.995 A [001] = 6.858 A -1.96

This journal is © The Royal Society of Chemistry 2020
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celestite belong to the barite group and, consequently, are
isostructural. As reported by Morales et al,”® anglesite
crystals also grow oriented on (100)snn, (010)ann and (001)snp,
showing identical epitactic relationships with these
substrates as described here for celestite.

The most striking difference between celestite and
anglesite crystals growing on (100)snh, (010)ann and (001)ann
regards the evolution of the characteristics of anglesite and
celestite crystals during growth. While anglesite crystals show
no sign of branching and split growth and, consequently,
their orientation with respect to a given anhydrite substrate
remains the same as they grow, celestite crystals progressively
develop subunits as their growth progresses, concomitantly
losing their single crystal character and their epitactic
orientation with respect to the anhydrite substrate. We
interpret the marked splitting that results in the evolution of
celestite crystals from single to crystal aggregates as probably
driven by the incorporation of small amounts of Ca into the
structure of celestite substituting Sr. While no Ca
incorporation was detected in the case of anglesite, most
likely due to the very large difference between the radii of
Pb™ (1.49 A) and Ca*" (1.34 A), celestite growing on
anhydrite has up to 1.5 wt% Ca, as determined by EDX
analysis. Still, the ionic radii of S©" (1.44 A) and Ca also are
significantly different and Ca incorporation in Sr positions is
due to stress celestite structure. The formation of
dislocations is a common way for crystal structures to release
lattice strain.> These dislocations can appear spatially
arranged at regular intervals, leading to the formation of
small-angle boundaries.***>®* Between dislocations the
lattice will be coherently continuous across these boundaries.
This impurity incorporation-related splitting mechanisms
explains, for example, the formation of sheaf-like and
spherulitic morphologies in Mg-calcites.**®  Small-angle
boundaries define individual subunits in celestite aggregates.
Besides, the reduction of epitactic celestite cell parameters
(ca. 1.3%) supports the Sr-Ca substitution model. Thus, we
conclude that the incorporation of Ca in the celestite growth
steps causes the formation of small-angle boundary and leads
to the marked splitting of the celestite crystals involved in
the development of sheaf-like aggregates (Fig. 5b) on the
(100)ann surface and swan-like aggregates on the (001)ann
surface (Fig. 6). The anisotropic features of the splitting that
leads to the formation of the latter aggregates may be related
to the development of sharp Ca** and SO,>" concentration
gradients at the anhydrite-aqueous solution interface
(boundary layer) as soon as the anhydrite substrate starts to
dissolve. The development of such compositional gradients
at the mineral-aqueous solution interface during
dissolution-crystallization reactions has been experimentally
confirmed in numerous systems.®®®® These compositional
gradients necessarily result in supersaturation gradients.
Since coupled dissolution-precipitation reactions are
kinetically faster than diffusion through the bulk aqueous
solution, the region of the celestite crystals that directly lays
in contact with the anhydrite (001) substrate grows under
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higher supersaturation conditions than regions further away
from the substrate. This higher supersaturation would
facilitate the incorporation of higher amounts of Ca, which
in turn would explain the further development of
misorientational spreads in the region of the celestite crystals
in direct contact with the anhydrite (001) substrate.

As shown in cross-cut crystals (Fig. 4a and S2t), the
replacement reaction of anhydrite by celestite seems to
efficiently progress towards the core of the anhydrite crystals.
For the replacement process to proceed, a continuous
communication between the interface where the reaction
occurs and the bulk solution is required.*”®”* This
communication takes place through the formation of an
intrinsic intergranular microporosity which guarantees a
permanent supply of Sr** ions towards the calcium sulfate
surface and those can react with the SO,> released to the fluid
as a result of mineral dissolution. As stated in the introduction,
the formation of an epitaxy can be a major drawback for the
development of dissolution crystallization reactions because its
formation can, in certain cases, efficiently passivate the surface
of the primary mineral."’™® This frequently occurs when
isostructural phases which belong to the same mineral group
grow through the Frank van der Merwe epitactic growth
mechanism."® Contrarily, when epitaxial growth involves
greater misfit values, 3D nuclei of the secondary phase form on
the primary one through the Volmer Weber or Stranski
Krastanov epitactic growth mechanism.'*"”** Here, even if the
overgrowth completely carpets the substrate of the primary
mineral (like in the case of our celestite crystals growing on the
anhydrite surfaces), the armoring is usually imperfect.'®>® The
anhydrite - celestite epitaxy described in this work clearly falls
within the latter category. The coalescence of differently
oriented celestite crystals on the anhydrite cleavage surfaces
does not completely seal the substrate and allow the Sr-rich
solution to penetrate towards the primary anhydrite surface.
Hence, the anhydrite to celestite transformation can proceed.
Additionally, we must take into consideration the characteristic
morphological evolution of the epitaxial celestite overgrowth
with elapsing interaction time. The development and
coalescence of rough sheaf-like and swan-like aggregates will
further diminish the armoring of the anhydrite substrate
leading to the formation of extremely porous surfaces which
will certainly facilitate even more the circulation of the aqueous
solution through the replacing layer.

Celestite texture and epitactic growth on anhydrite

Quantitative texture analysis have shown distinct textural
components of celestite crystals growing on anhydrite faces.
(001)¢y and (210)¢y pole figures are particularly relevant to
correlate texture and morphological features as observed
under SEM. Two main textural components (A and B, Fig. 9)
are clearly observed in (100)sn, and (001)a,, Substrates. In
contrast, celestite texture on (010)a,n, shows a more complex
pattern, which we interpret as arising from the mixed
contribution of celestite crystals that nucleate oriented on
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steps and edge pits. On these edges, (100)a,n, and (001)snn
surfaces are exposed to the interaction with the Sr-bearing
aqueous solution. Thus, celestite texture on (010)s,, would
be the result of celestite epitactic growth on (100),,, and
(001)snn rather than on the former surface. An explanative
schematic of these orientational relationships is depicted in
the left column of Fig. 9.

Celestite texture strength (F’-index) differs on each
anhydrite face: (100)ann > (001)ann > (010)ann, and pole
figure density in (100)a,, is about two times higher than in
(001)snn face. Interestingly most of celestite crystals on
(100)onn are textured (pole figure minimum = 0.1 m.r.d,;
Fig. 9), while a considerable number of celestite crystals on
(001)snn are randomly distributed (minimum = 0.48 m.r.d.).

Simple geometrical models have been elaborated to
correlate celestite textural components and direct observation
under the scanning electron microscope of celestite crystals
grown on (100)a,n (Fig. 10) and (001),,5 (Fig. 11), respectively.
In all cases pole figure orientation data are evaluated within
the coordinate system defined in Fig. 1. As an example of the
procedure, a detailed stereographic projection of a (001)cy
plane inclined 60° to the substrate (i.e. (100)a,p) in the XYZ
coordinate system is showed in Fig. 10a. The location of the
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pole (P) is equivalent to the one indicated in the real pole
figure (Fig. 10b). (001)cy pole figure distribution depicts a
quasi-orthorhombic symmetry in which two rotations of +50°
and +30° are identified in the X- and Y-axis respectively
(Fig. 10b). Textural component A (Fig. 9a) is compatible with a
rotation of +50° around the Y-axis (//[001]ann) of celestite
crystals initially oriented with (001)c//(100)s,n  and
<120>¢1¢//[001]ann and [010]ann (Fig. 10c). Note that only one
pair of twinned celestite crystals is represented in Fig. 10c for
clarity, but substrate-induced twins have 4-folds symmetry
(Fig. 5b, ¢ and 10b). Crystal density is asymmetric along the
X-axis, suggesting that one twinned pair is much more
abundant than the other (Fig. 10b). This result is in good
agreement with our SEM observations and the epitaxy model
proposed. The component B could be conceived starting with
celestite crystals originally oriented with (001)¢//Y-axis and
(210)cy//Z-axis (Fig. 10d), then followed by a rotation of +30°
around the X-axis (//[001]ann) (Fig. 10b and d). This model is
compatible with the orientation distribution of the subunits
constituting microscopic celestite aggregates (Fig. 5d).
Textural patterns of celestite overgrowths on (001)s,, are
compatible with the progressive development of disoriented
celestite subunits (Fig. 11a). Textural component A represents

Fig. 10 Conceptual models for celestite textural components developed on (100)a.. face (Fig. 9). a) 3D Upper hemisphere stereographic
projection of a (001)c; plane inclined 60° to the substrate (i.e. (100)ann) in the XYZ coordinate system. The plane is rotated around the X-axis. Note
(001)¢y; pole (P) is the same in (b). b) Annotated (001)¢; pole figure showing angular dispersion of poles along X and Y-axes which correspond to
textural components A and B, respectively. Along the X-axis density distribution is asymmetric with respect to YZ plane, suggesting a lesser
development of crystals along-X axis. c) Development of textural component A on (100)a.n, Where progressive angular spreading occurs from
(001)¢y; parallel to (100)anh (to) to £50° around Y-axis (i.e. //[001]ann; ta). Only a pair of twinned crystals is represented for clarity, but a mirror pairs
exist (see Fig. 5b). d) Celestite textural component B is the result of a rotation of crystals oriented with (001)c//(001)ann and (210)c//(100) ann
(indexed large crystal) up to £30°around the X-axis (see Fig. 5b).
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Fig. 11 Model for celestite textural components developed on (001)sn,. a) Development of celestite subunits by an accumulated rotation (£70°) of
crystals primary oriented with (001)c//(100)ann and (210)c//(001)ann (i.e. component A) around an <hkO>¢y (e.g. <210>), ca. X-axis. As a result,
swan-like habit aggregates are generated (see Fig. 6). b) (210)c; pole figure where cylindrical (white line) and conical (white dashed line) best fit
has been calculated for (210)c; point maxima. Symmetry rotational axis in both cases falls around <210>c; maximum (white triangle). A
conceptual sketch for a cylindrical best fit is included. Black triangle represents submaxima separated by 152° of white triangle and correlate with
(2-10)c; poles as explained in c) and d). c) Geometrical model of two celestite crystals (starts 1 and 2) whose growth on (001)sn, results in the
formation of a substrate induced twin. The angular relationship between (2-10) poles (in red) of these crystals (154.6°) is depicted. Note that these
crystals are related by a mirror plane parallel to (010)ann. d) Simplified (210)¢: pole figure showing the projection of (2-10) directions from crystal 1
(black triangle) and crystal 2 (white triangle). The twin plane will be parallel to YZ coordinate plane. Note the correlation with the real texture

represented in b).

celestite crystals oriented with (001)c¢//(100)ann and (210)cy//
(001)pnn- An accumulated rotation of +70° around <hk0>¢,
(e.g. <210>), aligned to the X-axis, results into the textural
component B (Fig. 11la and b) and the swan-like habit
(Fig. 6). In the (210)¢; pole figure (Fig. 11b) conical and
cylindrical best fit is calculated for main point maxima,
which is indicative of a symmetry axis located around
<210>.”° The schematic drawing in Fig. 11c describes the
substrate induced twinning of celestite crystals as interpreted
from both, texture results and SEM observations on (001)snp.
In the (210)c. pole figure (Fig. 11b), two maxima are
projected near the X-axis (white and black triangles). These
maxima most likely correspond to the (2-10)c faces of the
two populations of differently oriented swan-like aggregates
related through a mirror plane parallel to (010),,, and whose
coalesce leads to the formation of substrate induced twins
form, as depicted in Fig. 6. A scheme of this type of twins,
consistent with the textural components derived from (210)¢y,
pole figure, is show in Fig. 11c. In this geometrical model
two differently oriented celestite crystals (stars 1 and 2), both
with (210) parallel to (001)snn, form a twin, with (010)snn

5756 | CrystEngComm, 2020, 22, 5743-5759

acting as the twin plane (parallel to Y-axis in Fig. 11d). The
simplified (210)¢, pole figure in Fig. 11d shows the angular
relationship between relevant (2-10) poles of crystals 1 and 2
(154.6°). This is consistent with the angular measurement
between equivalent <210> textural maxima in Fig. 11b,
where white and black triangles define an angle of 152°. The
proposed substrate induced twinning model reflects these
observations as well as the features of celestite aggregates as
shown in Fig. 6.

Conclusions

The interaction of anhydrite cleavage surfaces with Sr-bearing
aqueous solutions leads to the dissolution of the primary
anhydrite and the concomitant nucleation of 3D celestite
nuclei according to the Volmer Weber epitaxial growth
mechanism. The structural matching between the anhydrite
substrate and the celestite overgrowth determines the
epitactic nature of the latter.

Two textural components have been identified in celestite
aggregates growing on (100)y,, and (001)z,n. These
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components represent the endmembers of the progressive
development of celestite epitactic growth on anhydrite
planes, and correlate with the following symmetry elements
that belong to the anhydrite substrate:

- On (100)z,n, component A shows celestite crystals with
an initial orientation of (001)c; parallel to (100)s,, and
<120>¢y, parallel to [001]a,n and [010]ann. They correlate with
the 4-fold twinned crystals, whose constituting subunits
rotate from (001)¢;, parallel to (100)a,n to £50° around Y-axis
(i.e. //[001]ann)- Component B is the result of a rotation of
crystal subunit oriented with (001)¢y, parallel to (001)a,p, and
(210)cy parallel to (100)snn up to +30° around the X-axis.

- On (001)snn, component A is represented by celestite
crystals primary oriented with (001)¢ parallel to (100)snp,
and (210)¢, parallel to (001),,,. Component B is generated
by progressive misorientation of celestite subunits, with an
accumulated rotation of +70° around an <hAk0>cy axis (e.g
<210>), approximately aligned to X-axis. The celestite
aggregates that result from this progressive subunit
misorientation show a characteristic swan-like habit. In
parallel, geometrical relationships have been identified which
are consisting with the development of substrate induced
twinning, with the mirror plane (010),, acting as the twin
plane after coalescence of differently oriented swan-like
aggregates.

The strongest texture (F>-index) is recorded on (100)ann,
followed by that on (001)s,,. Texture strength inversely
correlates with the relative number of celestite crystals
randomly oriented, where (001),,, shows the largest number
of crystals with a random orientation (0.48 m.r.d.). Celestite
texture on sample (010),, is consistent with it, resulting
from a mixture of the textural components derived from
celestite overgrowths on step and edge pits, where (100)ann
and (001),,n are exposed. Consequently, the development of
this texture is not related to epitactic growth on (010),,, but
on (100)sn, and (001)anp.

We attribute the development of the misorientational
spreads involved in the formation of celestite aggregates on
anhydrite substrates to split growth phenomena induced by
incorporation of small amounts of Ca substituting Sr in
celestite structure. This incorporation would induce lattice
strain which would be released through the formation of
dislocations spatially arranged at regular intervals in small-
angle boundaries. The anisotropic development of
misorientational spreads observed in the swan-like celestite
aggregates formed on (001) anhydrite substrate could be due
to differences in the amount of Ca incorporated in different
regions of celestite crystals depending on their relative
proximity to the anhydrite substrate and driven by the
existence of compositional gradients at the boundary layer.
The coalescence of differently oriented 3D celestite crystals
on anhydrite cleavage surfaces generates microporosity
within the secondary celestite layer. This porosity guarantees
that, despite the existence of epitactic relationships between
the celestite and the anhydrite, the transformation reaction
can proceed.

This journal is © The Royal Society of Chemistry 2020
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