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Abstract

In this paper, we present in situ atomic force microscopy (AFM) observations of the interaction between celestite (SrSOy4) (001) sur-
faces and Na,COj; aqueous solutions. The observations indicate that the interaction is characterized by a rapid alteration (carbonatation)
and dissolution of the original surface, shortly followed by the formation of a new phase. EDX analyses indicate that the new phase is
strontianite (SrCO3). Its crystallization involves the formation and spreading of islands of about 2.75 nm in height, which chiefly occurs
on the step edges of the dissolving celestite substrate. The thickness of the islands remains almost constant during their spreading, which
occurs mainly parallel to the celestite [010] direction. As a result of the progressive coalescence of the islands, a fairly homogeneous epi-
taxial layer forms on the celestite (00 1) face. At the initial stages, the formation of islands on the celestite (00 1) faces enhances disso-
lution, indicating the existence of a coupling between dissolution and crystallization reactions. Our measurements on series of AFM
images provided quantitative information about coupled dissolution-growth rates on a nanoscale. The effect of the coupled reactions

on the celestite (00 1) surface on a microscopic scale was also studied by scanning electron microscopy (SEM).
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1. Introduction

Celestite (SrSQy) is a relatively common sulphate in the
Earth’s Crust, where it frequently occurs in association with
gypsum, dolomite, calcite and halite [1]. In addition, celestite
forms a solid solution with barite (BaSQy). In nature, this
solid solution shows a marked chemical bimodality, i.e. only
Ba-rich or Sr-rich terms of the Ba,Sr;_ SO, solid solution
are frequent [2]. The thermodynamic character of the
Ba,Sr;_, SO, solid solution has been largely disputed,
although most recent works consider it nearly ideal and, con-
sequently, almost complete at 25 °C. Therefore, its chemical
bimodality cannot be completely justified on the basis of
thermodynamics [3 and references therein]. Moreover, even
considering this solid solution as ideal, the large difference
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between the solubility products of its end-members (the
solubility product for barite at 25 °C is K, parite = 102
[4], while for celestite is K celestite = 10766 [5]) determines
that the geochemical conditions that would allow to
precipitate intermediate solid solutions are very restrictive.
Thus, the chemical bimodality of this solid solution can be
considered a consequence of the important differences in
crystallization kinetics resulting from the high difference in
solubility between the two end-members [6,7].

It has also been pointed out that crystals of celestite—
barite solid solution could act as precursors for the forma-
tion of other phases relatively common in nature, mainly
carbonates corresponding to the Ba,Sri_.COj; solid solu-
tion [8]. The fact that intermediate compositions of
Ba,Sr;_.CO; solid solution are, as it occurs in the case
of the Ba,Sr;_, SO, solid solution, rare in nature, together
with a difference between the ionic radii of Sr** (1.31 A)
and Ba®>" (1.47 A) of 10.88%, supported the idea of the
existence of a miscibility gap at low temperatures [8].



promotes further celestite dissolution. As a result, while the
concentration of carbonate in the solution is maintained
high enough, the release of Sr°* guarantees the growth of
strontianite islands. The depletion of carbonate in the solu-
tion and the increase of the thickness of the carbonate
layer, which progressively armours the celestite (001)
surface from further interaction with the aqueous solution,
should determine a progressive slowing down of the disso-
lution—crystallization process. In addition, the growth
of SrCOj; has a secondary effect: the increase of the
SO2~/CO?" ratio in the surrounding aqueous solution.
As this ratio increases, the celestite dissolution rate de-
creases because a lesser amount of Sr** is required to reach
saturation with respect to celestite. Although most of the
celestite (001) surface becomes covered by the strontianite
layer, the celestite dissolution and the strontianite growth
coupled processes can continue to progress in crevices orig-
inated during the cleavage. In those areas, strontianite
grows as aggregates with very rough surfaces, indicating
that, locally, the supersaturation with respect to strontian-
ite is very high (see Fig. 7a and b). In the system under
consideration a true-equilibrium is not reached since the
initial solid (celestite} becomes progressively isolated from
the aqueous solution by a coating layer of a secondary
solid (strontianite). Therefore, we can assume that the
system approaches a state usually referred to as ‘‘partial
equilibrium” [26,27].

Regardless of the development of the dissolution-crys-
tallization process at a local scale, our experimental results
demonstrate that the celestite dissolution and strontianite
growth reactions are coupled. Furthermore, there is posi-
tive feedback between both reactions. The behaviour ob-
served is similar to that described by Pina et al. [28] for
the case of the solvent-mediated transformation of phosg-
enite into cerussite. AFM observations carried-out by these
authors showed a significant enhancement of the dissolu-
tion rate of phosgenite once cerussite nucleated on its sur-
face, concluding that, at some stage in the enhancement
process, a balance would be achieved between the rate of
dissolution and the rate of precipitation. In the case of
the celestite—strontianite system, we can also conclude that
determining overall reaction rates for processes which in-
volve simultaneous dissolution and crystallization reac-
tions must be done taking into account both the spatial
and temporal relationships between these reactions on a
molecular scale.

6. Concluding remarks

1. The presence of NayCOs in the aqueous solution modi-
fies the dissolution behaviour of the celestite (0@1) sur-
face. The most remarkable feature is the enhancement
of the dissolution rate, which increases with the initial
concentration of NayCO; in the aqueous solution.
Moreover, the etch pits modified their shape in compar-
ison to that shown when dissolution occurs in deionised
water. Thus, the etch pits lose their characteristic

straight edges and become elliptical. Another interesting
feature is the initial alteration of the celestite (001) sur-
face, which seems to occur prior to the formation of the
etch pits and probably as a result of the carbonatation
of this surface.

2. AFM observations show that the formation of islands of
a new phase shortly occurs after the beginning of the
alteration and dissolution of the original surface. The
islands of the new phase show an almost constant thick-
ness (~2.75 + 0.25 nm) during their spreading on the
celestite (001) surface. Nevertheless, on top of the sur-
face of the islands, monolayers (2.9 + 0.2 A in height)
that advance at a reduced rate continue to form simulta-
neously to the lateral growth of the islands.

3. SEM images of celestite surfaces after their interaction
with carbonate solutions in the fluid cell show that crys-
tal aggregates have formed in crevices. According to the
results of the EDX analyses, the composition of those
aggregates corresponds to that of strontianite (SrCOs3).

4. The height of the uppermost monolayers on the islands
is in agreement with a half of the ¢ lattice parameter in
the strontianite structure (3.03 A), i.e. the elementary
growth layer for strontianite (001) faces. This suggests
the existence of an epitaxy between the islands and the
celestite substrate. The most probable epitaxial relations
on the common (001) plane are: [010k ontianite//
[1 0 .Jcclcstile: and [1 ..]Slr.ﬂtianile//[. 1 .]celcstit:-

5. Dissolution rates on the celestite (0@1) substrate sub-
stantially increase once strontianite islands start to
grow, indicating the existence of a coupling between dis-
solution and growth reactions. Such a coupling seems to
control the kinetics of the solvent-mediated transforma-
tion of celestite into strontianite, indicating that celestite
crystals can be replaced by strontianite as a result of
interaction with carbonate aqueous solutions under
room conditions.
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the ionic strength of the aqueous solution when high
Na,CO; concentrations are used. Calculations carried-out
using PHREEQC show that a solution initially saturated
with respect to celestite becomes highly undersaturated
when Na,COj is added. In addition to the effect of Na,CO;
concentration on the activity of Sr** and SOi‘ species in
solution, the contribution of the effect of the alteration
(carbonatation) of the celestite (001) face (resulting in
the formation of a rough, labile and possibly amorphous
monolayer) has to be considered. It seems that both effects
efficiently enhance the dissolution of the celestite (001)
face, when it occurs in contact with carbonate waters.

5.2. Cempesitien and grewth ef the new phase

SEM images of celestite crystals removed from the AFM
fluid cell after reacting with Na,CO; solutions show celes-
tite (001) faces partially replaced by dendritic crystals and
lenticular aggregates. These crystals are spatially related to
micrometric etch pits, crevasses and cleavage planes on
celestite surfaces, originating a characteristic porous tex-
ture. A similar texture was observed after the partial con-
version of celestite crystals by hydrothermal treatment in
Na,COj and K>COj solutions [14]. In addition, EDX ana-
lyses of crystal aggregates show that they are composed of
carbon and strontium exclusively. Therefore, both the mor-
phology and texture of the crystals and the EDX analyses
indicate that the crystals newly-formed on celestite are
strontianite. This is further supported by the relatively fre-
quent observation of crystal aggregates with pseudohexag-
onal symmetry, which can be interpreted as resulting from
aragonite-type twining.

The formation of strontianite from celestite at low tem-
perature can be explained by considering that, in the pres-
ence of carbonate solutions, the dissolution of celestite is
enhanced. As a result of the dissolution process, Sr*" and
SOi_ ions are rapidly released to the solution. This leads
to a progressive increase in supersaturation with respect
to strontianite. Once a threshold value of supersaturation
with respect to strontianite is overcome, nucleation of this
phase occurs on the celestite (0@ 1) face. Therefore, the for-
mation and spreading of nanometric islands correspond to
the earliest stages of strontianite formation on celestite
(001) surfaces. As AFM measurements show, strontianite
islands rapidly reach a height of 2.75 + 0.25 rm, which re-
mains essentially constant until the coalescence of islands
and leads to the formation of a more or less uniform
strontianite layer on the celestite (0@ 1) surface. Layers with
similar thickness (~3 nm) have also been observed to form
on calcite (1014) surfaces when, as a result of their inter-
action with some metal-bearing solutions, a dissolution—
precipitation process occurs [17-19]. Both the formation
of islands with similar heights on different surfaces and as
a result of the interaction with different aqueous solutions
suggests that the height of the islands is somehow con-
trolled by the match between the structures and their elastic
properties.

The case we are dealing with can be considered a hetero-
epitaxy in which the (001) planes of both celestite and
strontianite seems to be parallel. Since the elementary
growth layer of strontianite (001) faces is a half of the
strontianite cq lattice parameter, i.e. 3.016 A [20], the obser-
vation of a monolayer 2.9 + 0.2 Ain height on the top of
the thick strontianite layer (~2.75+ 0.25 nm) supports
the existence of such a parallelism. Therefore, the typical is-
lands (as well as the uniform layer) on the celestite (001)
face consist of approximately 9 strontianite dgy, elementary
growth layers. We have not found further evidence of par-
allelisms between the strontianite layer and the celestite
substrate. However, on the basis of the similarity of lattice
parameters, the most probable epitaxial relationships on
the (..l) Plane are bstrontianitJ/‘cc]cstitc: and ‘stronlianitJ/
boelesutes 1.€. the parallelism between the [100] and [010]
directions. Strontianite is orthorhombic, space group
Pmcn, with ag=5.106 A, by =8.421 A and cy =6.031 A
[21]. Celestite is also orthorhombic, space group Primna,
with ag=8.389 A, be=5365A and ce= 6885 A [22].
From these lattice parameter data, calculated misfits
through strontianite—celestite interface are: [(bsirentianite—
‘cclcsﬁtc}/‘cclcstitc] X100 = .38./' and [(bcc]cstilcf‘strontianitc)/
& onuanite) X 100 = 5.07%. These quite low misfits suggest
a good matching between both lattices through the inter-
face. However, AFM observations show that the lateral
spreading of the strontianite islands on the celestite (001)
face is initially slower than their growth along the vertical
direction. Therefore, the difference between celestite and
strontianite structures must be high enough to hinder the
advancement of strontianite islands on the celestite (001)
surface. In contrast, the advance in height seems to be ener-
getically more favourable and it occurs by means of the re-
peated strontianite nucleation. In addition, the profiles of
the islands show a very sharp boundary between the sub-
strate and the islands and no development of a wetting
layer is observed. All these features correspond to a
Volmer—Weber epitaxial growth mechanism, which is char-
acterized by a low adhesion between the substrate and the
overgrowth [23]. A deeper study of the strontianite—celes-
tite epitaxy would require the development of a model
based on the elastic properties of both phases, which is
beyond the scope of this work.

5.3. Ceupling between disselution and crystailization

As was previously mentioned, AFM experiments were
carried-out under static conditions and, therefore, the sys-
tem was allowed to evolve towards equilibrium. In the ab-
sence of carbonate, dissolution would progress until the
aqueous solution eventually reached saturation with re-
spect to celestite. However, in the presence of carbonate,
the supersaturation threshold [24,25] for the formation of
strontianite nuclei is overcome before this occurs. The sub-
sequent growth of strontianite islands on the celestite (001)
face leads to a Sr>* depletion in the solution, which in turn



Fig. 8. (a) Height and (b) deflection AFM images of a newly-grewn layer en the celestite (001) face after mere than 2 h ef expesure te a selutien with an

initial carbenate cencentration of [Na,C®:] = 0.002 mel/I.

Fig. 9. SEM images of a celestite (001) face after expesure te a selutien with a carbenate cencentratien of [Na;C@®3]= 0.1 mel/l. (a) Newly-foermed
crystals, mainly lecated aleng partially disselved celestite macresteps. (b) Detail of a crystal aggregate with pseudehexagenal symmetry. (c) Beundary
between newly-fermed crystals and the disselved celestite surface. (d) Detail of (c) shewing the disselutien crystallizatien frent.

the symmetry of the etch pits approaches the point symme-
try of the unaltered celestite (001) face underneath, ie. a
two-fold axis, disappearing the 2, screw axis that relates tri-
angular etch pits on the celestite (001) face. The morpho-
logical change of celestite etch pits from triangular to
elliptical is similar to that observed by Risthaus et al.
[16]. These authors have shown that background electro-
lytes (e.g. NaCl) are able to modify the shape of etch pits
by ionic absorption on steps on celestite (001) faces.
According to these authors Na™ and Cl~ would increase
the stability of steps parallel to the [010] direction com-
pared to those steps parallel to the (120) directions. This
explains the observed elongation of the etch pits shape

along the [010] direction on the celestite (001) face when
it dissolves in highly concentrated NaCl aqueous solutions.
NayCOj has an effect on celestite step edges similar to that
of NaCl. However, Na,CO; is more effective in accelerat-
ing dissolution than NaCl, since similar dissolution rates
along the celestite [010] and [1 00] directions are achieved
for solutions with Na,COj3 concentrations about 300 times
lower than the NaCl concentrations used by Risthaus et al.
[16] in their dissolution experiments. To some extent, the
enhancing of dissolution rates along [0 10] and [100] direc-
tions can be related to the decrease in the activity of Sr**
and SO?2™ ions when the aqueous solution contains
NayCOs. This is a direct consequence of the increase in
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Fig. 6. @pening ef the etch pits measured aleng the [010] (triangles) and
[100] directions (squares) as a functien ef time. @pen and black symbels
indicate the etch pit grewth befere and after the nucleatien ef islands,
respectively (the black arrew shews the time at which nucleatien
eccurred). Nete the change in the slepes (average disselution rates, Rys,)
ence nucleation of the new phase en the disselving surface eccurred. The
cempesition of the selutien used in this experiment was [Na,C@;]=
0.001 mel/l.

(010] directions [15,16]. Our measurements on monolayer
etch pits provided average dissolution rates of 0.25+
0.08 nmn/s along the [100] direction and 1.6 + 0.15 nm/s
along the [010] direction. These values are in good agree-
ment with celestite dissolution rates previously reported
by Risthaus et al. [16]. According to these authors the dis-
solution rates of a celestite (80 1) surface in deionised water

are around 1.03 4- 0.05 nm/s along the [010] direction and
0.28 + 0.05 nm/s along the [100]. The high reproducibility
of dissolution rate measurements on the celestite (001) face
in deionised water gives a useful reference values to quan-
tify the effect of both the presence of CO?” ions in the solu-
tion and the formation and growth of a new phase on
celestite dissolution behaviour.

Our AFM observations show that in the presence of car-
bonate, the dissolution behaviour of the celestite (00 1) face
is strongly modified compared with deionised water. When
there is carbonate in the solution, three main new features
can be distinguished: (i) the alteration of celestite surfaces,
(ii) the change in the etch pits shape from triangular to
elliptical and (iii) the overall increase in dissolution rates.

Alteration of the celestite (08 1) surface is detected by an
increase of its roughness, which can be related to the weak-
ening and breaking of Sr-SO,4 outermost bonds in celestite
by attachment of CO2~ ions on surface sites. The fact that
surface roughness develops more rapidly as the carbonate
concentration in the solution is higher is consistent with a
progressive covering (and attack) of celestite (00 1) surfaces
by CO%‘. This process can be considered a carbonatation
of the celestite (001) surfaces on a molecular scale. As a
consequence, the first celestite monolayers are somehow
amorphised, favouring their subsequent removal. This is
in agreement with the higher roughening of the surface
around the etch pits. In addition, the elliptical shape devel-
oped by these etch pits during growth would indicate a
lower crystallographic control of the dissolution compared
to that observed when typical celestite triangular etch pits
form in contact with deionised water. If we assume that
the dissolving layers have been previously amorphised,

Fig. 7. SEM images of a celestite (001) face after expesure te a selutien with a carbenate cencentration of [Na,C®:] =0.002 mel/l. (2) and (b) images
shew crystal aggregates of strentianite grewn aleng celestite crevasses en the celestite surface. (c) Distributien ef strentianite crystals en the celestite
surface. (d) BSE image of (c) evidencing the different cempesition of newly-fermed crystals and the celestite substrate.
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Fig. 3. (a) Height AFM image shewing the layer of a new phase that
partially cevers the eriginal celestite (001) surface. (b) Height prefile aleng
line A B. The vertical distance between the triangular indicaters en (a) is
2.52nm. The cempesitien of the used selutien was [Na,C®;] = 0.002
mel/l.

The newly-formed crystals were also analyzed by EDX.
Only peaks corresponding to strontium and carbon were
detected, but none corresponding to sulphur. This is con-
sistent with a composition of SrCOj for the crystals.

Finally, when carbonate solutions with concentration
[NayCO3;]= 0.1 mol/l were used, the growth and coales-
cence of islands leads to the development of large crystals
on the celestite (00 1) surfaces. Fig. 9 shows crystals aggre-
gates associated with partially dissolved celestite macro-
steps and etch pits. In many cases, crystals adapt their
shape to irregular dissolution fronts (Fig. 9c and d). These
features clearly indicate that dissolution and growth pro-
cesses occur simultaneously.

S. Discussion

5.1. Alteration/disselution of celestite (001) surfaces in
contact with carbenate aqueeus selutions

In pure water, etch pits rapidly nucleate and grow on
celestite (001) faces. These etch pits are one unit cell in
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Fig. 4. (a) Height AFM image shewing the grewth ef a menelayer ever
the thick layer (2.52 nm in height). (b) Height prefile aleng the line C D.
The vertical distance between the triangular indicaters en (a)is 2.9 A The
cempesitien ef the used selutien was [Na,C®;] = 0.002 mel/l.
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Fig. 5. Disselutien rates of the etch pits en the celestite (001) surface
versus the tetal carbenate cencentratien in the aqueeus selutien.
Disselutien rates were measured aleng the [010] and [100] directiens.
Standard deviatien errer bars have alse been pletted. Data fit well te
quadratic functiens.

depth (3.4 A) and they show a characteristic triangular
shape defined by step edges parallel to the (120) and



Fig. 2. Sequence of AFM deflection images shewing (a c) the disselution of the celestite (001) surface and (d f) the subsequent nucleation and spread of
islands (~2.75nm in height). In this case, the time ¢lapsed between the beginning ef the surface disselutien and the fermatien ef the first island was
appreximately 20 min. The cealescence of islands leads te the fermatien ef a fairly hemegeneeus layer ~35 min after starting the experiment. The

cempesitien ef the used selution was [Na;C@®;] = 0.004 mel/I.

the increase in size of the same etch pits after the forma-
tion of islands in their surroundings. From the slopes of
the lines fitted to the experimental data, the average dis-
solution rates along the [100] and [010] directions before
islands form are 0.60 nm/s and 1.45 nm/s, respectively. In
contrast, calculated average dissolution rates after the
nucleation of islands are .97 nm/s along the [100] direc-
tion and 3.65 nm/s along the [010]. These values repre-
sent an increase in the dissolution rates of around 50%
and 140% along the [100] and [010] directions,
respectively.

4. SEM observations and EDX analysis

The experiments were considered to be over when nei-
ther the dissolution of the substrate nor the growth of
the islands were observed for periods longer than 30 min.
Then, celestite crystals were recovered from the fluid cell
and observed by SEM. In addition, the surfaces of the crys-
tals were analyzed by EDX. SEM observations on the
celestite (001) surface show the existence of a relationship
between the initial carbonate concentration of the aqueous
solutions and the degree of reaction (dissolution/crystalli-
zation) undergone by such surface. Thus, when a carbonate
concentration of [Na,CO;]= 0.001 mol/l is used, neither

newly-grown crystals nor etch pits could be detected on
SEM images of the celestite (80 1) surface. However, when
aqueous solutions with higher carbonate concentrations
([Na;CO3] = 0.002 mol/l) are used, large crystals corre-
sponding to a new phase are clearly visible on the celestite
(001) surface. These crystals form mainly on crevices of the
original surface and on cleavage steps, as can be seen in
Fig. 7a and b. In SEM images shown in Fig. 7c and d
the distribution of crystals of the new phase on the celestite
(001) surface can be clearly observed. Fig. 7d corresponds
to the same area as Fig. 7c, but has been taken using back-
scattered electrons. The difference in brightness between
the celestite surface and the newly-formed crystals results
from a difference in composition. However, it is significant
that the difference in brightness is not very marked. This
can be related to the fact that the crystals shown in
Fig. 7c and d are surrounded by the nanometric homoge-
neous layer previously observed by AFM. The similarity
between the composition of such layer and the isolated
crystals reduces the brightness contrast. When celestite
(001) surfaces are in contact with a carbonate solution
for longer than 2 h, the boundaries of the newly-formed
layers observed in AFM images are dendritic, showing a
very similar aspect to those observed on the SEM images
(Fig. 8).



Fig. 1. AFM deflection images shewing the disselutien of the celestite (001) face. (a) In deienised water. Beth the retreating ef cleavage steps and the
fermatien ef the etch pits with triangular shape can be ebserved. The steps edges defining the shape of the etch pits are parallel te the [010] and (120)
directions. The erientation of ¢tch pits alternate in successive menelayers. (b) In a 0.001 mel/l Na,C®; aqueeus selutien. The etch pits beceme ¢lliptical
with leng and shert axis ef the ellipse parallel te the [010] and [100] directiens, respectively. Nete the high surface reughness areund the etch pits.

to the (120) and to the [0 18] directions (Fig. 1a). However,
the shape of the etch pits changes when the surface is in
contact with CO%‘-bearing aqueous solutions. Progres-
sively, straight edges disappear and the etch pits become
elliptical, with short and long axes parallel to the [100]
and [010] directions, respectively. Fig. 1b shows the typical
shape of the etch pits when the celestite (001) surface is in
contact with a CO%‘-bearing aqueous solution.

Another interesting phenomenon observed is the alter-
ation of the celestite (801) surface, which occurs simulta-
neously, or probably preceding, to the dissolution. This
alteration is clearly shown by an increase in the roughness
of the surfaces. This can be observed by comparing the as-
pect of the dissolving layer with the surface of the layer
underneath, seen through the etch pits recently formed and
on the area left uncovered by the steps retreating (Fig. 1b).

Some minutes after starting the alteration—dissolution
process, the nucleation of a new phase on the celestite
(001) surface is observed (Fig. 2d). The time elapsed be-
tween the injection of the CO%‘-bearing aqueous solution
in the AFM fluid cell and the formation of the first nuclei
(hereafter islands) decreases with the initial concentration
of CO%‘ in the aqueous solutions (e.g. 15 min for a solu-
tion [Na,CO3]=0.085mol/l and 45 min for a solution
[Na,CO;]= 0.001 mol/l). Islands of the new phase form
mainly on celestite cleavage steps and they grow more
rapidly parallel to the celestite [010] direction rather than
parallel to the [100] direction. With time, the coalescence
of the islands leads to the complete covering of the original
surface by a homogeneous layer after a period of time that
decreases with the initial concentration of COJ™ in the
aqueous solution (about 30 min for a solution [Na,CO3] =
0.005 mol/l and more than an hour for a solution
[Na,CO;]= 0.001 mol/l). Fig. 2 shows a complete sequence
of AFM images, where both the substrate dissolution and
the formation of a layer by coalescence of islands can be
observed. AFM measurements show that the height of
the new layer is 2.75 + 0.25 nm (Fig. 3).

Although the coalescence of islands progressively ar-
mours the substrate from further interaction with the aque-
ous solution, growth continues to progress during a period
of time at a reduced rate, until it finally stops. While the is-
lands grow at a reduced rate, the spreading of monolayers
on top of them is clearly observed (Fig. 2f). The height of
such a new layer is 29 + 0.2 A (Fig. 4).

3.2. Kinetics of the interaction between celestite (001)
surfaces and carbenate-bearing aqueeus selutions

The dissolution rate of the celestite (0 @1) surface in con-
tact with a CO%‘-bearing aqueous solution is higher than in
pure deionised water. Moreover, an increase in CO2~ con-
centration results in an increase of the dissolution rate. In
order to evaluate the dependence of the dissolution rates
on the initial concentration of CO2~, the changes in shape
of the etch pits with time have been measured. As the typ-
ical shape of the etch pits when aqueous solutions contain
CO?" is elliptical and elongated along the [108] direction,
the etch pits growth was followed by measuring the varia-
tion of their length parallel to the [100] and [010] direc-
tions. Fig. 5 shows the experimental data of the etch pits
growth rate along the [100] and [010] directions versus
the concentration of NayCOj in the aqueous solution in
the range from 0.001 mol/l to 0.085 mol/l. The stronger
dependence of the retreating velocity along the [01 0] direc-
tion upon carbonate concentration is consistent with the
observed increasing elongation of the etch pits along that
direction.

Once islands of the new phase form on the celestite
(001) surface, the dissolution kinetics is strongly modi-
fied. Fig. 6 shows the opening of the etch pits along the
[100] and ([010] directions versus time when a
0.001 mol/l Na,CO5 aqueous solution is used. In this fig-
ure, open symbols represent the progressive increase of
the size of one monolayer etch pits (3.4 A in depth)
formed in the absence of islands. Black symbols represent



Moreover, several authors have stated that the lack of
intermediate compositions in natural occurring members
of the Ba,Sr;_,CO; solid solution cannot be the result of
an unavailability of Ba or Sr in the growth medium
9,10]. Nevertheless, thermodynamic experimental studies
have concluded that this solid solution is ideal and, conse-
quently, complete [11,12]. This result, together with evi-
dence of the replacement of barium-strontium sulphates
by carbonates in nature, suggests that the compositional
bimodality shown by Ba,Sr;_,COj; solid solution could
be inherited from precursor sulphates [7,8].

Mineral replacement reactions are common in the
Earth’s Crust. Under low temperature and pressure condi-
tions, these reactions are frequently controlled by the cou-
pling between the dissolution of a parent phase and the
crystallization of a new one [13]. Furthermore, during min-
eral replacement, different textural characteristics of the
original phase are preserved and it cannot be discarded that
the same occurs with chemical information. In spite of the
obvious importance of this type of processes, very few
experimental works have addressed this problem. Conse-
quently, both their kinetics and the mechanisms that gov-
ern the development of replacement processes remain
obscure. In the knowledge of the authors, the only experi-
mental work on the transformation involving barium-—
strontium sulphates and carbonates was carried-out by
Suarez-Orduiia et al. [14]. These authors studied the con-
version of mineral celestite into strontianite under alkaline
hydrothermal conditions. They concluded that celestite
crystals in contact with carbonate-bearing solutions in
the range of temperatures from 150 to 250 *C partially or
totally transform into strontianite after reaction periods
that varied between 1 and 96 h.

Since mineral replacement resulting from dissolution—
crystallization coupling is a surface process, it is of interest
to investigate the nanoscale interaction between potential
replacing aqueous solutions and mineral surfaces. In this
work, we present an in situ AFM experimental study of
the molecular mechanisms involved in the interaction be-
tween celestite and NayCOj aqueous solutions at room
temperature. This study is completed with SEM observa-
tions and EDX analysis of celestite (001) surfaces after
the reaction with carbonate aqueous solutions. The results
of this AFM-SEM combined study provide an insight into
the celestite—strontianite replacement mechanisms.

2. Experimental procedure
2.1. AFM experiments

Experiments were carried-out at room temperature in an
AFM equipped with a fluid cell (Digital Instruments Mul-
timode} and working in contact mode. All the images
shown in this work were taken in constant force mode
while displaying both cantilever height and deflection sig-
nals. Silicon nitride tips (Veeco NP-S18) with a nominal
force constant of & = 0.06-0.58 N/m were used. Optically

Table 1
Na,C®; cencentratiens and CO?‘ activities (calculated using PHREEQc)
of the aqueeus selutiens used in the experiments

Experiment number Na,C®; cencentratien (mel/I) «(C®? )

1 0.001 5079107
2 0.002 1.043 1073
3 0.003 1.534 % 1073
4 0.004 1.984 % 1073
5 0.005 240271073
6 0.05 1.138x 1072
7 0.1 1.600 1072

clear celestite crystals were freshly cleaved parallel to
(001) surface prior to each experiment. Then, aqueous
solutions with different Na,CO5 concentrations and CO%’
activities were placed in contact with the celestite substrate
(see Table 1). In all the experiments, the solution in contact
with the celestite (00 1) surface was kept static in the AFM
fluid cell. In this way, the aqueous solution composition
changed as crystal dissolution and/or growth proceeded,
i.e. the system evolved towards equilibrium. The process
was monitored by taking images at intervals of 50-60s.
When neither the dissolution of the substrate nor the
growth of the new phase were observed for long observa-
tion periods (more than 30 min), the experiments were con-
sidered to be over.

Height images were used to measure the thickness of the
layers formed on the celestite (001) surface. Systematic
measurements of the dissolution rate of the celestite
(001) surface along the [100] and [01 0] directions of the
etch pits were taken on deflection AFM images corre-
sponding to different runs of the same experiments
(Fig. 1a). Each run was repeated 2-3 times in order to min-
imize random errors.

2.2. SEM ebservations and EDX analysis

Once the experiments were over, celestite crystals were
removed from the fluid cell of the AFM, rapidly dried by
blowing pressurised air on their surfaces and observed by
SEM (JEOL JSM 6400). The composition of the newly-
formed phase grown on the celestite (001) surfaces was
analyzed using a Link-analytical EDX.

3. In situ AFM observations

3.1. Evelutien ef the nanetepegraphy ef celestite (001)
faces

Immediately after placing the celestite (001) surface in
contact with a CO2"-bearing aqueous solution, the dissolu-
tion is observed. The dissolution of the surface occurs by
both the retreating of monolayer cleavage steps and by
the nucleation and growth of the etch pits by half a unit cell
in depth (3.4 A). Typically, when a freshly cleaved celestite
(001) face is placed in contact with deionised water, etch
pits show a shape defined by monolayer step edges parallel
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