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Abstract 

In situ atomic force microscopy has been used to study the effect of dissolved cobalt on the growth and dissolution of 

calcite {1O.4} surfaces. Growth experiments conducted in the presence of various cobalt concentrations revealed that 

the growth of the first layer proceeds with step growth and is faster than the growth in pure solution. The subsequent 

growth on the newly formed surfaces is much slower, although the solution supersaturation is kept constant. This 

difference in the step velocity leads to the temporary reproduction of the original surface topography (template effect). 

This demonstrates the role of the substrate surface structure in the crystal growth. In situ dissolution experiments 

conducted in the presence of cobalt revealed that cobalt is sorbed at the negative (acute) kinks leading to the formation 

of monomolecular semi-triangular etch pits. 

Keywords: AI. Atomic force microscopy; AI. Impurities; AI. Solid solutions; A2. Growth from solution; BI. Minerals 

1. Introduction 

Calcite is one of the most abundant rock

forming carbonates. It is a highly reactive mineral 

which can undergo a variety of surface reactions in 

solution (ionic substitution, dissolution, precipita

tion/coprecipitation, recrystallization, absorption 

and adsorption of impurities). These reactions 

have significant geochemical and environmental 
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implications as they exert a strong impact 

on divalent metals mobility and distribution 

(e.g. Refs. [1-5]). 

There are several factors that control the 

incorporation of impurities in the mineral struc

ture during growth. One of the most important is 

the mineral surface structure because it has great 

influence on the impurity distribution within a 

single crystal during crystal growth. This is evident 

in the widespread occurrence in calcite of compo

sitional sectoral zoning, i.e. compositional dif1er

ences between time equivalent sectors grown 

from crystallographically nonequivalent faces 



(e.g., Ref. [6]) and intrasectoral zoning, i.e., 
compositional differences between equivalent 
portions of a given sector grown from a single 
face [7 ,8]. 

The calcite surface most widely studied is the 
{ 10.4} rhombohedral cleavage plane. 

The structure of calcite { 10.4} faces can be 
described based on the periodic bond ( PB C) chain 
model of Hartman and Perdok [ 9 ]. These faces 
contain three non-equivalent PB Cs parallel to the 
< 4 4 1 >, < 22 1>, and < 0 1  0> directions and, 

therefore, are flat (F) faces [ 1 0]. Steps parallel to a 
given set of PB Cs are structurally identical, but 
because of the orientation of such steps to the 
symmetry elements, opposite directions of ad
vancement for a given steps are non-equivalent 
( [44 1]+, [481]+, [44 1 Land [48 11

-
, according to 

the notation used by Staudt and Reeder [8]. 
Several studies [ 1 1  13] have shown that there is 

kinetic anisotropy between the non-equivalent 
steps on the { 10.4} faces of calcite using atomic 
force microscope. Studies by Paquette and Reeder 
[4] and Reeder [ 1 4] have shown that divalent 

metals larger than Ca (e.g., Ba and Sr) are enriched 
in the [44 1]+ and [481]+ steps, which define the 
relatively large kinks (obtuse kink), whereas 
smaller ions (e.g., Co, Cd, Mn) are preferentially 
incorporated in the [44 1L and [481L steps, 
which define the relatively constrained and 
smaller kinks (acute kink), during coprecipitation 
experiments. 

The effect of foreign metal cations on the 
growth and dissolution of calcite has been 
investigated using atomic force microscopy and 
other techniques (e.g. Refs. [ 1 3,15 20 ]). 

The results of these studies have provided 
considerable infonnation on the changes in the 
crystal morphology, surface topography and 
interaction kinetics. 

Co balt is a toxic element present in rocks and 
soil and is released to the environment from 
burning of fuel and various industrial processes 
that use the metal or its components. Its ionic 
radius is smaller than calcium (0.745 versus 0. 9 9  A) 
and it fonns a carbonate with a calcite-like 
structure. 

The interaction of cobalt with calcite has been 
investigated mainly using spectroscopic techniques 

(e.g. Refs. [2 1,14]). Braybrook et al. [ 1 9 ] have 
shown that the presence of cobalt in calcite growth 
solution led to the formation of {l OO} faces at low 
cobalt concentration and {O 1 O} faces at a higher 
concentration. Another study [22] reported reduc
tion in the growth rate of ( 1  0 1 1) face of calcite in 
the presence of cobalt. 

However, no work has been carried out on the 
interaction of cobalt with a calcite surface at the 
microscopic level during growth and dissolution. 

In this study, we present experimental observa
tions on the effect of cobalt on calcite cleavage 
surface in undersaturated and supersaturated 
solution using AFM. In situ growth experiments 
show the changes of step growth morphology, 
transition of growth mechanism and change in 
growth rates, which are all indicative of the effect 
of substrate surface structure. In situ dissolution 
experiments illustrate the change in etch-pit 
morphology, which can be related to the selective 
incorporation of cobalt. 

2. Experimental procednre 

In situ experiments were conducted using a 
Digital Instruments Multimode Atomic Force 
Microscope, equipped with a fluid cell, and work
ing in contact mode. 

Calcite crystals ( Iceland spar grade) were used 
as substrates and cleaved with a blade along the 
{ 10.4} surface minutes before performing the 

experiment at 25° C. 
Deionized water was passed over the substrate 

to remove attached particles and to establish the 
crystallographic directions at the beginning of 
every experiment by direct observation of the 
development of the characteristic rhombic etch 
pits. These etch pits are defined by the [44 1] 
and [4 8 I] steps, which retreat at different velocity. 
Fig. 1 shows a representative sample of etch pit 
development on a calcite { 10.4} surface in 
deionized water. 

For the growth experiment; aqueous solutions 
with compositions shown in Table 1 were prepared 
by mixing Na2 C03, Ca Cl2 and Co Cl2 aqueous 
solutions. The solution p H  was measured using a 
W TW Inolab p H  meter. The p H  meter was 



calibrated using standard buffer solutions 6.865 
and 9. 17 (W TW). 

Growth solutions were passed over the substrate 
by injecting fresh solutions at intervals of about 
2 min to promote growth. The activity coefficients 
for Ca2+, Co2+ and CO�-, and the saturation 
indices for the solutions with respect to calcite 
were calculated using P HR E EQ C  [23]. 

For all the growth solutions (2 4), the super
saturation was kept constant with respect to calcite 
(expressed as Pcrucit, � a ( Ca 2+) a ( CO i-) j Kcrucit" 
where a is the ion activity and Kcalcite = 10-8.48 is 
the solubility product), and the concentration of 
calcium chloride was adjusted with the change in 
cobalt concentration. 

For the dissolution studies, solutions were 
prepared from cobalt chloride ( Aldrich) dissolved 

Fig. 1. AFM image of calcite surface in water, shmving the 
typical rhombohedral etch pits, v,rith the crystallographic 
directions indicated. 

Table 1 

Experiment no. CaC!, (mM) Na2C03 (mM) 

0.45 0.34 
2 0.37 0.27 
3 0.41 0.27 
4 0.83 0.27 

in deionized water to concentration from 10-4 to 
10-2 M. p H  of solutions was measured prior to the 

beginning of every experiment. After passing 
deionized water and establishing the crystallo
graphic directions of the substrate, the entire 
volume of the fluid cell was exchanged 5 times 
and the dissolution process was imaged in this 
standing solution over a period of 1 2 h. 

For the growth and dissolution studies, approx
imate step advancement or step retreat rates were 
calculated mainly in [22 1] direction by manually 
measuring the spacing between growth steps, or 
steps which define the etch pits in this direction in 
the image sequences. 

3. Results 

3.1. Effect of cobalt on growth 

Once the crystallographic directions of the 
substrate were determined by following the devel
opment of the etch pits, growth solutions with the 
composition described in Table 1 were injected 
into the liquid cell. Fresh solution was injected at 
the end of every captured scan, to ensure constant 
supersaturation. 

All these solutions caused significant growth on 
the original calcite surface. 

Fig. 2a shows the surface of a calcite crystal a 
few minutes after dissolution in deionized water, a 
flat area with shallow etch pits (0.3 mu in height) 

and several deep etch pits. The shallow etch pits 
nucleate possibly on clusters of point defects while 
the deep isolated pits grow at dislocations [24]. 
Figs. 2b e show a sequence of images of the 
surface of calcite taken after growth in solution 1 
(Pcrucit, � 9.5). The diagonal line in all of the 

images of Figs. 2 and 3 is an artifact. 

CoCi, (mM) Supersaturation (13) pH 

0.01 9.5 10.1 
0.01 6.3 10 
0.02 6.3 9.9 
0.05 6.3 9.5 



Fig. 2. A growth sequence on calcite {IO.4} surface in solution I (see Table I) showing the growth of the first layer: (a) t = Omin, (b) 
t = 5min, (c) t = 15min, (d) t = 17min, and (e) t = 29 min. 

Initial growth in solution leads to filling of 
etch pits and spreading of monomolecular 
steps. However, the step advancement is quite 
irregular: in some areas the steps seem to advance 

faster than in others. These areas on which 
the steps grow slowly correspond to previously 
filled etch pits. At the end of the sequence, 
the steps merge and coalesce to fonn a flat area 



, , 

Fig. 3. A growth sequence on caJcite {1O.4} surface in solution 1 (see Table 1) shmving the growth of the second layer: (a) t = 0 (actual 
time is 45min from Fig. l a), (b) t = 15min, (c) t = 23min, (d) t = 31 min, and (e) t = 38 min. 

again. The growth is visually fast at this super
saturation although the scan area is quite large 
( � 9 .5 run/s in the [22 1] direction whilst step 

advancement rate of calcite in pure solution 

at the same supersaturation is � 4 nm/s). This 
newly formed layer (layer 1, Fig. 2e) has a new 
different composition than the substrate gIven 
by the general formula Cax Co1_x C03. With 



further growth, we observe the spreading of 
new growth layers (layer 2) on layer 1 (Fig. 3). 
The edges of these steps are less regular and 

become rounded with time and we observe the 
formation of a two-dimensional nucleus on a clear 
area of the surface (Fig. 3c). This nucleus (layer 2) 
grows in all directions but develops irregular 
edges. The approximate step advancement rate of 
the nuclei in the [22 1] and [0 1 0 ]  direction is 
3.5 run/so 

Step advancement rates estimated by following 
the step movement (layer 2) in the [22 1] direction 
are 3.6 run/so With further growth, more step 
spreading is observed. The growth of layers 3 
and 4 was followed (images not shown in this 
figure), and step advancement rates were possible 
to be calculated only in [0 1 0 ]  directions and are 3 
and 1.8 nm/s, respectively. 

Similar experiments were conducted at a lower 
supersaturation ({3calcite = 6.3) in the presence of 
various concentrations of cobalt. 

Fig. 4 shows a growth sequence on the 
{IO.4} surface of calcite in solution 2, which 

has a Co Ch concentration of 0.0 1 mM. Fig. 4a 
shows the surface of a calcite crystal few minutes 
after dissolution in deionized water and prior 
to growth. Initial growth in solution leads 
to partial filling of the etch pits and formation 
of two-dimensional nuclei, mainly on attached 
particles (Fig. 4b). With further growth, the 
nuclei and the steps spread to cover the original 
surface. 

The step advancement rate in the [22 1] direction 
is approximately 5 run/s for this first layer growth. 

When second layer growth starts (Fig. 4c), the 
step edges become more curved. The nuclei are 

Fig. 4. A growth sequence on calcite {lO.4} surface in solution 2 (see Table 1): (a) t = 0 min, (b) t = 2min, (c) t = 9min, and (d) 
t = 33min. 



formed at the same position as the nuclei from 
layer one (note the nuclei indicated by arrows in 
Fig. 4b and c). 

This can be explained by the fact that the 
height of these particles is few nanometers and 
they provide sites for heterogeneous nucleation 
until they are completely covered by several 
growth layers. Growth of layer 2 continues, 
although it avoids certain areas where etch pits 
existed within layer 1, leading to the formation of a 
surface almost identical to the original surface 
before growth. This reproduction of the original 
surface topography has been termed the template 
effect [ 1 7]. The step advancement rate of this layer 
in the [22 1] direction is slower than that of the first 
one (l mu/s). 

This indicates that the newly formed surface 
(layer 1) exerts an inhibiting effect on the 

subsequent growth of layer 2. 
Fig. 5 shows a growth sequence on the { 10.4} 

surface of calcite in solution 3, which contains 
higher concentration of Co Cl2 (0.02 mM). 

Fig. Sa shows the typical rhombic etch pits and 
some steps on the calcite surface before flowing the 
growth solution. Growth proceeds by step advance 
at all terraces forming layer 1 (Figs. 5b and c). The 
step edges lose their regular shape and become 
more curved. New steps appear on layer 1 and 
spread on the surface-forming layer 2 (Figs. 5d 
and e). The growth of layer 2 is slower than the 
growth of layer 1 in the [22 1] direction (4 mu/s 
compared with 10mu/s). 

The surface reproduction in this figure is not 
very clear, but we think that this is related to the 
surface topography of the surface prior to growth. 

Growth in a much higher concentration of 
Co Cl2 (0.05 mM) is illustrated in Fig. 6. 

Fig. 6a represents calcite surface before 
growth. After 3 min in solution (Fig. 6b) we 
observe etch pit filling and all steps advancing. 
With further growth (Figs. 6c and d), more 
spreading occurs, and the steps become more 
irregular. The step advancement rate of this first 
layer is 6 mu/so Fig. 6e, shows the spreading of new 
steps which form layer 2. The growth of this layer 
is slower than layer 1, but we could not calculate 
approximate step advancement rates for the 
second layer due to the irregularity of the step 

edges but we estimate a step advancement rate of 
less than 1 mu/so The template effect can clearly be 
observed. 

3.2. Effect of cobalt on dissolution 

Fig. 7 shows several AFM images obtained 
when stationary solutions, ranging from 10-4 to 
1O-2 M Co CI2, were in contact with calcite { 10.4} 

surfaces. 
The p H  of these solutions ranges from 6. 1 to 

5.7. They are all undersaturated with respect to 
calcite or any cobalt phase (cobalt hydroxide, 
cobalt chloride, cobalt oxide). 

These experimental conditions constrain the 
interaction to either direct adsorption of the cobalt 
ion to the calcite surface or the coupled dissolution 
of calcite and growth of metal carbonate. 

Fig. 7a shows an image of calcite, with the 
typical rhombic etch pit formed after few 
minutes of dissolution in pure deionized water. 
After exchanging the volume of the fluid cell 
with Co Cl2 solution (l0-4M), we observe dis
solution by the formation of morphologically 
modified etch pits and by step retreat. The depth 
of these etch pits is 0.3 nm and the aspect ratio is 
nonunity, as opposed to the regular rhombic 
calcite etch pits. 

Fig. 7c d, Figs. 7e f, Figs. 7g h represent 
images showing the surface of calcite before and 
after passing 2 x 10-4 M, 10-3 M and 10-2 M, 
Co Cl2 solution, respectively. 

Dissolution in the presence of 2 x 10-4 M lead 
to the formation of etch pits similar to the etch pits 
formed in 10-4 M. Step movements of the etch pits 
are difficult to track due to their morphology 
distortion. This makes any step retreat rate very 
approximate, and possible to determine only for 
certain image sequences. Step retreat rates were 
calculated to be 0.40 and 0.3mu/s in the [22 1] and 
[0 1 0 ]  directions, respectively, in 10-4 M aqueous 
Co Ch solution, versus 0.60 and 0.5 mu/s in 

2 x 1O-4M. 
Dissolution in a higher concentration of Co Cl2 

solution (l0-3 and 10-2 M) yields etch pits with a 
slightly rounded corner. 

Images in all these solutions never showed any 
evidence of step growth or nucleation. 



Fig. 5. A growth sequence on calcite {1O.4} surface in solution 3 (see Table 1): (a) t = Omin, (b) t = 4min, (c) t = 6min, (d) t = 8min, 
and (e) t = 25 min. 

Dissolution of calcite in the presence of 
these solutions decreases with time, as the 
concentration of calcium and carbonate ion 
mcreases. 

Cobalt is highly desorbable as passing deionized 
water over a surface that has been dissolving in 
aqueous cobalt solution changes the shape of the 
etch pits to rhombhedral during one scan (Fig. 8). 



Fig. 6. A growth sequence on calcite {lO.4} surface in solution 3 (see Table 1) after: (a) Omin (b) 3min (c) 6min (d) 30min, (e) 94min 
and (f) 127 min. 

4. Discussion 

Our AFM observations reveal that the interac
tion of cobalt with {IO.4} calcite surface in 

undersaturated and supersaturated solutions is 
significant. 

Growth of calcite in the presence of cobalt 
proceeds with step growth mechanisms, and the 



Fig. 7. AFM images shmving dissolution of calcite in pure and in cobalt aqueous solution, respectively: (a) in water, (b) in 1O-4M 
CoCl2 solution, (c) in water (d) in 2 x 10-4 M CoCl2 solution, (e) in water, (f) in 10-3 M CoCl2 solution, (g) in water, and (h) in 10-

2 
M 

CoCl2 solution. 



Fig. 8. An AFM image shmving the surface of calcite (area in 
Fig. 7f) ca. 1 min after flowing deionized water. 

growth of the first layer is faster than the growth in 
pure solution. 

According to the thermodynamics of solid 
solution aqueous solution ( S S  A S) systems, the 
addition in the aqueous phase of a foreign ion 
capable of forming a solid solution with the 
growing phase always causes an increase of the 
supersaturation [25, 26] of the fluid with respect to 
an intermediate solid solution composition. This is 
the case even when the aqueous solution composi
tion is adjusted so that the supersaturation with 
respect to the pure end member (calcite) is 
unchanged. 

Due to the lack of information of the thermo
dynamic properties of the ( Ca,Co) C03 H20 sys
tem, it is impossible to calculate supersaturation 
functions for the whole range of solid solution 
compositions. However, the low solubility product 
of Co C03, (Ksphaerocobaltite = 10-9.98 [27] indicates 
that, very small amounts of C02+ in the aqueous 
solution will cause a significant increase of the 
supersaturation with respect to ( Ca, Co) C03 solid 
solutions and, therefore, an increase of step 
advancement velocity. The small range of C02+ 

miscibility in calcite (",,2.7%, estimated at 50' C 
[28]) will result in a composition of the solid 

solution very close to pure calcite. 
On the other hand, growth on the newly formed 

surface proceeds more slowly and the step 
morphology changes from edges parallel to the 

crystallographic directions to curved edges. This 
change of the step morphology at the same 
supersaturation with respect to calcite indicates 
that the surface had a significant effect on the 
growth mechanism. 

The difference between the step advancement 
rate on the original substrate and the step 
advancement rate on the newly fonned layer 
cannot be explained based on the classical 
impurity models, as these models predict one 
value for the step advancement rate in the presence 
of impurity. 

The decrease in the step advancement rate in the 
presence of impurity has been explained mainly 
based on the step pinning model or impurity 
incorporation model. In the step pinning model 
[2 9], the advancing steps are pinned by immobile 

impurities adsorbed on the surfaces, which leads to 
a decrease in the step velocity. At a relatively high 
supersaturation, the steps squeeze through the 
adsorbed impurity and growth occur forming 
curved steps. 

The incorporation model takes into account the 
binding energy of the impurity with the lattice at 
the site of incorporation [30]. This incorporation 
of impurity ions induces strain in the solid lattice 
leading to an increase in the crystal solubility and 
accordingly decreases in the effective supersatura
tion of the growth solution [3 1]. This leads to a 
decrease in the crystal growth rate as in the step 
pinning model. 

The inhibiting effect of cobalt during growth on 
the newly formed surface lead to a clear reproduc
tion of the original surface topography (template 
effect). 

This is similar to the observations of Astilleros 
et al. [ 1 5 18] who studied the effect of barium, 
manganese, strontium, respectively, on the growth 
of {IO.4} calcite surfaces. These authors suggested 
a new model for the layer by layer growth of solid 
solutions, which takes into account the strain, 
induced by the formation of a solid solution, 
which is due to the difference in ionic radii and 
hence bond lengths of substituted cations. Within 
the first layer of growth, the distribution of foreign 
cations may be random so growth proceeds as 
growth in pure solution. With further growth on 
the newly formed surface, relaxation of the strain 



perpendicular to the layer will introduce local 
variations in the bond length and consequently 
change of surface topography. This leads to the 
decrease in growth rates and change in growth 
mechanism [ 1 5]. 

The dissolution of calcite in the presence of 
cobalt results in the modification of the etch pit 
morphology. Such a modification suggests that 
cobalt interacts differently with the non-equivalent 
steps of calcite and can be explained by the possible 
sorption of Co at the acute kinks of the etch pits 
leading to the formation of elongated etch pits. 

This explanation is consistent with the prefer
ential partitioning of cobalt ion at the acute kink 
(between [44 1]_ and [481]_ step edges). This 

results in the formation of an etch pit, with an 
almost v-shaped edge (acute kink) in solutions 
containing low concentration of cobalt chloride 
( 10-4 to 2 x 1O-4M), and with a slightly rounded 

edge in solutions containing higher concentration 
of cobalt, while dissolution proceeds faster in the 
[2 2 1], i.e. direction of the obtuse kink (between 
[44 1]+ and [481]+ step edges). 

This explanation is in agreement with the results 
of the spectroscopy studies [ 1 4], which revealed 
that cobalt is preferentially incorporated in the 
[44 1 Land [48 1L steps of calcite. 

The modification of etch pit morphology of 
calcite has been observed recently by Godelitsas 
et al. [5] in the presence of mercury. 

They reported that the dissolution proceeds 
intensely and anisotropically through quick en
largement of the newly formed etch pits but no 
specific explanation was given to the shape of the 
etch pits (semi-triangular) which cannot be pre
dicted simply by the structural model of Paquette 
and Reeder [7], based on cation size. 

Cobalt is highly desorbable from calcite surface 
and this is in agreement with Zachara et al. [2 1 ]  
who found that Co is  highly desorbable and they 
related that to the high single-ion hydration energy 
of the metal sorbate. 
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