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Abstract

In situ atomic force microscopy (AFM) experiments, scanning electron microscopy (SEM) imaging and composition
analysis, and X-ray diffraction have provided information about the growth, dissolution and transformation processes promoted
by Sr* " —Ca® " —CO3 ~ aqueous solutions in contact with calcite {1014} surfaces. Experiments have shown a wide variety of
surface phenomena, such as the influence of the Sr-bearing newly-formed surface on the subsequent growth (template effect),
the growth and subsequent dissolution of surfaces and the nucleation of secondary three-dimensional nuclei on calcite surfaces.
These phenomena reveal the metastability of the crystallisation system and are a consequence of the interplay between
thermodynamics (the relative stability of the two calcite and aragonite structure solid solutions that can be formed),
supersaturation of the aqueous solution with respect to the two possible solid solutions, and the crystallographic control of the

surfaces on cation incorporation.
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1. Introduction

The crystallisation of solid solutions from aqueous
solutions provides a large number of interesting ques-
tions related to many fields in basic and applied
science. Among them, for example, is the problem
of the determination of distribution coefficient in solid
solution—aqueous solution (SS—AS) systems, which
could allow us to infer with precision the physico-
chemical conditions of natural crystallisation environ-
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ments, the incorporation of metals from contaminated
waters into mineral structures (which act as geochem-
ical barriers) or the influence of the composition of
solid solutions on crystal morphology. Although
efforts have been made to improve the knowledge
of the thermodynamics and kinetics of solid solution
precipitation from a macroscopic point of view
(Glynn et al., 1990; Prieto et al., 1997; Rimstidt et
al., 1998; Pina and Putnis, 2002), the microscopic
processes of solid solution crystallisation remain
essentially unknown. Of special relevance to under-
standing the formation of crystals with a range of
compositions is the study of the molecular scale
mechanisms of the incorporation of growth units from



multicempenent aqueeus selutiens en crystalline sur-
faces. It is clear that changes in grewth mechanisms
and grewth rates due te incerperatien ef grewth units
with different cempesitiens result in changes in the
micretepegraphy ef the grewing surfaces. Surface
features, such as the develepment of particular grewth
steps and twe-dimensienal nuclei shapes, grewth
anisetrepy, etc., can new be studied using a number
of surface science techniques (atemic ferce micre-
scepy (AFM), micreprebe analysis, X-ray phetespec-
trescepy). By studying in detail the characteristics and
deviatiens ef the grewing surfaces of selid selutiens
frem the “nermal grewth” exhibited by surfaces of
pure substances (end-members), it is pessible te
ebtain relevant infermatien abeut the nanemetric
phenemena which lead te the grewth ef crystals with
cempesitienal variability (Pina et al., 2000).

When censidering crystallisatien in SS—AS sys-
tems, particularly interesting is the case when twe er
mere pelymerphic medificatiens can crystallise in the
same physicechemical envirenment, incerperating
different ameunts ef a cemmen catien. This is the
case fer many carbenates that ceexist in nature and
can ferm either rhembehedral (calcite-type) or erthe-
rhembic (aragenite-type) structures. Large catiens,
such as Ba® ™, Sr**, Pb? ", etc., are mainly accem-
medated in carbenates with aragenite-type structures,
altheugh small ameunts ef these catiens can be alse
incerperated inte calcite-type structures (Reeder,
1996). Since calcite is the stable ferm of CaC@®; at
reem temperature and 1 atm, the structural centrel ef
catienic incerperatien frequently leads te the ferma-
tien of calcites with anemaleus catien centents.
Therefere, the interplay ef structural, thermedynamic
and kinetic facters will determine the crystallisatien
behavieurinM?* —Ca®>" —-C®2 ~ -H,@ (M> " =Ba’>",
Sr* ", Pb? ", etc.) systems and will be partially
respensible fer the cemplexity that carbenate miner-
alegy exhibits in nature. A geed example of such a
cemplexity is the ability ef many erganisms te
censtruct their shells and internal structures by influ-
encing the physicechemical micreenvirenment and,
therefere, centrelling pelymerphic crystallisatien,
cempesitien and shape ef crystals. The centrel ef
crystallisatien cenditiens by erganisms is basically
an interfacial phenemenen and it censtitutes ene ef
the key preblems in understanding biemineralisation
mechanisms, i.e., the se-called vecterial centrel ef

crystallisatien (Mann, 2000). All the precesses men-
tiened (metastable crystallisatien, changes in grewth
rates, grewth anisetrepy, pelymerphic crystallisatien,
etc.) will lead te the develepment of micretepegraphic
changes en surfaces. Therefere, in situ ebservatiens at
a melecular scale of grewing surfaces of selid sel-
utiens, which petentially can grew with twe altema-
tive stractures and a cerrclatien with experimental
cenditiens, will previde valuable infermatien abeut
crystallisatien in SS—AS systems.

In this paper, we present a study ef calcite {1014}
surfaces grewing frem carbenate selutiens centaining
St ™. In situ AFM ebservatiens, cembined with scan-
ning electren micrescepy (SEM) imaging and cempe-
sitien analysis, indicate a cemplex behavieur ef
surfaces, where changes in grewing steps, disselu-
tien—reprecipitatien and fermatien ef secendary erthe-
rhembic phases are cemmen. These phenemena are
indicative of the high metastability ef the crystallisa-
tien system investigated. They have been analysed
using supersaturatien calculatiens fer the pessible
selid selutiens which can be fermed, as well as by
taking inte acceunt the nucleatien kinetics of the selid
selutiens and the crystallegraphic centrel of the surfa-
ces en the catien incerperatien.

2. The thermodynamics of the Sr-Ca-C@®;—H,®
system, supersaturation evaluation and solvent-
mediated transformation mechanism

2.1. Thermodynamic background

The interpretation of srewth phenemena in a SS—
AS system always requires a thermedynamic medel
which defines net enly the stability ef the different
phases invelved in the crystallisatien precess but alse
the degree of ideality of the selid selutiens that can be
fermed. In the Sr—Ca—C@;—H,® system, the ienic
radii of Ca®* (0.99 A) and Sr”" (1.13 A) result in
different structures fer CaC@®; and SrC@; at 25 °C
and 1 atm (thembehedral and ertherhembic, respec-
tively). Nevertheless, at equilibrium, a limited ameunt
of Ca can be incerperated inte the ertherhembic
structure and, cenversely, seme Sr can substitute in
the Ca sites in the rhembehedral structure.

In SS—AS systems, the equilibrium relatienships
between the selid and aquesus phase can be described



by means of the so-called “solidus™ and “solutus”
equations (Lippmann, 1980), which express the total
solubility product variable, >II, as a function of the
solid and solution compositions, respectively. Lipp-
mann’s solidus and solutus curves can be represented in
an equilibrium phase diagram, termed a Lippmann
diagram (Glynn and Reardon, 1990; Glynn, 2000),
where X1l is plotted on the ordinate against two
superimposed scales: one for the solid phase mole
fractions of the solid solution end-members, and the
other for the activity fractions of the cations in the
aqueous solution. Equilibrium composition pairs are
defined by horizontal tie lines between the solutus and
solidus curves.

Fig. 1a shows the Lippmann diagram for the (Sr,Ca)-
CO3 orthorhombic— H20 system at 25 °C and 1 bar. The
solubility product for aragonite is Kyragonite=10 ~ 8.34
(Plummer and Busenberg, 1982) and for strontianite is
Ktrontianite = 10 927 (Busenbergetal., 1984). The solid
solution is subregular with the dimensionless Redlich—
Kister coefficients ap=3.43 and a; = — 1.82 (Plummer
and Busemberg, 1987). The effect of non-ideality of the
solid solutionsresultsina “eutectic” point on the solutus
curve (left side of the diagram). The intersections of
horizontal lines through the “eutectic” point with the
solidus curve determine the miscibility gap of the solid
solution. Such a miscibility gap can be found for
0.0058 < Xg;co,<0.875 (Plummer and Busemberg,
1987).

In contrast to the orthorhombic system, the thermo-
dynamic properties of (Sr,Ca)CO;3 thombohedral—H20
system must be partially determined by a theoretical
approach. This is because of the difficulty in obtaining
experimentally the Kgco,, . value. However, both
the solubility product of KSrCO3 o and the ideality
of such solid solution can be theoretically calculated
following the method proposed by Sverjensky and
Molling (1992) and the protocol presented by Boéttcher
(1997), respectively.

Sverjensky and Molling (1992) give an empirically
linear free energy equation, applicable to cations of
any charge, radius and chemical type, which allows
one to estimate standard Gibbs free energies of for-
mation at 25 °C and 1 bar of some crystalline solid
phases that are difficult or impossible to measure
experimentally. They reported calculations for a num-
ber of hypothetical carbonates with the calcite struc-
ture, including SrCOs. The solubility product of the
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Fig. 1. Lippmann phase diagrams for the (a) (Ca,Sr)CO3 orthorhombic—
H,0 and (b) (Ca,S)CO; shombohedral —H2O systems at 25° C. Dashed
line: diagram considering a hypothetical regular solid solution
model, and using the Madelung—Vegard approach of Lippmann
(1980), Béttcher (1997) estimated a value of ag=2.6. Solid line:
diagram constructed from experimental data (Tesoriero and
Pankow, 1996), aq was estimated to be 1.7.

hypothetical thombohedral carbonates can be calcu-
lated from the expression:

— o o}
IOgKMeCos»rhom - (AGchCOS.rI\nm s AGfMeH (aq)

—AG?_,  )/RTIn10 (1)

COZ™ (aq)



where T is the absolute temperature, R is the gas
constant (8.314 J K~ ! mol ') and AG} are the
standard Gibbs free energies of formation of the
aqueous ions and the solid phase. By substituting
the standard free energies reported by Sverjensky
and Molling (1992) and Berg and Vanderzee (1978)
into Eq. (1) for the case of the SrCO3 shombohedral, W€
obtain Kgco,,rhombohedral=10" 735 By assuming
a regular behaviour and based on the cation radii
reported by Shannon (1976), Béttcher (1997) esti-
mated a value of ay=2.6, following the Madelung—
Vegard approach of Lippmann (1980). From exper-
imental works (Lorens, 1981; Apitz, 1981; Tesoriero
and Pankow, 1996), a distribution coefficient for St
into calcite, Dg;, ¢q=0.021-0.027, has been deter-
mined. The use of these data for characterising the
regular behaviour of the (Sr,Ca)CO3 hombohedral SOlid
solution gives an alternative ao parameter of ~ 1.7.
This means that the (Sr,Ca)CO3 mombohedral SOlid sol-
ution is fully miscible.

Fig. 1b shows the Lippmann diagrams proposed by
Bottcher (1997) for the (Sr,Ca)CO3 hombohedra—H20
system (dashed line, ap=2.6) and constructed using
the parameter ag=1.7 (solid line), estimated from
experimental data reported by Tesoriero and Pankow
(1996). The solubility product of calcite is Kcajcite =
10 ~ 848 (Ball et al., 1981).

It is worth noting that it is possible to determine the
stability field of both solid solutions by superposing
the Lippmann diagrams of both rhombohedral and
orthorhombic (Sr,Ca)CO;. The intersection of the
solutus curves (Xs2+,aq = 0.125) defines the compo-
sition for which an aqueous solution is at equilibrium
with respect to both solid solutions. Therefore,
(S1,Ca)CO3 thombonedral S0lid solution will be the most
stable phase crystallising from aqueous solutions
projected to the left of the intersection point (labelled
as P). Conversely, (Sr,Ca)CO3 orthorhombic Will be the
most stable phase forming from aqueous solutions
projected to the right of the intersection point. Fig. 2
shows the unified Lippmann phase diagram for the
(S1,Ca)CO3;—-H,0 system. New solidus and solutus
curves (solid lines) were plotted after comparing the
solidus and solutus curves of both orthorhombic and
rhombohedral systems and choosing the segment of
the curves with a minimum value of logXIl in a
similar way to the G—P—T diagrams. A very similar
unified Lippmann diagram is obtained by considering

-7.00 = T T T T T T

-7.25 |
-7.50 |- <
7175 =/
-8.00

-8.25

Log XI1

-8.50

-8.75

/ Solidus ol :|
. d
Jl

-9.00

rhambakedsal

-9.25 orthorhombic

-9.50 i i i i i
0 01 02 03 04 05 06 07 08 09 1

X(SrCO,) or X(Sr?*,aq)

Fig. 2. Lippmann phase diagram for the (Ca,Sr)CO;—H,O resulting
from the superposition of Fig. 1(a) and (b). Solid lines were plotted
after comparing the solid and solutus curves of both systems and
choosing the segment of the curves with a minimum value of
log>11. This lines define, therefore, the thermodynamic equilibrium
condition. The intersection point (P) of the solutus curves of both
systems separate the regions where the rhombohedral and
orthorhombic solid solution are stable (see text).

the (Sr,Ca)CO5 hombohedrai—H20 Lippmann diagram
constructed using ag=1.7.

2.2. Supersaturation with respect to a solid solution:
the d function

Although the analysis of thermodynamic equili-
brium is a necessary starting point for understanding
crystallisation and dissolution processes, the actual
behaviour of the system is determined by kinetics.
Therefore, supersaturation has a strong influence on
crystallisation, affecting nucleation, growth mecha-
nisms, crystal morphologies and distribution coeffi-
cients. Supersaturation is the fundamental parameter
used in this work for interpreting AFM and SEM
observations. When two solid solutions are involved
in the crystallisation process, as is the case here,
supersaturation evaluation is not a trivial task. Firstly,
it is necessary to take into account that the super-
saturation state of a given aqueous solution with
respect to a solid solution is not described by a single
value, but is a function of the solid composition.



Prieto et al. (1993) defined the so-called f(x) function
to evaluate the supersaturation of an aqueous solution
with respect to a solid solution. Although f(x) pro-
vides a general description of the distribution of
supersaturations as a function of the solid composi-
tion, it is based on the pseudoequilibrium condition of
stoichiometric saturation, whose validity for precip-
itation processes has been widely questioned (Glynn
and Reardon, 1990). Recently, we have proposed a
new function, d(x), for evaluating supersaturations in
SS—AS systems, directly derived from the two con-
ditions of thermodynamic equilibrium for such sys-
tems (Astilleros et al., in press(b)). In the general case
of a SS—-AS system, (B,C)A-H,®, the supersatura-
tion is given by the expressions:

a(A™)a(BT)

5 g [iee———rs 2

- ApaypakBa 2}
for X84 < Xca, and
A )a(Ct

o = S (CT) ®)
XeayeaKea

for X&A=> Xea, where Xga and Xo. are the molar
fractions of CA and BA in the solid solution; yg, and
Yea are the activity coefficients of CA and BA in the
solid solution; Xca® is the molar fraction of the solid
at equilibrium with respect to an aqueous solution of
reference that has the same activity fraction as the
given aqueous solution, and a(A ), a(B") and
a(C™) are the activities of the ions in solution. Finally,
Kga and Kca are the solubility products of the end-
members of the solid solution.

A further complication arises when there exist
alternative structures, which can ferm solid solution
with different compositional ranges and solubilities. It
requires the calculation of two J(x) functions for the
same aqueous solution. For evaluating the superstatu-
ration state of the aqueous solutions, we have consid-
ered that S©”* and Ca’* can be incorporated into
both rhombohedral (calcite) and orthorhombic (ara-
gonite) structures. The supersaturation expressions
used for the S©** -Ca’" —C@®;—H,® system were,
according to Astilleros et al. (in press(a,b)):

(1) orthorhombic phase:

a(Ca®")a(CO3)

K aragonite Qaragonite

orthothombic __
Xcaco, -

(4)

fOI‘ Xserqc.3 < 4YSrC.3, and

2 2
6mhorhomb1c _ a(Sl +)a(c.; ) -
Xoce, 7% = > % (5)
strontianite “strontianite

for Xscrqc.a > XS‘C.a'
(2) rhombohedral phase:

ombohedral . a(Ca2+)a (COgi)

o 6
Aeaco, Kalcite@calcite ( )

for Xgrbo, < Xsrco,, and

érhombohedral _ a(SI'2+)(1(CO§_) (7)
B, Ksrco,asco,

for Xs%e,> Xs.ce,, Where a(Sr*"), a(Ca®>") and
a(C®3 ~) are the activities of the free ions in the
solution, and ASrC®, . veewa> Ccalcites Tstrontianite and
Garagenite are the activities of the components in the
solid phase. Fig. 3 shows, as an example, the super-
saturation distribution as a function of the solid com-
position corresponding te an aqueous solution of
composition a(Sr?*)=5%x10">, a(Ca’*)=2x10"*
and a(CO?% ~)=1x10"* (note that, since the definition
of activity a standard state of 1 mol/l is assumed,
activities are dimensionless). As can be observed, the
maximum supersaturation (f=10.1) is reached for an
orthorhombic solid with molar fraction Xgcq, =0.931.
This is a direct consequence of the shape and relative
positions of the solutus curves on the Lippmann dia-
gram (see Fig. 1). Because Xg.2+ 4 of the solution is
higher than the Xg»+ « at the intersection point P (Fig.
2), the supersaturation function maximum corresponds
to an orthorhombic phase. In addition, the extension of
the solid solution is limited, and, therefore, such a
maximum is located near the endmember position. It
is also worth noting that, for the compositional ranges
for which there are miscibility gaps, aqueous solution—
solid solution thermodynamic equilibrium cannot be
defined. Therefore, for such compesition ranges, super-
saturation cannot be calculated.

2.3. Solvent mediated polymorphic transformations

When a metastable crystalline solid is in contact
with an aqueous solution, the solvent can actively take
patt in a phase transformation process by allowing the
simultaneous dissolution of the metastable phase and
the recrystallisation of new crystals of the stable
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phase. This is common in reconstructive transforma-
tions where the structures are so different that the
transition between them can only occur by breaking
and formation of chemical bonds. The aqueous sol-
ution acts as catalyst and such a process is called
solvent-mediated transformation (Cardew and Davey,
1985; Davey and Garside, 2000).

Such a process has been experimentally studied
and theoretically modelled for the case of polymor-
phic transformations of pure substances. Several stud-
ies on the solvent-mediated transformation of the
unstable orthorhombic phase (aragonite) to the rhom-
bohedral stable phase (calcite) in pure water or in
presence of different ions have been reported (Bis-
choff and Fyfe, 1968; Carlson, 1983; Ogino et al.,
1987; 1990). However, solvent-mediated polymorphic
transformation processes can also take place in sys-
tems where parent and final phases do not necessarily
have the same chemical composition but can be
considered as members of a solid solution. In such a
case, the most important property that determines the

relative solubility (and, therefore, the stability and
metastability of the polymorphs) of the different
phases involved in the transformation process is not
the temperature but the composition of the aqueous
phase. In the system (Sr,Ca)CO;—H,0 at 25 °C, the
polymorphic solvent-mediated transformation process
can be expressed as:

(SI’, Ca)CO3,r1101nb011edral + SI‘2+ + H2O
H(SI‘, Ca)CO3,ortllor1101nbic + C3-2+ + H2O

From the thermodynamic properties discussed in
Section 2.1, we can conclude that the rhombohedral to
orthorhombic solvent-mediated transformation is ther-
modynamically possible if during the evolution of the
system the conditions Xs;» - .>0.125 and log> 1T of the
solution >log¥Il. (solutus curve in orthorhombic
system—Fig. la) are reached. The inverse reaction
will, therefore, be possible when Xg-« . <0.125 and
log®II of the solution >log¥II., (solutus curve in
rhombohedral system—Fig. 1b).



3. Experimental procedure

3.1. In situ AFM observations

Experiments te study the effect of Sr** iens en the
srewth ef carbenates were made by in situ ebserva-
tiens en calcite {1014} surfaces during grewth, using
a Digital Multimede AFM, equipped with a fluid cell.
Calcite surfaces used as substrates were ebtained by
cleaving eptically clear Iceland Spar. Befere each
grewth experiment, deienised water was passed ever
the crystal in erder te clean surfaces, as well as te
adjust the AFM parameters. This led te a slight
disselutien ef the calcite {1014} surface beth by
retreating cleavage steps and the fermatien and spread
of etch pits. The etch pits en the calcite {1014}
surface usuvally shew a typical rhembehedral shape
limited by [441] and [481] steps. Parallel steps with
sppesite senses of advancement are net related te each
ether by any symmetry element, and, therefere, they
are net equivalent (Staudt and Reeder, 1994). Frem
direct ebservatien ef the develepment ef such etch
pits, it is pessible te determine unequivecally the
crystallegraphic directiens en calcite {1014} surfaces
befere each grewth experiment.

Aqueeus selutiens fer premeting grewth were
prepared by mixing Na,C@®;, Sr(N®), and CaCl,
(SIGMA 99+%). The pH eof the selutiens (10.20 =
0.05 in all cases) was measured using a TEST® 230
pH meter with a pH meter electrede (type 05 pH)
calibrated using 7.00 and 10.00 buffers (Shett Gerite).
Table 1 shews the cempesitien ef the selutiens used.
Twe different series of AFM grewth experiments were
cenducted fer each aqueeus selutien cempesitien: (a)
runs where selutiens were injected at intervals ef
abeut 1 min between each AFM scan in erder te
maintain the same degree of supersaturatien during

Table 1
Concentwrations, activity fractions and ionic swrength of the solutions
used in the AFM growth experiments

Solution [CaCl,] [Sr(N@3),] [Na,C®;] Xg,,q Ilonic

number (mmol/l) (mmol/l) (mmol/l) Swrength

1 0.225 0.2 03 0475 189x 107 °
2 0.245 04 03 0625 252x 1073
3 0.350 1.6 03 0320 629x 107 °
4 0538 40 03 0875 139x 1077

the ebservatien time; (b) runs with static selutiens in
the fluid cell with ne flew threugh the system. With the
later precedure, the crystallisatien system is allewed te
evelve tewards equilibrium.

Because supersaturatien states ef the selutiens
have been evaluated using Eqgs. (2) and (3), it is
necessary te calculate the activities of the iens in
selutien. The activity ceefficients for Ca>™, Sr** and
C®; ~ were cemputed using the extended Debye—
Hiickel fermula (Stumm and Mergan, 1981) fer ienic
strength in the range of 1.89 x 10 °-139x 10 7
(see Table 1, last celumn). The aqueeus speciatien
pregram used censidered the fellewing species: H™,
OH , Ca’", S¥", Cl~, Na*, C@®3~, HC@®;,
H,C®.®, Ca®H ", Sr®H ", Na®H®, CaC®®, SrC®%,
NaC®; , NaCl®, CaHC®;, StHC®}, Na,C@®% and
NaHC®-*. Ien size parameters required te apply the
extended Debye—Hiickel fermula were taken frem
Truesdell and Jenes (1974).

Fer all selutiens, the supersaturatien with respect
te the end-member calcite er aragenite was kept
censtant. The supersaturatien with respect te stren-
tianite or SrC®s pembencarat Was increased in each
experiment by increasing the cencentratien ef Sr. In
erder te maintain the supersaturatien at a censtant
value with respect te calcite, Ca cencentratiens in the
selutiens were adjusted. In all the experiments, the
carbenate cencentratien was maintained censtant.
Experiments were cenducted at 25 °C and 1 atm.

3.2. SEM images and composition surface analysis

After srewth experiments, crystals were taken frem
the AFM fluid cell, dried with pressurised air te
remeve the selutien frem the surfaces and ebserved
using a scanning electren micrescepe (JE@OL GSM-
6300F). The chemical cempesitien was analysed
using a Link-analytical EDX system (@xferd Instru-
ments). These ex situ ebservatiens allewed us te
ebtain infermatien abeut the cempesitien and spatial
distributien ef the different phases ferined en calcite
surfaces.

3.3. X-ray diffraction
Crystals fermed en calcite surfaces were analysed

by X-ray diffractien using a Phillips PW-1050 dif-
fractemeter (Cu K, radiatien). Calcite crystals were






immersed in Sr-bearing selutiens with the same cen-
centratien ef these used fer the AFM experiments.
After seme minutes, crystals were remeved frem the
selutien and rapidly dried with cempressed air. Then
surfaces were carefully scratched in erder te remeve
eneugh ameunt ef newly fermed crystallites for pew-
der diffractien analysis. X-ray diffractien patterns
were cempared with the available files of Sr-carbe-
nates published by JCPDS-Internatienal Centre for
Diffractien Data.

4. AFM observations of the growing surfaces

4.1. Calcite {1014} faces growing from Sr-bearing
solutions

When calcite {1014} faces grew frem selutiens
centaining Sr (Table 1), they develep specific micre-
tepegraphic features related te the Sr cencentratien.
Fig. 4 shews a representative example eof step
advancement behavieur en calcite (1014) surfaces
frem a selutien with a mederate Sr cencentratien
(selutien 2). Te aveid selutien/sample equilibrium,
fresh selutien was injected at intervals of abeut 1 min.
The first image (a) was taken a few secends befere
injecting the grewth selutien. Successive images (b—
d) cerrespend te the grewth precess eccurring ever a
peried of 15 min. As can be seen, lateral step advance-
ment is the eperating grewth mechanism during the
whele sequence (layers 1,2 and 3 in Fig. 4). It leads te
the spreading ef layers and finally results in the
filling-in ef the etch pits (Fig. 4b). A thereugh
examinatien ef the images revealed that enly the first
elementary grewth layers spreading en the eriginal
calcite surface exhibits a nermal advancement (e.g.
layer 2 in Fig. 4). Hewever, when such a grewth layer
reaches areas previeusly fermed, such as filled-in etch
pits, the steps mementarily step and after seme
secends grewth centinues. When subsequent grewth
layers again reach such areas, they abruptly reduce

Fig. S. (a) AFM image showing the thickening of the obtuse and
less constrained [441], and [481], steps on calcite {1014} face
growing from solution 4 (see Table 1). AFM image was taken in
contact mode and is a deflection image. (b) Schematic profile along
line p—q. The original etch-pit (depth ~ 3 A) has been partially
filled by a step with height ~ 4.2 A.

their velecity, step edges becemes reunded and the
grewth precess seems te end (see layer 3 in Fig. 4c).
The streng inhibiting effect exerted by the newly-
fermed substrate en the subsequent step advancement
results in the repreductien ef the eriginal calcite
micretepegraphy (cempare Fig. 4a with Fig. 4c and
schemes). This behavieur was ebserved en the calcite
surfaces whenever strentium was present in selutien.
A relatienship between strentium centent and effec-
tiveness of the precess can be established: the higher
Sr* " cencentratien in selutien, the strenger is the
reductien eof step rates and clearer is the repreductien

Fig. 4. (a—d) Growth sequence on calcite {1014} face from solution 2 (see Table 1) showing the control of the surface on the growth process.
The whole sequence of AFM images (deflection images) took ~ 15 min. The topographic cross sections drawn on the right side of each image
show the relations between original and newly formed layers. Layers has been labeled from the deepest (munber @) to the highest (nunber 5). (a)
Calcite surface in water showing etch pits. (b) Advancement of Sr-rich calcite layers. (c, d) Further advancement of the new growthlayers. The
comparison of picture (a) and (d) reveals the phenomenon of reproduction of the original surface microtopography. Elapsed times are shown in

the bottom right-hand comer of each AFM image.



of the eriginal micretepegraphy. This phenemenen
has been alse ebserved in grewth experiments caried
eut en calcite (101 4) surfaces frem Mn-bearing aque-
eus selutiens (Astilleres et al., 2002a).

Fer the selutien with the highest Sr-centent (sel-
utien 4) as well as the phenemenen of repreduction of
the eriginal surface features described abeve, faster
grewth eof thicker steps is ebserved. Fig. 5a shews a
calcite etch pit partially clesed after seme minutes of
grewth frem selutien 4. In this figure, the thickening
of the ebtuse and less censtrained [441],, [481].
steps (netatien accerding te Staudt and Recder, 1994)
is evident. Measurements indicate that the newly
fermed steps are ~ 4.2 Ain height, ~ 1.2 A higher
than the nermal calcite grewth steps. Fig. 5b shews a
schematic prefile aleng line p—q. A similar increase in
the height ef srewth steps alse eccurs in calcite (101 4)
surfaces grewing in the presence of barium (Astilleres
et al,, 2000).

4.2. Nucleation of (SECa)C@®5 .ripernempic Calcite
{1014} faces: dissolution—crystallisation phenomena

As the ameunt of strentium present in the selutien is
increased (selutien 3 and 4), the behavieur ebserved en
the calcite surface changes significantly: initially,
grewing steps step advancing and then begin te dis-
selve. Such a phenemenen was ebserved when selu-
tiens were injected at regular intervals, but it was mere
clearly appreciated when selutiens were injected enly
ence at the start of the experiment, allewing the system
te evelve tewards equilibrium (static selutien). Hew-
ever, this phenemenen was net ebserved when the Sr
aqueeus cencentratien was mederately lew (selutiens 1
and 2). Fig. 6 shews a sequence ebtained when a static
selutien with high Sr centent (selutien 4) was in
centact with calcite (101 4) surface. Fig. 6a—c shews
a highly anisetrepic clesing ef an etch pit by advance-
ment of steps which are thicker than the nermal calcite

Fig. 6. In sita AFM images ofa calcite {1014} surface in contact with solution 4 (without flow). (a—h) Growth inside an etch pit showing thick
steps as a consequence of incorporation of Sr into the swucture. (c—d) After some minutes, dissolution starts and the rewreat of both newly
formed and original steps can be observed. In (d), the original etch pit is restored. Elapsed times are shown in the top right-hand comer of each

AFM image.



Fig. 7. AFM image showing the formation of large three-dimen-
sional nuclei of a new phase on calcite {18014} surface (presumably
Sr-rich orthorhombic phase). The nuclei are related to the
dissolution of original steps and calcite etch pits showed in Fig. 6.

steps. Grewth eccurred for a few minutes, after which a
shert peried of ne grewth was ebserved. Subsequently,
the disselutien of the thicker steps starts. The remeval
of the previeusly srewn steps is very fast and ence it
finishes, a nermal disselutien and epening ef the etch
pit, with lewer velecity, eccurs.

L=

The inspectien with AFM ef previeusly unex-
plered areas of the same surface shews the fermatien
of large three-dimensienal nuclei of a new phase (see
Fig. 7). Such nuclei, which exhibit well-develeped flat
faces and striatiens, are spatially related te disselutien
of eriginal steps and calcite etch pits. This relatienship
between disselutien of the calcite surface and nucle-
atien eof a secendary phase is alse seen by SEM
images. Fig. 8a shews that the distributien ef newly-
fermed crystals en a calcite (1014) surface repreduces
the shape eof etch pits and disselutien steps. EDX
analysis ef the surfaces indicates that Sr cencentrates
en these areas, as can be seen by cemparing spectra
shewn in Fig. 8 and c. X-ray diffractien ef these
crystals remeved frem calcite surfaces shewed that
they have an aragenite-type structure. Hewever, the
quality ef the diffractien patterns ef the crystallites
remeved frem the calcite surfaces were net geed
eneugh te ebtain further infermatien en Sr/Ca raties
in the aragenite structure.

5. Discussion
The AFM ebservatiens clearly reveal that the actual

grewth behavieur is strengly centrelled by the inter-
actien between the calcite (1014) surface structure, the
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Fig. 8. (a) SEM image showing the distribution of the newly formed crystals on {18014} surface. The arrangement of the nuclei reproduces the
shapes of etch pits. (b) EBAX analysis of the original calcite { 1014} surface. (c) EBAX analysis of the newly formed Sr-rich nuclei.



aqueous solution composition and the thermodynamic
properties of the crystallising solid solution. These
results must therefore be discussed on the basis of the
ideas presented in Sections 2.2 and 2.3. The most
obvious example of such an interaction is the inhibition
effect that the previously grown layer exerts on the
subsequent step advancement. As a consequence, the
pre-existing topography is reproduced. As we
described in the previous section, the “template” effect
is related to the Sr concentration in the aqueous
solution: the higher the Sr concentration in solution,
the more exact is the reproduction of the pre-existing
topography. In order to understand such a phenom-
enon, it is necessary to find differences in chemistry
and surface properties of pure calcite and the newly
formed substrate. Because of the differences in ionic
radii between Ca® " (0.99A) and Sr** (1.18A) (Shan-
non, 1976), the incorporation of Sr in the growing
calcite steps can cause an increase of lattice parameters
and, consequently, of the step height. This difference in
heightbetween adjacent surfaces is abarrieragainst the
normal advancement of the growing steps on the newly
formed surface. In addition, the different cation incor-
poration behaviour (and, therefore, the effectiveness of
the “template” effect) strongly depends on both the
aqueous solution composition and the supersaturation
state of the solution with respect to the solid forming on
the surface (Chernov, 1984; Prieto et al., 1997). At
equilibrium conditions, higher Sr** concentration in
solution involves higher content of Sr in the solid phase
(Fig. 1), regardless of the chosen thermodynamic
equilibrium model. Fig. 9 shows the calculated super-
saturations, 6{223‘:{3’8‘3”' for the solutions used in the
experiments. As can be seen, the location of super-
saturation maxima and their absolute values depend on
the solution composition: the higher Sr** concentra-
tion in solution, the higher the absolute value of the
supersaturation. For our experiments, the maximum
supersaturation reached (6= 5.38) corresponds to a
solid of composition Xs,co, = 0.1 (solution 4).
According to the microscopic theory of trace-element
trapping (Chernov, 1984), changes in the degree of
supersaturation induce transitions between different
distribution coefficients. In our experiments, growth
occurs under relatively high degrees of supersaturation.
Under these conditions, thermodynamic restrictions
can be partially overcome and, therefore, a higher
incorporation of Sr can take place for solutions with

6 ] I I

5 il Solution 1
1
1 | T Solution 2
- | = = = Solution 3 A
4 4 B B T Solution 4

Supersaturation 9(x)
o
I

* «— miscibility gap —

—

0 i i i
0.0 0.2 0.4 0.6 0.8 1

X srco,

Fig. 9. Supersaturation functions d(x) for solutions 1, 2, 3 and 4 with
respect to the rhombohedral (Sr,Ca)CO; solid solution. The
supersaturation maxima location as well as they absolute values
depend on the aqueous solution composition.

higher Sr** concentration. All these arguments ex-
plain not only the relationship of the effectiveness of
the template effect with Sr*" in solution, but also
explains the thickening of growth steps observed in
experiments carried out from solution 4. However, the
observed anisotropic thickening must be explained
from structural considerations. The nonequivalence
of growth steps presented in Section 3 is considered
by Paquette and Reeder (1990, 1995) and Staudt and
Reeder (1994) as the main reason for the differential
incorporation of the trace elements into the calcite
structure. In the model proposed by these authors,
two general types of kinks along (441) steps can be
distinguished: the less constrained and larger sites,
distributed along [441],, [481], steps, and the more
constrained and smaller ones, which are present in the
[441] _, [481] _ steps. Larger cations than Ca (Ba and
Sr, for example) tend to incorporate in positive steps,
while cations smaller than Ca (Mn, Mg, Co, Cd) will be
preferentially incorporated in negative steps. Our AFM
observations show that, in the presence of Sr, calcite
negative steps on calcite (1014) face strongly reduce
their velocities, while positive steps become thicker
and keep growing. This is consistent with the idea of
selective incorporation of small and large ions in
calcite kink sites. Cation hydration can also determine
the incorporation of the cation into the crystal structure.



However, because the enthalpy of hydration of St is
only about 10% lower than Ca®>" (Lippmann, 1973),
this property does not seem to play a decisive role in the
crystallization process occurring in our system.

In order to understand the growth and dissolution
phenomena described in Section 4.2 and shown in Fig.
6, it is necessary to take into account the calculated
supersaturations, 5{151385%‘8‘3”" and 5§g22§1&%:bi°, for the
solutions used in the experiments (Fig. 10). As was
expected, higher Sr concentrations of the solutions
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result in higher supersaturations with respect to both
the calcite and aragonite structures. For Ca-rich solids,
supersaturation is not strongly dependent on the solid
structure, and, therefore, similar supersaturation values
with respect to both calcite and aragonite were ob-
tained. However, because of the high difference be-
tween Kstrontianite and KSrC039rh01nb0hedral (~ 10 - 1'7)’
the supersaturation for Sr-rich solid solutions with
respect to an aragonite structure is clearly higher
than the supersaturation for a calcite structure. What
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Fig. 10. Supersaturation functions d(x) for solutions 1, 2, 3 and 4 with respect to both orthorhombic and rhombohedral (Sr,Ca)COs5 solid
solutions. By increasing Sr content in the aqueous solution, a higher supersaturation with respect to the aragonite-type phase is obtained (note
the different scale of the ordinates). As can be seen, supersaturation functions are not defined for the ranges of solid composition for which

miscibility gaps exist.



emerges frem eur calculatiens is that the fermatien of a
Sr-rich selid selutien (Sr,Ca)C@®; (ertherhembic) is in
all experiments faveured.

Hewever, the layer grewth mechanism ebserved in
the initial grewth en the calcite surface, specially in
selutiens 1 and 2, suggests that the new grewth is ef a
rhembehedral phase. This eccurs because the calcite
substrate allews the system te reduce its free energy
by the metastable grewth ef Sr-rich calcite structure.
Fer selutiens 1 and 2, the supersaturatien with respect
te the ertherhembic phase is net high eneugh te
premete its nucleatien (at least, during the time of
the experiments). Therefere, enly the grewth ef meta-
stable Sr-rich calcite is ebserved.

Cenversely, in experiments 3 and 4, the super-
saturatien with respect te the ertherhembic phase is
higher and, after an inductien peried, nuclei fermatien
takes place. As the grewth ef these nuclei of the
ertherhembic phase precceds, the selutien becemes
undersaturated with respect te the rhembehedral
phase and it begins te disselve. This results, in tum,
in an increase of supersaturatien with respect te the
ertherhembic phase, which will centinue srewing. In
the case of static selutien, such a ceupled disselutien-
grewth precess will preceed until the system reaches
equilibrium. Hewever, when the selutien is flewing
ever the crystal surface the equilibrium never will be
reached and, in principle, the disselutien-grewth
transfermatien will finish ence the rhembehedral
phase cempletely disselves.

All the phenemena shewn and discussed in this
paper revealed the high cemplexity ef surface pre-
cesses that can be ebserved when supersaturated
Sr** —Ca®" —C®3 ~ aqueeus selutiens are in centact
with calcite (101 4) surfaces. Atemic ferce micrescepy
has been demenstrated te be a very suitable technique
for the ebservatien and study ef micrescepic selid
selutiens fermatien and selvent-mediated phase trans-
fermatiens. The template effect, which results in the
repreductien ef the eriginal surface features, has been
alse ebserved in Mn-Ca-C@;-H,® system (Astil-
leres, 2001). It demenstrates that the grewing surfaces
(and the grewing phase) are chemically heteregenceus
and the surface itself plays an impertant rele en the
whele grewth precess. @ur werk suggests that in the
study eof phenemena such as the develepment ef
zening in carbenates (usually explained in terms of
the difference between the selubility preduct ef the

pure end-members, the ideality of the selid selutien,
the incerperatien ef srewth units inte the grewing
crystal, etc.), ene must pay attentien te the nanemetric
features of grewing surfaces. Mercever, eur ebserva-
tiens indicate that precesses eccurring en calcite
surfaces en a melecular scale can centrel seme macre-
scepic mineral phenemena feund in nature. Ameng
them, it is werth mentiening the recrystallisatien eof
metastable phases during early diagenesis (Sayles and
Manheim, 1975) and the spatial asseciatien of stren-
tian calcites and aragenites in deep sea sediments
(Baker et al., 1982).
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