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Abstract

This work deals with the growth behaviour of calcite {1014} surfaces in contact with multicomponent aqueous solutions
containing divalent cations (Ba*", Sr*', Mn*', Cd**, or Mg2+). The result is the formation of solid solutions, with calcite or
aragonite as one of the end-members. In situ atomic force microscopy has revealed a wide variety of surface phenomena occurring
during the formation of these solid solutions. Among them are: (1) the thickening of growth steps and the subsequent dissolution of
surfaces followed by the nucleation of secondary three-dimensional nuclei on calcite surfaces, (2) the transition between growth
mechanisms, (3) the formation of an epitaxial layer that armours the substrate from further dissolution and (4) the inhibitory effect
of the newly formed surface on the subsequent growth (template effect). The two last phenomena can considerably limit
coprecipitation as an effective mechanism for divalent metal uptake. All the phenomena described are a consequence of the
interplay between thermodynamics, supersaturation of the aqueous solution with respect to the possible solid solutions and the
crystallographic control of the surfaces on the cation incorporation, and indicates that there are many differences between the
crystal growth of solid solutions and phases with fixed composition.
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1. Introduction the surface structure and composition of the host min-
eral phase (Davis et al., 1987; Zachara et al., 1991;
Tesoriero and Pankow, 1996). Many recent experimen-

tal works have been devoted to (i) detecting sorption

The incorporation of dissolved metals into the struc-
ture of minerals is an important process that can control

their mobility and fate on the Earth’s crust. Carbonate
minerals, particularly calcite and aragonite, are among
the most effective minerals capturing metals in aqueous
environments. The so-called sorption processes (which
include adsorption, absorption and co-precipitation) af-
fect both the composition of natural waters and modity
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processes by monitoring changes in the solution com-
position (Prieto et al., 2003; Godelitsas et al., 2003) and
(ii) studying the chemical composition and structure of
the mineral surface by surface-sensitive techniques
(Stipp et al., 1992, 2003; Piriou et al., 1997; Sturchio
et al., 1997, 1998; Reeder et al., 1999, 2000; Kelly et
al., 2003).

Besides its importance in geochemistry and environ-
mental sciences, the interactions of divalent metals



with mineral suifaces pese a large number of funda-
mental questiens related te different aspects of mineral
crystallizatien, including the influence of such metals
in the fermatien of pelymerphs, their effect as medi-
fiers of the crystal merphelegy and their effectiveness
as inhibiters ef beth nucleatien and grewth.

Altheugh much effert has been deveted te impreve
eur understanding ef the thermedynamics and kinetics
of selid selutien precipitatien (Glynn and Rearden,
1990; Pricte ct al., 1997; Rimstidt et al, 1998;
Glynn, 2000), there are many aspects of the precess
that still remain unknewn. The nanescale mechanisms
of the precess are ameng these aspects. The study ef
such melecular scale phenemena is especially relevant
te understand the fermatien ef crystals with a range of
cempesitiens. Grewth and disselutien mechanisms ef
“pure” minerals have been extensively studied by in
situ atemic ferce micrescepy (AFM) (Hillner et al.,
1992; Besbach et al., 1995; Liang et al., 1996; Jerdan
and Rammensee, 1998; Pina et al., 1998ab, 2000a;
Jordan et al., 2001; Bekem et al., 2002; Shiraki et al.,
2000; De Giudici, 2002). Phenemena such as the de-
velepment ef particular grewth steps and twe-
dimensienal nuclei shapes, grewth anisetrepy, and
ether surface precesses eccuring in the crystallization
of selid selutiens, can alse be studied using an AFM.
By cemparing the characteristics and deviatiens ef the
grewing surfaces eof selid selutiens with these
cerrespending te surfaces ef pure substances (end-
members), it is pessible te ebtain infermatien abeut
the nanemetric-scale phenemena which lead te the
srewth eof crystals with cempesitienal variability
(Pina et al, 2000b; Astilleres et al., 2000, 2002,
2003a,b).

In this study we describe and review in a cemmen
framewerk seme nanescale surface precesses ebserved
in a number of binary selid selutien—aqueeus selutien
systems. Seme of these phenemena exclusively eccur
when calcite grews frem a selutien centaining divalent
catiens larger than Ca”", while ether have enly been
ebserved when grewth eccurred frem a selutien cen-
taining catiens smaller than Ca®".

The interactien of selutiens centaining catiens larger
than Ca®*(Ba®" and Sr*") with calcite results in twe
interrelated effects:

s Thickening of growth steps due te the selective
incerperatien ef such catiens in calcite steps centain-
ing larger sites and dissolution—recrystallization phe-
nomena after the initial fermatien ef metastable
layers of rhembehedral selid selutiens.

In a different way, when selutiens centain catiens
smaller than Ca®*(Mn?", Cd*" and Mg”"), the fellewing
phenemena has been ebserved:

* Transitions between growth mechanisms. Fer in-
stance, in the (Mn,Ca)C@;—H,® system, the addi-
tien of small ameunts ef Mn causes the transitien
frem simple step advancement te a twe-dimensienal
nucleatien grewth mechanism.

* Inhibition of the sorption process due to the forma-
tion of a layer which armours the substrate. This
effect has been ebserved during the epitaxial grewth
of CdC@®; en calcite.

Finally, we will devete anether sectien te the fem-
plate effect, which results frem changes in calcite lattice
parameters as a censequence eof the incerperatien ef
fercign catiens. The new substrates inhibit the devele-
pment of successive layers, leading te the repreductien
of the eriginal micretepegraphy.

The understanding eof all grewth phenemena men-
tiened abeve requires a detailed knewledge of therme-
dynamics ef SS-AS systems which is basically
determined by the ideality of the selid selutiens, and
the difference in the selubility preduct ef the end-
members. Furthermere, since crystal grewth takes
place at the selid—aqueeus selutien interface, a cem-
plete picture ef crystal structure, surface nanetepegra-
phy and reactivity ef the selid phase that acts as a
substrate is needed.

2. Materials and methods

Nanescale experiments were catried eut using calcite
{1014} surface as substrate. The divalent catiens substi-
tuting Ca®" were Mg>", Mn**, Cd*", Sr**, and Ba®".
All experiments were carried eut at 25 *°C in a fluid
cell of a Digital Instruments Multimede Atemic Ferce
Micrescepe (AFM) werking in centact mede.
Ca”*-M*'—C®3~ aqueeus selutiens were prepared by
mixing Na,C@®;, MCl, er M(N®;); and CaCl, aqueeus
selutiens (where M=Ba, Sr, Mn, Cd, er Mg). The pH of
the selutiens was 10.20 = 0.05 (see Astilleres et al.,
2002, 2003a fer details).

Because of the impertance of Cd*" as a centaminant,
the serptien ef this catien was alse studied by carrying
eut macrescepic experiments. The experiments were
perfermed at 25 °C and ambient C@®; partial pressure,
using calcite and aragenite as substrates. Thus, 2 g ef
aragenite er calcite {1014} cleavage fragments (diam-
eter: | <@j<1.5 mm) were added te 100 cm’ of reacting
selutien (see Pricte et al. (2003) fer mere details).



3. General nanometric features of the calcite {1014}
face

Since crystallizatien precesses take place at the
selid-aqueeus interface, a cemprehensive study eof
such precesses requires the lmewledge of the crystal
stracture and surface micretepegraphy ef the substrate.

The erientatien ef grewth steps and the height ef
elementary grewth layers en calcite {1014} face can be
satisfacterily explained by the periedic bend chain
(PBC) medecl of Hartman and Perdek (1955). Calcite
{1014} faces centain three nen-equivalent PBCs eri-
ented aleng <441>, <221>, and <010> (Heijnen, 1985)
and are, therefere, F faces (Fig. 1). Altheugh all the
steps parallel te a given set of PBCs are structurally
identical, Staudt et al. (1994) peinted eut that in the
case of <441> nen-equivalence arises when the sense of
spreading is censidered. There are feur steps that are
parallel te the <441> PBC: [441],, [481]., [441]_, and
[481]_. The subscripts indicate eppesite sense of ad-
vancement, accerding te the netatien used by Staudt et
al. (1994). Steps with the same subscripts are symmet-
rically related by a c-glide but ne symmetry eperatien
relates steps with different subscripts. Thus, [441]; and
[441]_ (er [481]; and [481]_) are parallel, but meve in
eppesite directions and are structurally nen-equivalent.
Kink sites in steps parallel te [441], and [481], are
geemetrically less censtrained and can be described as
larger kink sites. @n the centrary, [441]_ and [481]_
steps centain “smaller” er mere censtrained kink sites.
The geemetry of the kink sites and their distributien

Fig. 1. Schematic illuswation showing the three non-equivalent PBCs
contained in the calcite {1014} face: two non-parallel <441> PBCs,
which define the edge of the thombohedron, and the PBCs <221> and
<010> parallel to the short and long diagonals. The swaight PBCs
parallel to <441> are the most stable, while the undulated PBCs
parallel to <221> and <010> have a higher energy and are less stable.
The growth layers will be bounded by the most stable steps, i.e. those
parallel to <4341>. (After Paquette and Reeder, 1995).

Fig. 2. AFM image of a calcite {1014} surface in water. @n the
dissolution pits, four non-equivalent steps parallel to <441>, and
<441>_, as well as the e-axis and the c-glide tace are indicated.
Steps parallel to [441]_ and [481]_, i.e. those steps with constained
kink sites, exhibit a slow reweating speed, while those parallel to
[441], and [481], reweat rapidly. The growth of this surface shows
similar characteristics to dissolution, also occurring by a layer-by-
layer mechanism with a clearly anisowropic advancement of mono-
molecular steps. Those steps parallel to [441]_ and [481]_ advance
slowly while [441], and [481], advance rapidly. Such a coincidence
reflects the crystallographic control of both processes.

between the feur steps cerrelate with the ebserved
anisetrepy ef beth step grewth and disselutien veleci-
ties in calcite (Hillner et al., 1992) (see Fig. 2).

Furthermere, the nenequivalence of grewth steps
has been censidered by Staudt et al. (1994) and
Paquette and Reeder (1990, 1995) and Reeder (1996)
as the main reasen fer differential trace element incer-
peratien in calcite structure (see Sectien 3).

4. Equilibrium and supersaturation in solid
solution—aqueous solution (SS—-AS) systems

Any study en crystal grewth requires a previeus
lmewledge of beth the crystal-medium equilibrium
cenditiens and the supersaturatien. In selid selutien—
aqueeus selutien systems, the equilibrium relatienships
between selid and aqueeus phase can be described by
the fermalism prepesed by Lippmarm (1980). The key
cencept in the Lippmaim’s medel is the tetal selubility
preduct, Y TI, which can be expressed at thermedy-
namic equilibrium as a functien ef beth the selid selu-
tien and the aqueeus selutien cempesitien by means of
the se-called solidus and solutus equatiens:

1' Iq |';..-_l.l..:|J.l.'..' t .Il'..r'.|.:|:'.| solidus (l)

1

_ XEag Xc‘g
Kpayzs  Keaves

S, selutus (2)



where 3]1., refers te the value of ST1 as specifically
defined at thermedynamic equilibrium, Kz, and Kqy
are the selubility preducts ef the selid selutien end-
members, a4 and ac4 are the activities of B4 and CA
in the selid, yz, and o, are the selid phase activity
cecfficients and Xy .o and X, are the activity frac-
tiens in the aqueeus phase, of the B and C" iens,
respectively.

Curves described by Egs. (1) and (2) can be pletted
tegether te censtruct an equilibrium diagram in which
STl is represented on the erdinate and the cempesi-
tien of the selid and the aqueeus selutien in a deuble
scale en the abscissa. Ameng the advantages of Lipp-
mann’s diagrams, it is werth mentiening that they allew
us te easily visualize equilibrium cempesitienal rela-
tienships between selid selutiens and aqueeus selu-
tiens, even fer nen-ideal selid selutiens. In erder te
illustrate all these cencepts, we have chesen the
(Sr,Ca)C@®s-H,® system as a medel example.

Fig. 3a shews the Lippmann diagram cerrespending
te the (Sr,Ca)C®; ortrernembic—H2® system at 25 °C and
1 bar. The (Sr,Ca)C®s 4 t1erhembic 1S @ subregular selid
selutien. Its nen-ideality leads te the existence eof an
“eutectic” peint en the selutus curve (left side of the
diagram). The intersectiens ef herizental lines threugh
the “eutectic” peint with the selidus curve determine the
miscibility gap ef the selid selutien. @ut ef the misci-
bility gap, ceexisting selid and aqueeus cempesitiens at
equilibrium are cennected by tie lines.

Altheugh at 25 *C and 1 atm the ienic radius of Sr**
stabilizes (Sr,Ca)C@®; selid selutiens with an erthe-
rhembic (aragenite-type) structure for a wide range of
Sr substitutien, (Sr,Ca)C@®; selid selutiens with a them-
behedral (calcite-type) structure can be alse fermed for
lew Sr centent in the selid. Fig. 3b shews the Lippmann
diagram fer the (Sr,Ca)C®; pembencara—H-® system,
censidering that the (Sr,Ca)C®; 14mbencdrar SOlid selu-
tien is a regular selid selutien.

By superimpesing the Lippmann diagrams fer (Sr,Ca)
C®; erthernemvic—Ho® and (Sr,Ca)COs 1 erpencara—tHo @
systems, it is pessible te censtruct a unified Lippmann
diagram fer the (Sr,Ca)C@®;-H,® SS-AS system,
where the stability fields fer rhembehedral and
ertherhembic phases can be defined (Fig. 4) (see
Plumme and Busenberg, 1987; Béttcher, 1997; Astil-
leres et al., 2003a fer a mere detailed analysis of these
selid selutiens).

Lippmann diagrams can be censtructed fer any SS—
AS system if the selubility ef the end-members and the
degree of ideality of the selid selutien are knewn.
Hewever, in erder te describe and interpret crystal
grewth experiments it is fundamental te evaluate the
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Fig. 3. Lippmann phase diagrams for the (Ca,Sr)C@®; solid solution—
aqueous solution systems at 25 °C: (a) (Ca,Sr)C®; onhorhombic— H2®
system. The diagram was conswucted assuming a subregular solid
solution model with Redlich—Kister coefficients «;=3.43 and
a1=-1.82; (b) (Ca,Sr)C®;3 mombohesra—Ho® system (Phunmer and
Busenberg, 1987). Biagram conswucted considering a hypothetical
regular solid solution model («;=2.6; Bottcher, 1997). In both dia-
grams, dotted tie lines comect solid—solution equilibrium pairs.

supersaturatien ef the aqueeus selutien with respect te
the selid selutien. The preblem eof evaluating super-
saturatiens in SS—AS systems is net trivial and mathe-
matical expressions have enly been recently derived. At
present there are twe alternative fermulatiens based,
respectively, en the cencept of steichiemetric saturatien
(see Glynn and Rearden, 1990) and en the twe general
equilibrium cenditiens fer binary SS—AS systems:

BY) [47] = Kpsaps = KpaXpayp, (3a)

[CH][47] = Keutca = KeaXeayeu (3b)



where 1z, and X, are the melar fractiens of CA and
BA4 in the selid selutien and [4 7], [B"] and [C"] are
the activities of 4~, B" and C’ iens in the aqueeus
selutien.

The equatien that describes the supersaturatien by
taking the steichiemetric saturatien as a reference was
given by Pricte et al. (1993):

[BH T [Cr ]

(KMXIA V:A) (1-%ca) (K CAXCAVCA) [

B(Xcq) =

(4)

As an alternative te f(Y¢,) functien, Astilleres et al.
(2003c) have recently prepesed the fellewing supersat-
uratien é(.Xpz,, Xcy) expressien, directly derived frem
the thermedynamic cenditiens (3a) and (3b):

i | Oy '['_";J.'" for  Xoh 2= Xea
r'l..'l._l'r. .lLr','_ . PRl ; |I-'|i o
Pl = Mg ket PO o =-hod
(5)

where .X{* is the melar fractien ef the selid at equi-
librium with respect te an aqueeus selutien ef reference
which has the same activity fractien as the given aque-
eus selutien.

Fig. 5 shews the f(Y¢,) and the §(Xz,, Xcy) su-
persaturatien functiens calculated fer a given aqueeus
selutien fer the case of a hypethetical (B,C)A-H,®
system. It is werth neting that, altheugh the derivatiens
of B(Xc,) and the 5(Vz,, Xc4) functiens have twe
different starting peints (i.e., the cencept ef steichie-
metric saturatien fer B(Y¢,) functien and the twe SS—
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Lippmann diagrams shown in Fig. 1 (Bottcher, 1997). Stability fields
for the orthorhombic and rhombohedral phases are indicated (see
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Fig. S. Supersaturation functions, B(X-4), and d(Xa4 Xcy) for a
hypothetical and ideal B,C;_,A4 solid solution (the solubility product
of the end-members are: Kp,=10"¢7

functions represent the supersaturation state of an aqueous solution
with composition [4~]=[B*]=[C*]=1 x 107> M with respect to the
whole range of solid compositions. The dotted line represents satu-
ration. The maximwum supersaturation is reached for a solid with a
molar fraction X-,=0.68. Supersaturations given by both functions
have the same value only for the end-members and a solid with
Xcg=068.

AS equilibrium cenditiens fer §(Yz4, Xc,) functiens)
beth the maximum supersaturatien and the supersatu-
ratien with respect te the end-members are ceincident.
This is a censequence of the cencerdance in the refer-
ence equilibrium states fer these particular cempesi-
tiens. The cheice of B(Ycy) or the d(Vay, -Yci)
functiens te describe the saturatien state in a SS-AS
system will depend en the characteristics of the phe-
nemena studicd (cengruent er incengruent disselutien,
crystal grewth ef selid selutiens with different degrees
of ideality and kinetic restrictiens, etc.). In this paper,
we will use beth supersaturatien functiens as reference
parameters in the study eof a number of crystal grewth
surface phenemena eccurring during the crystallizatien
of carbenate selid selutiens.

S. Growth phenomena occurring in the presence of
cations larger than Ca’*: thickening of growth steps
and dissolution recrystallization processes

In situ AFM ebservatiens ef calcite {1014} surfaces
grewing frem selutiens centaining catiens larger than
Ca”" (Ba®" and Sr*") shew that, when the cencentratien
of the larger catien is high, an anemaleus thickening ef
certain steps eccurs. Fig. 6 shews an image ef the
calcite {1014} surface grewing frem a Ba-rich selutien
where this micretepegraphic feature can be ebserved.
In Fig. 6a, the step edges parallel te [441],, [481],, and
[01@], centrast with the rest of the scarmed area. These
newly fermed steps appear in a height image (Fig. 6b)
as brighter areas than the eriginal steps. This means that



Fig. 6. Calcite {1014} surface in a supersaturated solution with respect to calcite (B.,cite=5); [Ba]=1.6 mmol/l. (a) AFM image took in constant
force mode while displaying the cantilever deflection signal. The advance of jagged monomolecular [441],, [481], and [010], steps with a height of
~3 A can be observed. The distance between lobes is around 48 nm. Note the different contrast of the newly grown step edges. (b) Height AFM
image of the same area. The brighter step contours indicate that the newly grown steps are slightly thicker than the initial ones.

they cerrespend te higher areas in the calcite surface.
Measurements indicate that, while the initial steps
height was 3.0 A, the newly grewn steps are 4.6 A
thick. Similar micretepegraphic features can be eb-
served en calcite {1014} surface grewing frem Sr-
rich selutiens. In this case, the thickness of the newly
grewn steps is 4.2 A, i.e., they are 1.2 A higher than the
eriginal enes (Astilleres et al., 2003b).

The anemaleus thickening ef the steps parallel te
[441], and [481], is in agreement with the arguments of
Paquette and Reeder (1990, 1995) and Staudt et al
(1994), whe have shewn that the nenequivalence of
the twe types of kinks aleng <441> centrels the incer-
peratien ef trace elements inte the calcite structure.
Accerding te their medel, catiens larger than Ca®" (in
the present case Ba®" and Sr”*") tend te incerperate in

Fig. 7. AFM growth sequence on a calcite {18014} surface in contact with a solution supersaturated solution with respect to calcite (8 qucite=25);
[Sr]=4.0 mmoV/l (without flow). (a—b) The incorporation of Sr into the swucture causes the thickening of advancing steps. (c—d) After some
minutes, dissolution star%s and the reweat of both the newly and the original steps can be observed. The time of the sequence is 316 s.



the steps with larger kink sites ([441]; and [481],),
while catiens smaller than Ca® (Mn”", Mg*", Cd*")
will incerperate in the steps with censtrained kink sites
([441]_ and [481]_). Because of the differences in ienic
radii between Ca”" (0.99 A) and Ba®" (1.34A) and Sr**
(1.18 A), such preferential incerperatien in [441], and
[481]; steps will cause an increase ef the lattice para-
meters and, censequently, a thickening ef these step
edges.

This appreach implicitly assumes that the incerpe-
ratien ef Ba”" and Sr*" inte calcite eccurs substituting
for Ca’", ie. by ferining a selid selutien. Hewever,
while the stable CaC@®s structure at 25 °C and 1 atm is
rhembehedral, BaC@®; and SrC@®; are ertherhembic.
Thus, the equilibrium selubility ef either Ba®" or Sr**
in the calcite structure is limited. The differences in
thickness between “nermal” calcite steps and newly-
fermed steps are tee high te be explained by a lew Ba
or Sr centent. @n the ether hand, the incerperatien
behavieur strengly depends en beth aqueeus selutien
cempesitien and the supersaturatien ef the selutiens
with respect te the selid ferming en the surface. In
the experiments under censideratien, the selutiens
were either Ba-rich er Sr-rich and the supersaturatien
levels with respect te SrC@®; and BaC®; were relatively

high (#§>30). Under such nen-equilibrium cenditiens, a
higher incerperatien ef the Ba er Sr than that therme-
dynamically stable may eccur. Such a situatien ceuld
explain te a certain extent the measured step thickness
differences, altheugh the incerperatien ef Ba and Sr
alse in nenlattice sites (Pingitere, 1986) cammet be
excluded. The described behavieur implies a metastable
situatien that can be the starting peint fer subsequent
disselutien—recrystallizatien reactiens. In fact, aleng
with the anemaleus step thickening, a precess of
grewth and subsequent ceupled disselutien eof surfaces
and nucleatien eof secendary three-dimensienal nuclei
were ebserved. Such a precess shews all the character-
istics of a selvent-mediated transfermatien (Cardew and
Davey, 1985; Davey and Garside, 2000). Fig. 7 shews
hew thick steps grew (a-b), partially clesing an etch
pit, then their advancement steps and, subsequently
they begin te disselve (c—d). The sequence cerrespends
te the interactien ef an Sr-rich aqueeus selutiens with
the calcite {1014} surface. The remeval of the thick
steps eccurs very rapidly. As seen as it finishes, disse-
lutien ef the eriginal substrate starts, leading te a further
epening ef the etch pit. The subsequent inspection with
AFM eof different arcas en the same calcite surface
allews te ebserve that large three-dimensienal nuclei
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Fig. 8. (a) AFM image showing the formation of large three-dimensional nuclei of a new phase on calcite {1014} surface (presumably Sr-rich
orthorhombic phase). The nuclei are related to the dissolution of original steps showed in Fig. 7. The height of the nuclei is around 1 ym. (b) SEM
image showing the distribution of the newly-formed crystals on {1014} surface. The arrangement of the nuclei reproduces the shapes of etch pits.
(c) E®X analysis of the newly-formed Sr-rich nuclei. (d) EBX analysis of the original calcite {1014} surface.



of a new phase have fermed simultaneeusly te the
disselutien precess (Fig. 8a). The subsequent ex situ
ebservatien ef the surface by SEM indicates that there
is a spatial relatienship between the substrate disselu-
tien and the fermatien ef the three-dimensienal nuclei,
whese distributien repreduces the shape ef etch pits
(Fig. 8b). Mercever, the EDX analysis shews that the
cencentratien of Sr in these nuclei is higher than in the
rest of the areas (Fig. &c—d).

As has been explained abeve, thick steps incerperate
Sr and can be censidered as a (S1,Ca)C®s hembehedral
selid selutien, which can be metastable with respect te
a certain (Sr,Ca)C®s o gerhembic S@lid selutien. In fact,
the Sr-rich aqueeus selutien used in the experiments
(Fig. 9) is supersaturated with respect te selid selutiens
with the calcite and aragenite structure. Hewever, al-
theugh fer selids with a Ca-rich cempesitien, the su-
persaturatien values, with respect te calcite or aragenite
type selid selutiens, are similar, in the case of Sr-rich
selid selutiens, the supersaturatien with respect te an
aragenite-type phase is much higher than with respect
te calcite-type selid selutiens. Therefere, the fermation
of an ertherhembic Sr-rich selid selutien sheuld be
faveured.

Initially, the calcite substrate allews the system te
reduce its fiee energy by the fermatien ef a metastable
Sr-rich selid with a calcite structure. However, the high
supersaturatien with respect te the aragenite-type phase
leads, after an inductien peried, te the fermatien ef
three-dimensienal ertherhembic nuclei. Then, as a re-
sult ef the grewth ef these nuclei, the selutien becemes
undersaturated with respect te the rhembehedral phase,
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Fig. 9. Supersaturation functions, d(Xmnce,, CaC®;), for an aqueous
solution of composition [CaCl,]=0.538, [Sr(N®;),]=4.0 and
[Na,C®;]=4.0 mmol/l (see Fig. 8). The functions have not been
drawn for the solid compositions in the miscibility gaps.

which begins te disselve. In tum, such disselutien
results in an increase in the selutien supersaturatien
with respect te the ertherhembic phase, which will
centinue grewing. This preduces a feedback effect
that catalyses the disselutien ef the metastable steps
and the subsequent grewth ef the ertherhembic selid
selutien.

6. Growth phenomena occurring in the presence of
cations smaller than Ca®*

6.1. Transitions between growth mechanisms

In the layer-by-layer crystal grewth regime the in-
crease in supersaturatien premetes a change in the
grewth mechanism frem spiral grewth te twe-dimen-
sienal nucleatien. Fer pure substances, the transitienal
supersaturatien that separates these twe basic grewth
mechanisms strengly depends en the selubility ef the
cempeund. Thus, under similar grewing cenditiens
(temperature, aqueeus selutien viscesity, etc.), sparing-
ly seluble substances have higher transitienal supersa-
turatien values than cempeunds with high selubility
(Sunagawa, 1987).

As we have seen previeusly, in the case eof selid
selutiens the selubility varies frem ene end-member te
the ether (in different ways, depending en the degree
of ideality of the selid selutien). Therefere, for a given
aqueeus selutien cempesitien, a supersaturatien distri-
butien as a functien ef the selid selutien cempesitien
is ebtained. Under these circumstances, it is pessible
that supersaturatiens with respect te seme selid selu-
tien cempesitiens are high eneugh te everceme the
energy barrier fer twe-dimensienal nucleatien, while
ether cempesitiens can enly grew accerding te the
spiral grewth mechanism. As a censequence, we can
alse expect a variatien ef the transitienal supersatura-
tiens with the selid cempesitien. There is experimen-
tal evidence (Pina et al., 2000b), alse supperted by
recent theeretical develepments (Pina et al, 2004),
which indicates that the dependence eof the transitienal
supersaturatien en the selid cempesitien is nearly
linear.

Transitien frem the advancement ef previeus clea-
vage steps te the twe-dimensienal nucleatien mechanism
was ebserved in the experiments cenducted in the
(Mn,Ca)C@®s—H,® SS-AS system. Fig. 10a shews the
F(‘YMnC.a) supersaturatien distributiens calculated fer
three different aqueeus selutiens. As can be ebserved
in Fig. 10b and c, when selutiens 1 ([MnCl,]=0.01
mmel/l) and 2 ((MnCl,]=0.025 nunel/l) are used,
grewth en calcite {1014} takes place exclusively by
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Fig. 10. (a) Supersaturation functions, #(Xmace,), for the solutions 1, 2 and 3 calculated using Eq. (4) for the system (Ca,Mn)C®;-H,®. (b-d)
Microtopography of the {1014} surfaces growing from solutions 1, 2 and 3, observed by AFM. The observation of step advancement for solution 1
and 2 and two-dimensional nucleation only for solution 3 allows to draw the #* line i.e., the variation of the wransitional supersaturation between
step advancement and two-dimensional nucleation as a function of the solid composition.

step advancement. This means that the generatien eof
steps eccurs exclusively en screw dislecatiens, spiral
srewth being the enly mechanism that can perpetuate
srewth. In centrast, fer selutien 3 ([MnCl,]=0.05
mmel/l) numereus twe-dimensienal nuclei rapidly ap-
pear randemly distributed en the surface (Fig. 10d).
Transitienal supersaturatien fer twe-dimensienal nucle-
atien en pure calcite {1014} surfaces is B*.acite = 3.
Since transitienal supersaturatien values are strengly
dependent en selubility, it is expected that §* fer pure
MnC@®; (rhedechresite) will be higher than 3
(AMnce, =10~ "43; McBeath et al.,, 1998). Therefere,
the transitien frem spiral grewth te a twe-dimensienal
nucleatien mechanism presumably eccurs fer interme-
diate cempesitiens ef the Mn,Ca, _,C@®; selid selutien
(Avmce, = 0.5) and between curves 2 and 3 (peint T in
Fig. 10a). By assuming a linear variatien ef the transi-
tienal supersaturatien with the cempesitien, the line
cennecting f* .= and the intermediate peint T
separates the regiens cerrespending te spiral grewth
and twe-dimensienal nucleatien.

Diagrams similar te that shewn in Fig. 10a can be
censtructed fer any SS—-AS system and fer different
surfaces. They previde a general view eof the eperating
grewth mechanisms as a functien ef the selid selutien

cempesitien, censtituting a useful teel te interpret
grewth behavieur in SS-AS systems.

6.2. Inhibition of the sorption process due to the for-
mation of a solid solution thin layer

The fact that divalent metals (M>") can ce-crystal-
lize with calcium carbenate te ferm (M,Ca)C@®; selid
selutiens implies that surface precipitatien ef selid
selutiens may be a significant mechanism ef metal
serptien ente calcite in aqueeus envirenments. len
partitiening during crystallizatien is centrelled by
beth thermedynamics and kinetic/mechanistic facters
(Lerens, 1981; Mucci and Merse, 1990; Paquette and
Reeder, 1995). The difference in selubility ef the selid
selutien end-members is ene of these facters. In ge-
neral terms, the lewer the selubility ef the metal-
carbenate MC@; end-member the higher the tendency
of this metal te incerperate inte the selid phase, which is
evident in the case of cadmium, where the extremely
lew selubility of etavite (CAC®3) (K, emvice=10" """,
Stipp etal., 1993) cempared te that ef pure calcite (K,
calcite= 1._5'45) (Plummer and Busenberg, 1982) results
in a streng preferential partitiening ef cadmium inte
the selid phase. Therefere, calcite sheuld be a geed



Fig. 11. Nucleation of Cdg37Cag 0;C®; platelets (BSE-image) on the
{1014} surface of a calcite cleavage fragment.

candidate fer remeving cadmium frem aqueeus selu-
tiens. In spite of this, the remeval of cadmium ebserved
in serptien experiments perfermed in clesed systems is
disappeintingly small. The uptake of cadmium by cal-
cite becemes negligible when the cencentration of cad-
mium in the fluid is still high (e.g. 0.078 mmel/] starting
frem a 0.1 mmel/l CdCl; selutien), altheugh the precip-
itate fermed en calcite is very rich in cadmium
(Xcg>0.97). These uptake values centrast with the equi-
librium end-peints that can be calculated by selving the
set of equilibrium, charge balance, and mass balance
equatiens that describe the thermedynamics ef this
system. Fer example, starting with 100 cm’ of a 0.1
mmel/1

equilibrium weuld require cemplete disselutien-—recrys-
tallizatien te ferm a unique and hemegenceus Cd-peer
selid phase (Ycq=4.98 - 107 %) and an extremely Cd-
peer aquesus selutien (7.00 - 10~ mmel/

As Pricte et al. (2003) have peinted eut, an expla-
natien ef this apparent incengruity needs te censider
the crystallegraphic relatienships between the serbate
and the serbent. In these experiments, the uptake of
cadmium by calcite invelves the release eof selutes
(Ca”™" and C@®3 iens) frem the mineral surface te the
fluid and the reactien between the disselved selute and
the aqueeus Cd*" iens te ferm the selid—selutien ever-
grewth. Thus, calcite disselutien is cencemitant with
surface precipitatien eof (Cd,Ca)C@®s, resulting in a
mechanism ef serptien by disselutien—precipitatien.
Hewever, in agreement with previeus ebservatiens
(Chiarelle et al., 1997), the precipitate ferms an epitax-
ial layer of nanemetric thickness, which armeurs the
substrate frem further disselutien. As a censequence,
the precess steps when enly a small ameunt ef cadmi-
um has been remeved frem the fluid. @bvieusly, at this
stage, the system is net at equilibrium. Hewever, the
term “partial equilibrium” (Helgesen, 1968) ceuld be
used te describe a situatien where the initial reacting

selid becemes iselated frem the aqueeus selutien by a
ceating ef sccendary selids that are at equilibrium with
the fluid. Fig. 11 shews a backscattered electren image
of the (1014) surface of a typical calcite fragment where
the incipient Cd-rich epitaxial evergrewth can be eb-
served. The fermatien ef such epitaxial layers can alse
be ebserved with AFM (Fig. 12).

The result is cempletely different when similar
experiments are cenducted using aragenite as a sub-
strate. In such a case, the cencentratien ef cadmium in
the aqueeus selutien decays dramatically te reach
values centrelled by the extremely lew selubility ef
the etavite end-member (<2.2-107° mmel/l in 30
days, starting frem 0.1 mM CdCl,). The precess is
alse asseciated with simultanceus disselutien—precipi-
tatien, but in this case, substrate and evergrewth are net
isestructural. The surface precipitate censists of rhem-
behedral calcite-type crystallites randemly eriented en
the ertherhembic aragenite. Under these cenditiens, the
ameunt ef precipitate that can be fermed witheut
armeuring the substrate surface frem further disselution
is censiderably larger than in the case of calcite. The
cencentratien eof disselved cadmium decreases fer
menths tewards its virtually cemplete remeval. During
this precess the aqueeus phase becemes pregressively
Cd-peer and the precipitate eventually grews te beceme
Ca-rich. As a censequence, the initial Cd-rich crystal-
lites are ultimately surreunded by a calcium-rich rim
and the main mass ef pellutant becemes iselated frem
the fluid.

The previeus examples illustrate that the reactien
pathways in macrescepic serptien experiments can
lead te partial equilibrium end-peints (at least at a
laberatery time-scale) that are net enly determined by
the thermedynamics ef the SS—AS system but alse by
the crystallegraphic relatienships between substrate and

Fig. 12. AFM image showing CdC@®; (otavite) two-dimensional
nucleation on calcite {1014} surface. ®@tavite nuclei show the typical
rhombohedral morphology.



evergrewth. The fermatien ef epitaxial layers results in
an inhibiting effect that steps the serptien precess when
enly a small ameunt ef disselved metal has been re-
meved frem the fluid. This effect is particularly evident
when the structural matching between substrate and
evergrewth is very geed (Pricte ct al., 2002).

7. The influence of newly formed nanolayers on
subsequent growth: the template effect

It is well knewn that the presence of fercign iens can
inhibit the nermal grewth ef a pure crystal. Because the
inhibitien precesses eccur en mineral surfaces, AFM
seems te be the mest suitable technique te study such
phenemena. AFM ebservatiens and measurements ef
the step velecity of menelayer grewth advancement
have previded infermatien abeut the melecular
mechanisms that centrel the inhibitien ef calcite grewth
in the presence of fercign iens. All the experiments
carried eut in the systems (M,Ca)C@®;-H,® (M=Mn,
St, and Mg) shew that the grewth rate ef each mene-
layer strengly depends en the presence of the previeus
layer, and that the changes in the swface preperties of
the crystal can retard or even cempletely inhibit further
grewth, even when the aqueeus selutien is still super-

saturated with respect te all pessible selid selutien
cempesitiens. Fig. 13 illustrates this phenemenen.
The first image (a) was taken afier flewing

water and immediately befere the injection of a reacting
selutien. This led te the slight disselutien ef calcite
steps and the fermatien of etch pits with typical rhem-
behedral shape. The injectien of a selutien with very
lew cencentratien of Mn ([MnCl,]=0.025 mmel/1) and
supersaturated with respect te calcite (B arcixe=23.0)
causes the lateral advancement ef grewth steps (a—c).
Hewever, a careful ebservatien ef the sequence indi-
cates that enly the first elementary grewth layer (which
is advancing en the eriginal surface) grews perceptibly.
This first newly fermed substrate centrels the subse-
quent surface evelutien. At the beginning ef the experi-
ments, the advancement velecity of step 1 and step 2 is
the same. Hewever, whereas step 1 advances witheut
restrictions, step 2 steps grewing when it reaches the
area fermed by the step | advancement. This effect can
be seen mere clearly by ebserving the eriginal etch pits.
These etch pits are rapidly filled-in and the newly
fermed layer acts as a barrier preventing subsequent
grewth en it. Censequently, this area is surreunded by
the next advancing step. This heteregenceus grewth
leads te an almest perfect repreduction ef the tepegra-

Fig. 13. (a—d) Growth sequence on a calcite {1014} face in contact with a solution supersaturated with respect to calcite (8 e =S5) and a small amount
ofMn ((MnCl,]= 0.025mmoVl/1). The sequence shows the control of the surface on the growth process (template effect). The whole sequence of AFM
images took 10 min approximately. A comparison of pictures (a) and (d) reveals the reproduction of the original microtopography.



phy ef the eriginal surface (cempare Fig. 13a with d).
We have called this phenemenen “template effect” be-
cause the eriginal micretepegraphy ef the surface acts
as a template that determines the subsequent evelutien
(Astilleres et al., 2002, 2003a,b; Freij et al., 2004). This
effect has alse been ebserved during grewth ef layers
en delemite cleavage surfaces frem supersaturated
selutiens (Hu and Higgins, 2004).

A systematic analysis of the grewth behavieur has
shewn a streng influence of beth (a) the cencentratien
of the fercign ien in the aqueeus selutien and (b) the
thermedynamic prepertics of the evergrewing selid
selutien, en the effectiveness eof the template effect.
In general, the higher the impurity cencentratien in
the aqueeus selutien, the strenger the reductien ef
step rates is and the clearer the repreductien ef the
eriginal micretepegraphy. Fig. 14 shews step advance-
ment measurements frem selutiens with different
ameunts ef Mn. @n the ether hand, whereas very
small ameunts ef Mn in selutien (Mn/Ca= 0.1)
cause a drastic reductien of the steps rates, censiderable
ameunts ef Mg and Sr (Sr/Ca and Mg/Ca>1) are
required te make the template effect appreciable. This
different behavieur is related te the different tendency
of these catiens te incerperate in the calcite structure,
which is very streng in the case of Mn (see Lerens,
1981; Mucci, 1988; Dremgeelec and Walter, 1996;
Pingitere et al., 1988) but weak fer Sr and Mg
(Bettcher, 1997; Mucci and Merse, 1983; Kénigsberger
et al., 1999). Therefere, we can cenclude that there is a
direct relatienship between the template effect and the
ameunt ef fercign iens incerperated in the newly fermed
layers. Altheugh the ultimate reasen fer this behavieur is
net well lmewn, the fact that grewth eventually steps ata
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Fig. 14. Step advancement rates in contact with solutions supersatu-
rated with respect to calcite (ﬁcalcm) and different concentrations of
Mn. The higher the Mn in solution the more effective is the effect of
the newly forimed substrate in inhibiting the subsequent step advance-
ment, and the more exact is the reproduction of the pre-existing

topography.

‘buried’ step edge suggests a difference between the
lattice parameters of the new layers and the eriginal
steps. This can lead te the fermatien ef a ‘sub-nane
step” at the eriginal step edges.

The newly fermed layers, with general cempesition
(M,Ca)C®s, limits ceprecipitatien as an effective
mechanism fer divalent metal uptake by hindering the
nermal crystal grewth ef selid selutiens. It is impertant
te nete that this behavieur is net exclusive of calcite
{1014} surface, but it has alse been ebserved en barite
(Ba(S@,,C@®5)-H,®, (Ba,Sr)S@,—H,®) and celestite
((Sr,Ba)S@,—H,®) (001) surfaces (Astilleres et al.,
2003b), which suggests that this is a general phenem-
enen in SS—AS systems.

8. Conclusions and future work

In the previeus sectiens, we have illustrated the
pessibilities that AFM prevides in the study of a num-
ber of phenemena that take place en calcite swfaces in
presence of multicempenent aqueeus selutiens. Seme
of these phenemena can have impertant implicatiens in
crystal grewth, which have net been taken inte acceunt
se far. Fer example, the “template effect” seems te be a
phenemenen that can affect beth the grewth behavieur
and the cempesitien eof the grewing phase. The differ-
ences in ienic radii of the substituting iens lead te the
generation of a lattice mismatch between evergrewing
and underlying layers, which in tum can cause a devi-
atien frem the equilibrium partitiening and the deve-
lepment ef cempesitienal zening. Mereever, these
ebscrvatiens have revealed a mere active rele eof the
surface in the grewth precess, whereas traditienally the
emphasis has been placed en the aqueeus selutien
cempesitien and the degree of supersaturatien.

The next step in the study ef crystallizatien in SS—
AS systems is te ebtain further infermatien ef the
relatienships between the grewing and underlying
layer. This ebjective can enly be reached if reliable
data ef the cempesitien and structure ef the ferming
layers is ebtained. XPS and ether suitable surface sen-
sitive techniques can be used fer this task. Lateral ferce
micrescepy (LFM), using ftictienal centrast between a
substrate and a strained everlayer, ceuld serve as a
cemplementary technique te ebtain a qualitative cem-
pesitien mapping, as Hay et al. (2003) have recently
demenstrated. @n the ether hand, it will be necessary
te check the universality of the “template effect” in
the crystallizatien ef selid selutiens and te determine
the thermedynamic, kinetic and crystallegraphic fac-
ters invelved in its develepment. The metastable crys-
tallizatien precesses and the develepment ef selvent-



mediated transfermatiens are ether aspects that deserve
special attentien in the case of crystallizatien eof limited
selid selutiens.

Acknowledgements

J. M. Astilleres and Carles M. Pina acknewledge
financial suppert frem Spanish Ministry ef Science and
Technelegy (‘Ramen y Cajal” pregram). This werk was
partially supperted by the Spanish Ministry ef Science
and Technelegy (Preject BTE2002-00325) and the EU
Netwerk “Quantifying disselutien and precipitatien of
selid selutiens in natural and industrial precesses” (cen-
tract ne. HPRN-CT-2000-058). [LW]

References

Astilleros, J.M, Pina, C.M, Fernandez-Biaz, L., Putnis, A, 2000.
Incorporation of barium on calcite (1014) surfaces during growth.
Geochim. Cosmochim. Acta 64, 2965-2972.

Astilleros, J.M, Pina, C.M, Feméandez-Biaz, L., Putnis, A, 2002.
Molecular scale surface processes during the growth of calcite in
the presence of manganese. Geochim. Cosmochim. Acta 66,
3177-3189.

Astilleros, J.M, Pina, C M., Femandez-Biaz, L., Pumis, A, 2003a.
Metastable phenomena on calcite {1014} surfaces growing from
SP*-Ca>*-C@3~ aqueous solutions. Chem. Geol. 193, 93-107.

Astilleros, J.M,, Pina, CM, Femandez-Biaz, L, Pumis, A., 2003b.
Nanoscale growth of solids crystallising from multicomponent
aqueous solutions. Surf. Sci. 545, L 767-L 773.

Astilleros, ] M, Pina, CM, Femandez-Biaz, L, Pumis, A, 2083c.
Supersaturation functions in binary solid solution—aqueous solu-
tion systems. Geochim. Cosmochim. Acta 67, 1601—-1608.

Bokem, B.G,, Bucker, WA.C,, Hunter, K.A, McGrath, KM, 2002.
Surface imaging of a natural mineral surface using scanning-probe
microscopy. J. Cryst. Growth 246, 139-149.

Bosbach, B, Jordan, G., Rammensee, W, 1995. Crystal growth and
dissolution kinetics of gypsum and fluorite: an in situ scanning
force microscope study. Eur. J. Mineral. 7, 267-276.

Bottcher, M.E.,, 1997. Comment “Solid solution partitioning of Sr”,
Ba®*, and Ca* to calcite” by A.J. Tesoriero and J.F. Pankow.
Geochim. Cosmochim. Acta 61, 661 -662.

Cardew, P.T., Davey, R.J, 1985. The kinetics of solvent-mediated
phase wansformations. Proc. R. Soc. Lond, A 298 415-428.

Chiarello, RP., Sturchio, N.C.,, Grace, J.B., Geisshuhler, P, Sor-
ensen, L.B, Cheng, L, Xu, S, 1997. @tavite—calcite solid—
solution formation at the calcite—water interface studied in situ
by synchrowon X-ray scattering. Geochim. Cosmochim. Acta 61,
1467-1474.

Pavey, R, Garside, J, 2000. From molecules to crystallizers. An
inwroduction to crystallization. @xford Chemis#y Primers vol. 86.
@x ford University Press, @xford. 81 pp.

Pavis, J.A, Fuller, C.C,, Cook, A BD., 1987. A model for wrace metal
sorption processes at the calcite surface: adsorption of Cé** and
subsequent solid solution formation. Geochim. Cosmochim. Acta
51, 1477-1490.

Pe Giudici, G, 2002. Surface control vs. diffusion control during
calcite dissolution: dependence of step-edge velocity upon solu-
tion pH. Am. Mineral. 87, 1279-1285.

Promgoole, E.L., Walter, M, 1990. Inhibition of calcite growth rates
by Mn>* in CaCl, solutions at 10, 25 and 50 °C. Geochim.
Cosmochim. Acta 54, 2991-3000.

Freij, S.J, Pumis, A, Astilleros, .M., 2004. Nanoscale observations
of the effect of cobalt on calcite growth and dissolution. J. Cryst.
Growth 267, 288-300.

Glyym, PBD., 2000. Solid—solution solubilities and thermodynamics:
sulfates, carbonates and halides. Sulfate Minerals: Crystallogra-
phy, Geochemistry and Environmental Signiftcance, Reviews in
Mineralogy and Geochemisty, vol. 40, pp. 481-511.

Glyym, PB®., Reardon, E.J, 1990. Solid-solution aqueous-solution
equilibria: thernodynamic theory and representation. Am. J. Sci.
290, 164-201.

Godelitsas, A, Astilleros, J.M,, Hallam, K., Harissopoulos, S., Putis,
A, 2003. Interaction of calcium carbonates with lead in aqueous
solutions. Environ. Sci. Technol. 37, 3351-33680.

Hariman, P, Perdok, W.G., 1955. @n the relations between stwucture
and morphology of crystals. I. Acta Crystallogr. 8, 49-52.

Hay, M.B., Workman, R.K, Manne, S., 2003. Mechanisms of metal
ion sorption on calcite: composition mapping by lateral force
microscopy. Langmuir 19, 3727-3740.

Heijnen, W.M.M, 1985. The morphology of gel grown calcite. N. Jh.
Mineral. Mh. 8, 357-371.

Helgeson, H.C., 1968. Evaluation of irreversible reactions in geo-
chemical processes involving minerals and aqueous solutions:
I. Thernmodynamic relations. Geochim. Cosmochim. Acta 32,
853-877.

Hillner, P.E, Gratz, A.J, Manne, S, Hansma, P.K, 1992. Atomic-
scale imaging of calcite growth and dissolution in real time.
Geology 20, 359-362.

Hu, X, Higgins, S.R., 2004. Dolomite surface kinetics and compo-
sition from supersaturated and undersaturated non-stoichiometric
solutions. Geochim. Cosmochim. Acta 68, Al134.

Jordan, G., Rammensee, W, 1998. Bissolution rates of calcite (1014)
surfaces obtained by scanning force microscopy: microtopogra-
phy-based dissolution kinetics on surfaces with anisowopic veloc-
ities. Geochim. Cosmochim. Acta 62, 941-947.

Jordan, G., Higgins, S.R., Eggleston, C.M.,, Knauss, K.G., Schmahl,
W.W,, 2001. Bissolution kinetics of magnesite in acidic aqueous
solution, a hydrotherinal atomic force microscopy (HAFM) study:
step orientation and kink dynamics. Geochim. Cosmochim. Acta
65, 4257-4266.

Kelly, SB., Newville, M.G., Cheng, L., Kemmer, K.M,, Sutton, S.R,
Fenter, P, Sturchio, N.C,, Spolt, C., 2003. Uranyl incorporation in
natural calcite. Environ. Sci. Technol. 37, 1284-1287.

Koénigsberger, E., Konigsberger, L.C, Gamsjiger, H., 1999.
Low-temperature  thermodynamic model for the system
Na, C@:-MgC@®,-CaC®--H,®. Geochim. Cosmochim. Acta 63,
3105-3119.

Liang, Y., Baer, B.R, McCoy, ] M, LaFemina, J.P, 1996. Interplay
between step velocity and morphology during the dissolution of
CaC@; surface. J. Vac. Sci. Technol, A, Vac. Surf. Films 14 (3),
1368-1375.

Lippmann, F., 1980. diagrams depicting the aqueous solubility of
mineral systems. N. Jb. Mineral. Abh. 139 (1), 1-25.

Lorens, R.B., 198]1. Sr, Cd, Mn and Co diswibution coefficients in
calcite as a function of calcite precipitation rate. Geochim. Cos-
mochim. Acta 45, S53-561.

McBeath, MK, Rock, PA., Casey, WH, Mandell, G K, 1998
Gibbs energies of formation of metal-carbonate solid solutions:
Part 3. The Ca,Mn;_,C®; system at 298 K and 1 bar. Geochim.
Cosmochim. Acta 62, 2799-2808.



Mucci, A., 1988. Manganese uptake during calcite precipitation from
seawater: conditions leading to the formation of pseudokumaho-
rite. Geochim. Cosmochim. Acta 52, 1859 -1868.

Mucci, A., Morse, J.W., 1983. The incorporation of Mg2+ and SP** into
calcite overgrowths. Geochim. Cosmochim. Acta 47, 217-233.

Mucci, A., Morse, JW., 1990. Chemistry of low-temperature abiotic
calcites: experimental studies on coprecipitation, stability ane
fractionation. Aquat. Sci. 3, 217-254.

Paquette, J., Reeder, R.J., 1990. New type of compositional zoning in
calcite: insights into crystal growth mechanisms. Geology 18,
1244-1247.

Paquette, J., Reeder, R.J., 1995. Relationship between surface swuc-
ture, growth mechanism, and tace element incorporation in cal-
cite. Geochim. Cosmochim. Acta 59, 735-749.

Pina, C.M,, Becker, U, Risthaus, P., Bosbach, B., Pumis, A., 1998%a.
Molecular-scale mechanisms of crystal growth in barite. Nature
395, 483-486.

Pina, C.M., Bosbach, B., Prieto, M., Pumis, A., 1998b. Microtopo-
graphy of the barite (001) face during growth: AFM observations
and PBC theory. J. Cryst. Growth 187, 119-125.

Pina, CM.,, Enders, M., Pumis, A., 2000a. The composition of
solid solutions crystallising from aqueous solutions: the influ-
ence of supersaturation and growth mechanisms. Chem. Geol.
168, 195-216.

Pina, C. M., Fernandez-Biaz, L., Prieto, M., Pumis, A ., 2000b. In situ
atomic force microscope observations of a dissolution—crystal-
lisation reaction: the phoshenite—cerussite wansformation. Geo-
chim. Cosmochim. Acta 64, 215-221.

Pina, C.M,, Putnis, A ., y Astilleros, .M., 2004. The growth mechan-
isms of solid solutions crystallising from aqueous solutions.
Chem. Geol. 204, 145-161.

Pingitore Jr, N.E, 1986. Modes of coprecipitation of Ba>*
and Sr”* with calcite. In: Bavis, J.A., Hayes, K.F. (Eds.),
Geochemical Processes at Mineral Surfaces, ACS Symp. Ser.
vol. 323., pp. 574-586.

Pingitore Jr, N.E., Eastman, M.P,, Sandige, M., @den, K., Freiha, B.,
1988. The coprecipitation of manganese(Il) with calcite: an ex-
perimental study. Mar. Chem. 25, 107-120.

Piriou, B., Fedoroff, M., Jeanjean, J., Bercis, L., 1997. Characteriza-
tion of sorption of europium(IIl) on calcite by site-selective and
time-resolved luminescence specwoscopy. J. Colloid Interface Sci.
194, 440-447.

Phunmer, LN, Busenberg, E., 1982. The solubilities of calcite,
aragonite and vaterite in C@®,-H,® solutions between @ and 90
°C, and an evaluation of the aqueous model for the system
CaC@:-C@®,-H,®. Geochim. Cosmochim. Acta 46, 1011-1040.

Phunmer, L. N., Busenberg, E., 1987. Thermodynamics of aragonite—
stontianite solid solutions: results from stoichiometric solubility
at 25 and 76 °C. Geochim. Cosmochim. Acta 51, 1393-1411.

Prieto, M., Pumis, A., Feméandez-Biaz, L., 1993. Crystallization of
solid solutions from aqueous solutions in a porous medium:
zoning in (Ba,Sr)S@,4. Geol. Mag. 130, 289-299.

Prieto, M., Fermandez-Gonzalez, A., Pumis, A., Femandez-Biaz, L.,
1997. Nucleation, growth and zoning phenomena in crystallizing
(Ba,Sr)Ce®;, Ba(S@,Cr®,;), (Ba,Sr)S®,, and (Cd,Ca)C®; solid
solutions from aqueous solutions. Geochim. Cosmochim. Acta 61,
3383-3397.

Prieto, M., Femandez-Gonzalez, A., Martin-Biaz, R., 2002. Sorption
of chromate ions diffusing through barite-hydrogel composites:
implications for the fate and wansport of chromium in the envi-
ronment. Geochim. Cosmochim. Acta 66, 783-79S.

Prieto, M., Cubillas, P., Fernandez-Gonzilez, A., 2003. Uptake of
dissolved Cd by biogenic and biogenic aragonite: a comparison
with sorption onto calcite. Geochim. Cosmochim. Acta 67,
3859-3869.

Reeder, R.J., 1996. Interaction of divalent cobalt, zinc, cadmium, and
barium with the calcite surface during layer growth. Geochim.
Cosmochim. Acta 60, 1543-1552.

Reeder, R., Lamble, G.M,, Northrup, P.A., 1999. XAFS study of the
coordination and local relaxation around Co®*, Zn**, Pb®*, and
Ba?* wace elements in calcite. Am. Mineral. 84, 1049—1060.

Reeder, R., Nugent, M., Lamble, G.M., Tait, C.B., Morris, B.E,,
2000. Uranyl incorporation into calcite and aragonite: XAFS
and luminiscence studies. Environ. Sci. Teclinol. 34, 638—-644.

Rimstidt, J.B., Balog, A., Webb, J., 1998. Biswibution of #race ele-
ments between carbonate minerals aqueous solutions. Geochim.
Cosmochim. Acta 62, 1851-1863.

Shiraki, R., Rock, P.A., Casey, WH., 2000. Bissolution kinetics of
calcite in 8.1 M NaCl solution at room temperature: an atomic
force microscopic (AFM) study. Aquat. Geochem. 5, 87-1608.

Staudt, W.J, Reeder, R.J, Schoonen, M.A.A., 1994, Surface
swuctaral conwols on compositional zoning of S@F and
Se®2~ in synthetic calcite crystals. Geochim. Cosmochim.
Acta 58, 2087-2098.

Stipp, S.L., Hochella, M.F., Parks, G.A., Leckie, J.@., 1992 Ca?*
uptake by calcite, solid-state dif fusion, and the formation of solid-
solution: interface processes observed with near-surface sensitive
tecliniques (XPS, LEED, and AES). Geochim. Cosmochim. Acta
56, 1941-1954.

Stipp, S.L., Parks, G.A.,, Nordswom, BK. Leckie, ].®., 1993.
Solubility-product constant and thermodynamic properties for
synthetic otavite, CdC@®s(s), and aqueous association constants
for the Cd(II)-C@,—-H,® system. Geochim. Cosmochim. Acta 57,
2699-2713.

Stipp, S.L.S., Lakshtanov, L.Z., Jensen, J.T., Baker, J.A., 2003. Eu**
uptake by calcite: preliminary results from coprecipitation experi-
ments and observations with surface-sensitive techniques. J. Con-
tam. Hydrol. 61, 33-43.

Sturchio, N.C., Antonio, M.R, Soderholm, L., Sutton, S.R., Brannon,
J.C., 1998. Tewavalent uranium in calcite. Science 281, 971-973.

Sturchio, N.C,, Chiarello, R.P,, Cheng, L., Lyman, P.F., Bedzyk, M.J.,
Qian, Y, You, H,, Yee, B, Geisshuhler, P, Sorensen, L.B., Liang,
Y., Baer, B.R., 1997. Lead adsorption at the calcite—water inter-
face: synchroton X-ray standing wave and X-ray reflectivity
studies. Geochim. Cosmochim. Acta 61, 251-263.

Sunagawa, 1., 1987. Morphology of minerals. In: Sunagawa, I. (Ed.),
Morphology of Crystals. TERRAPUB, Tokyo.

Tesoriero, A.J., Pankow, J.F., 1996. Solid solution partitioning of
S, Ba?*, and Ca2* to calcite. Geochim. Cosmochim. Acta 60,
1053-1063.

Zachara, J M., Cowan, C.E., Resch, C.T., 1991. Sorption of divalent
metals on calcite. Geochim. Cosmochim. Acta 55, 1549-1562.



	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_01
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_02
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_03
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_04
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_05
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_06
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_07
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_08
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_09
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_10
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_11
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_12
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_13
	Nanoscale phenomena during the growth of solid solutions on calcite surfaces Astilleros et al 2006_Página_14

