
PHYSICAL REVIEW B 15 NOVEMBER 1999-IVOLUME 60, NUMBER 19
Molecular dynamics simulation of crystal dissolution from calcite steps
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Molecular-dynamics simulations were used to model two stepped$101̄4% surfaces of the calcium carbonate
polymorph calcite. The acute monatomic steps were found to be more stable than the obtuse monatomic steps.
The initial stages of dissolution from the steps were consideredin vacuoand in water.In vacuoCaCO3 was
shown to dissolve preferentially from the obtuse step. In aqueous environment both stepped surfaces are
stabilized by the presence of the water molecules although the relative stabilities remain similar. Using poten-
tial parameters that reproduce experimental enthalpies of the dissolution of calcite crystal, the formation of the
double kinks on the obtuse step is shown to cost less energy than dissolution from the acute step, probably due
to the lower stability of the obtuse surface. The simulations suggest that formation of the kink sites on the
dissolving edge of the obtuse step of calcite is the rate determining step and this edge is predicted to dissolve
preferentially, which is in agreement with experimental findings of calcite dissolution under aqueous condi-
tions. @S0163-1829~99!12039-3#
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INTRODUCTION

Calcite is one of the most abundant minerals in the en
ronment and of fundamental importance in many fields, b
inorganic and biological. It is a building block of shells an
skeletons1 and is used as a carbon isotope counter in ma
carbonates, with a view to assessing the relationship betw
the CO2-induced greenhouse effect and climate.2 Further-
more, calcium carbonate is important in ion exchange, du
its strong surface interactions with heavy metals in
environment,3,4 in energy storage where the products of
endothermic decomposition into CaO and CO2 can be stored
and subsequently reacted exothermically to re-release
energy5 and in industrial water treatment.6 Hence, calcite has
been the subject of extensive and varied research. One
of research, which has attracted much attention is cry
growth and dissolution, e.g., Refs 7–10. As the concentra
of calcium carbonate in many natural waters exceeds
saturation level, the precipitation of calcite in industrial bo
ers, transportation pipes and desalination plants is
concern11 and it is therefore important to learn how cryst
growth and dissolution are affected and modified. Of
studies have concentrated on the incorporation in the cry
of foreign ions such as copper and manganese,12 iron13 and
other divalent cations,14–16 phosphate species,6,17 or organic
matter.18–20Alternatively, side reactions like the oxidation o
pyrite and ammonia affect the rate of CaCO3 dissolution.21

Earlier computational studies22,23have confirmed experimen
tal findings24 that lithium and HPO4

22 impurities radically
change the morphology of calcite, and predicted that mag
sium ions would do likewise, which was later confirmed
Compton and Brown14 who found that magnesium ions in
hibit calcite growth.

The $101̄4% surface is by far the most stable plane
calcite and dominates the observed morphology.25–27Hence,
PRB 600163-1829/99/60~19!/13792~8!/$15.00
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it has been the subject of many investigations, both in ul
high vacuum such as the scanning electron microsc
~SEM! study by Goni, Sobrado, and Hernandez,28 in air29

and under aqueous conditions such as the atomic force
croscopy~AFM! investigations by Ohnesorge and Binnig30

and Lianget al.31 However, no experimental surface is tru
planar and there are always defects present like steps
kinks. Indeed, calcite growth is found to occur throu
steps32 and spiral dislocations,33 often in monolayers from
the step as observed by Lianget al.31 in their AFM study of
the calcite$101̄4% plane under aqueous conditions and
Stipp, Gutmannsbauer, and Lehmann29 who used scanning
force microscopy~SFM! to study the same surface in air ov
some days and found the steps to spread one layer at a
Foreign ions can be incorporated at the growing steps, e
boron oxyanions.34 Recent models of step dissolution ha
included a terrace-ledge-kink model, successfully describ
the initial stages of pit growth on the$101̄4% surface,35,36and
a kinetic Monte Carlo model which reproduces experimen
pit-growth behavior.37 In addition, atomistic simulation
methods have been used to model growth inhibition by
corporation of diphosphates into the steps38 although they
did not explicitly include solvent effects.

The aim of the work described in this paper is to u
molecular-dynamics simulations to investigate the energe
of key stages in calcite dissolution, which is achieved
modelling the dissolution of CaCO3 units from two different
monatomic steps on the$101̄4% surface. In addition to study
ing calcium carbonate removal from the steps in vacuum,
have extended our study to include the effect of water on
stepped surfaces to begin to understand the influence
aqueous conditions on the growth and dissolution proces

THEORETICAL METHODS

The surface and adsorption energies of the calcite surfa
were modeled using classical molecular dynamics simu
13 792 ©1999 The American Physical Society
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PRB 60 13 793MOLECULAR DYNAMICS SIMULATION OF CRYSTAL . . .
tions. These are based on the Born model of solids,39 which
assumes that the ions in the crystal interactvia long-range
electrostatic forces and short-range forces, including both
repulsions and the van der Waals attractions between ne
bouring electron charge clouds. The short-range forces
described by simple analytical functions that need to
tested using, for example, electronic structure calculatio
The electronic polarisability of the ions is includedvia the
shell model of Dick and Overhauser40 in which each polar-
izable ion, in our case the oxygen ion, is represented b
core and a massless shell, connected by a spring. The p
izability of the model ion is then determined by the spri
constant and the charges of the core and shell. When ne
sary, angle-dependent forces are included to allow direct
ality of bonding as, for example, in the model of the covale
carbonate anion developed by Paveseet al.41

The computer code used for the molecular-dynam
simulations was DL–POLY 2.9.42 To obtain the necessar
data on bulk liquid water we simulated a box containing 2
water molecules at a temperature of 300 K. The equilibrat
of the water simulation cell was achieved by initially setti
the experimental density ofr51.0 g/cm3 and using constan
number of particles, volume, and energy~NVE!, constant
temperature~NVT! and constant pressure and temperat
~NPT! ensembles in sequence. The final data collect
simulations were run at NPT. The stepped calcite surfa
were modeled as a repeating calcite slab, containing
CaCO3 units and a void and run using the NVT ensemb
Water molecules were then introduced in the void and
whole system including solvent molecules was again sim
lated under NVT conditions. The simulation cell, consisti
of calcite slab and 48 water molecules, contained 1152 s
cies including shells.

In the DL–POLY code the integration algorithms a
based around the Verlet leap-frog scheme43 and we used the
Nosé-Hoover algorithm44,45 for the thermostat as this algo
rithm generates trajectories in both NVT and NPT ensemb
thus keeping our simulations consistent. The Nose´-Hoover
parameters were set at 0.5 for both the thermostat
barostat relaxation times~ps!. There are two ways of treatin
the shells which are essentially massless; either perform
an energy minimization of shells only at each timestep46 or
assigning a small mass to the shells.47,48 The latter is the
approach used by DL–POLY. We chose 0.2 a.u. for the oxy
gen shell, which is small compared to the mass of the hyd
gen atom of 1.0 a.u. This ensured that there would be
exchange of energy between vibrations of oxygen core
shell with oxygen and hydrogen vibrations.49 However, due
to the small shell mass we needed to run the molecu
dynamics~MD! simulation with a small timestep of 0.2 fem
toseconds in order to keep the system stable.

The surface energy is a measure of the thermodyna
stability of the surface with a low, positive value indicating
stable surface. It is given by

g5
Us2Ub

A
, ~1!

whereUs is the energy of the surface block of the crystal,Ub
is the energy of an equal number of atoms of the bulk cry
Ub , andA is the surface area. The energies of the blocks
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the sum of the energies of interaction between all ato
which are comprised of long-ranged Coulombic interactio
and short-ranged terms. The latter are described by par
eterized analytical expressions.

We used the parameters for the short-range interact
derived empirically by Paveseet al.41 in their study of the
thermal dependence of structural and elastic properties
calcite. Although this potential model was fitted to bu
properties, it is generally possible for ionic materials
transfer potential parameters to surface calculations. In se
conductors, where the surface involves breaking bonds,
metals where the surface means a sudden change in the
tron density, there is often a problem with transferabil
from bulk potential parameters to surfaces. However,
ionic materials after relaxation, the Madelung potentials
90% or more of the bulk values and hence the change
ionic radii is negligible. Oliveret al.,50 for example, used
bulk derived potentials for their computational study co
paring to scanning tunnelling microscopy results of W3
surfaces, and found excellent agreement between calc
tions and experiment. Since the surfaces considered in
work leave the carbonate group intact the bulk derived
tential model will be adequate. The parameters used for
intra- and intermolecular water interactions are those
scribed in a previous paper of MD simulations on Mg
surfaces.49 We used the potential parameters previously fit
to calcite for the interactions between water molecules
calcium carbonate surfaces.51 This previous study of hy-
drated calcite surfaces reproduced experimental 131 surface
symmetry and structural features of the$101̄4% surface and
comparable surface relaxation of the$101̄1% surface. The
same potential parameters were then used successfully in
study comparing the surface structures and stabilities of
calcium carbonate polymorphs aragonite and vaterite w
calcite.52

RESULTS

Calcite has a rhombohedral crystal structure with sp
group R3̄c and a5b54.990 Å, c517.061 Å, a5b590°,
and g5120°.53 On energy minimization the structure re
laxed toa5b54.797 Å, c517.482 Å, a5b590°, andg
5120°. As we were interested in calcite dissolution fro
steps on the dominant$101̄4% surface, we studied the
$314̄8% and $31̄2̄16% vicinal surfaces, which each contai
$101̄4% planes and monatomic steps. The sides of the s
are also$101̄4% surfaces and the step edges of the t
stepped surfaces are identical to the two different edge
the calcite rhomb@Fig. 1~a!#. The steps on the$314̄8% sur-
face are acute, i.e., the carbonate group on the edge o
step overhangs the plane below the step@Fig. 1~b!# and the
angle between step wall and plane is 80° on the rela
surface@cf. exp. 78°#.4 For brevity we will refer to this sur-
face as theA surface. The steps on the$31̄2̄16% surface on
the other hand are obtuse, i.e., the carbonate groups on
step edge lean back with respect to the plane below@Fig.
1~c!# with an angle between step wall and plane of 105°
the relaxed surface@exp. 102°#.4 We will refer to this surface
as the O surface. These two types of steps are found ex
mentally to form the dissolving edges of etch pits4,35 and the
obtuse step is found to be the fastest moving of the two.
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PURE SURFACES

We first considered the two unhydrated stepped surfa
The surface energies are collected in Table I from which
be seen that theA surface (g50.35 Jm22) is more stable
than theO surface (g50.68 Jm22), cf. g50.05 Jm22 for the
very stable flat$101̄4% surface under the same condition
The difference between the surface energies of the two s
is probably due to the different relaxation of the two ste
The carbonate group on the acute step rotates into the e
increasing its bonding and smoothing the edge to a m
larger extent than the obtuse step. Table I also gives
surface energies where consecutive calcium carbonate
have been removed from the steps~one unit525%). As can
be seen, removing one or more units from the steps
hence introducing kink sites on the edge35,54 does not have a
large effect on the relative surface energies and hence,
modynamic stabilities of the pure surfaces, although the
steps~0% and 100%! are somewhat more stable. When
second calcium carbonate unit~50%! is removed from the
step, this can be taken from two possible sites,~i! either next
to the first empty site, where no additional kink sites a
introduced or~ii ! the second calcium carbonate unit is r

FIG. 1. ~a! Equilibrium morphology of calcite showing acut
and obtuse edges, schematically represented in~b! acute edges on

the $314̄8% surface, and~c! obtuse edges on the$31̄2̄16% surface.

TABLE I. Surface energies of unhydrated calcite surfaces.

Surface energies of unhydrated calcite surfaces~Jm22!

Surface 0% 25% 50%a 50%b 75% 100%

A $3 1 4̄ 8% 0.35 0.38 0.41 0.44 0.42 0.35

O $3 1̄ 2̄ 16% 0.68 0.72 0.71 0.72 0.68 0.68

aAdjacent calcium carbonate units removed.
bAlternating configuration, forming crenellated edge.
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moved isolated from the first empty site introducing twi
the number of kink sites and resulting in a crenellated ed
From the surface energies for these half grown steps, it
be seen that for both steps, but especially theA surface, the
configuration with two adjacent calcium carbonate units
moved is more stable and hence this position is prefer
over the configuration where the calcium carbonate units
alternating along the steps.

The dissolution energy, neglecting hydration, is defined
the average energy per calcium carbonate unit to removn
units from the step as follows:

Edts5
Edissolvedstep2~Efullstep1nCaCO3!

n
, ~2!

where the energy of the CaCO3 is taken as the lattice energy
The dissolution energies are given in Table II. The fu
dissolved edge is identical to the edge before CaCO3 units
have been removed and hence, the adsorption energie
100% should be zero. The simulations calculated them to
116.0 and21.3 kJ mol21 ~Table II!, which can thus be
taken as a measure of the uncertainty in our calculations
is due to the fact that molecular-dynamics simulations g
average energies over a large number of configurations ra
than the absolute energy of an energy minimization calcu
tion. Table II shows that removal of the initial calcium ca
bonate unit from the two steps is energetically reasona
similar for the two surfaces while the energies for any furth
removals are very different. The major energetic step in
removal process at the obtuse edge is the formation of
initial double-kink sites~25%!. The energies of removing o
calcium carbonate units from the acute step remain sim
throughout the process. TheO surface shows lower remova
energies than theA surface at all stages of the process. Th
under conditions simulating ultra-high vacuum, calcium c
bonate removal from theO surface should occur preferen
tially to removal from theA surface. This is in accordanc
with experimental observations that dissolution from the o
tuse step is found to be the faster of the two. However,
notion of dissolution in high vacuum is not a sensible o
~and calcite growth is usually studied under aqeous con
tions!. We therefore need to consider the effects of wate

HYDRATED SURFACES

In our previous study of the three calcium carbona
polymorphs52 we verified the potential parameters describi
the interactions between water molecules and crystal
faces by showing that without any further refinement of t

TABLE II. Energies of removing calcium carbonate units fro
unhydrated calcite surfaces.

Dissolution energies of unhydrated calcite surfaces/CaCO3

unit removed~kJ mol21!

Surface 25% 50%a 50%b 75% 100%

A $3 1 4̄ 8% 168.5 157.6 176.9 142.8 116.0

O $3 1̄ 2̄ 16% 158.4 121.0 134.3 11.3 21.3

aAdjacent calcium carbonate units removed.
bAlternating configuration, forming crenellated edge.
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PRB 60 13 795MOLECULAR DYNAMICS SIMULATION OF CRYSTAL . . .
model the structure of ikaite, a calcium carbonate hexa
drate, was reproduced well as was the change in enthalp
298 K for the dissociation of ikaite to calcite and water. T
change in interaction energy for the dissociation of ikaite
water molecule was 47 kJ mol21 agreeing with experimenta
values of 47 to 50 kJ mol21.55 Although this agreement is
fortuitously good it does give us confidence in our react
energies. As a check on the solution energies we also
sidered the reaction:

Ca~aq!
21 1CO3~aq!

22 →CaCO3~s! . ~3!

The experimental heat for reaction~3! is 113 kJ mol21. We
employed molecular-dynamics simulations to estimate
reaction energy. The energies of the aqueous ions were
culated using a simulation cell containing 255 water m
ecules plus the cation or carbonate group. The simula
cell was equilibrated at NPT and 300 K for 10 000 timeste
of 0.2 femtoseconds after which data were collected for
other 50 000 timesteps. Then comparing the average en
of this simulation cell with the energies of the 255 wa

FIG. 2. Different average adsorption patterns at the two
drated stepped surfaces:~a! A surface and~b! O surface, outlining
the steps by a black line. The calcite crystal is shaded pale gray
the different atoms marked and displayed as varying sizes, w
are not to scale. The water molecules’ oxygen atoms are black
the hydrogen atoms white.

TABLE III. Surface energies of hydrated calcite surfaces.

Surface energies of hydrated calcite surfaces~Jm22!

Surface 0% 25% 50%a 50%b 75% 100%

A $3 1 4̄ 8% 0.22 0.27 0.32 0.35 0.32 0.22

O $3 1̄ 2̄ 16% 0.60 0.65 0.65 0.67 0.63 0.60

aAdjacent calcium carbonate units dissolved.
bAlternating configuration, forming crenellated edge.
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molecules without the dissolved ion plus the energy of
isolated ion gave the energy of the hydrated ion. Using
above potential parameters we calculated the enthalpy o
action~3! to be133 kJ mol21. We believe this to be a good
agreement, certainly given that this is obtained as an ene
difference between very large energies and taking into
count the limitations of the atomistic simulation method
described above. In addition, we suggest that the differe
of 20 kJ mol21 probably represents the uncertainty in t
calculations and could crudely represent the errors in
approach.

In the aqueous simulations the stepped surfaces were
ered in a monolayer of water molecules, one per surf
calcium atom, which is the preferred configuration for t
calcite $101̄4% surface.51,52 The surface energies of the hy
drated surfaces at the different stages of dissolution are
lected in Table III, from which it is evident that the adsorb
water molecules have a stabilizing effect. The surface en
gies of both surfaces have been lowered by the adsorptio
water molecules, with theA surfaces the more stable of th
two planes and the most stabilized by the presence of wa
Interestingly, the complete step is stabilized to a greater
tent than a step containing a kink. Again, as with the d
surfaces, the steps containing complete edges are more s
than the incomplete steps. Figure 2, shows a sideview of
two hydrated steps containing complete edges. It can be
that due to the different slopes of the two edges the patter
adsorption of the water molecules is somewhat different
the two steps, even though they both consist of$101̄4%
planes. On the planar$101̄4% surface the water molecule
adsorb in a regular pattern~Fig. 3!, which is disturbed by the
presence of the steps, as shown in Fig. 4 which contains
views of theA and O surfaces with adsorbed water mo
ecules.

The energies of dissolution of calcium carbonate un
from the two hydrated surfaces are collected in Table
The results show a similar trend to the unhydrated steps,
the dissolution energies for theO surface are lower than fo

-

ith
h

nd

FIG. 3. Plan view of the average structure of the hydrated

$101̄4% surface, showing a very regular pattern of adsorbed wa
molecules.~MD simulation atT5300 K, t5200 ps).
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theA surface. However, the effect is exacerbated by the p
ence of the water molecules with the double kink on theO
surface stabilized by 13 kJ mol21 and on theA surface de-
stabilized by 35 kJ mol21. From our calculation of the energ
of the reaction defined by Eq.~3! we know that dissolution
of a full step edge should release 33 kJ mol21, which is in
good agreement with the values of229.9 and 235.0
kJ mol21 found for the acute and obtuse edge respectiv
~Table IV! and gives us confidence in the calculated dis
lution energies.

TABLE IV. Energies of dissolving calcium carbonate uni
from hydrated calcite surfaces.

Dissolution energies of hydrated calcite surfaces/CaCO3

unit dissolved~kJ mol21!

Surface 25% 50%a 50%b 75% 100%

A $3 1 4̄ 8% 1103.7 170.0 188.1 138.6 229.9

O $3 1̄ 2̄ 16% 145.8 16.0 121.7 219.3 235.0

aAdjacent calcium carbonate units dissolved.
bAlternating configuration, forming crenellated edge.

FIG. 4. Plan views of the average structures of the hydra
stepped surfaces showing disruption of the regular adsorption
terns of the water molecules by the step edges,~a! A surface and~b!
O surface. The calcite crystal is shown in pale gray and the step
indicated by a black line.
s-

ly
-

DISCUSSION

On both surfaces the initial removal of one calcium c
bonate unit is the energetically most expensive stage of
dissolution process. However, the aqueous conditions
crease the dissolution energies of removing calcium carb
ate units from the acute steps selectively. A possible ex
nation is that the acute surface is much more stable than
obtuse surface and as such not amenable to dissolu
which does fit in with earlier work on magnesium oxid
surfaces56 that showed that the most unstable surfaces
most reactive. In summary, although the dissolution tre
may be the same as the unhydrated surfaces the effect o
solvent is to increase the difference in dissolution energ
between the two different steps. This will result in a mark
difference in rate of dissolution between the two step edg
as is observed experimentally.4,35

Figure 5 shows a schematic representation of dissolu
from the two steps and gives the energies expended o
leased upon removing a consecutive calcium carbonate
from the dissolving step, rather than the average adsorp
energy given in table IV. As stated above, removal of t
first calcium carbonate unit from the acute step of theA
surface introducing two opposing kink sites on the edg54

@Fig. 5~a!#, is energetically the most expensive at1103.7
kJ mol21. Removing a second unit from the site adjacent
the first, which does not alter the number of kink sites co
much less energy~136.2 kJ mol21!. If the energy of remov-
ing a portion of the step was constant we would have
pected removal of the third unit to cost about another
kJ mol21. However, it is energetically favorable~224.1
kJ mol21!.

Alternatively, removal of the second unit from the ne
nearest neighbor position from the first site introducing
another double kink site separated by a small gap is,
surprisingly, energetically more expensive than remo
from the site next to the first unit~172.4 kJ mol21!. This
energy is not as large as the formation of an isolated dou
kink site~1103.7 kJ mol21! indicating that there is an energ
of attraction between the double kinks. When finally t
fourth calcium carbonate unit is removed, annihilating
kink sites and completing the dissolving edge, a lar
amount of energy is released, at2235.4 kJ mol21 far larger
than the energy expended by the removal of the first unit
introduction of the first kink sites.

The process is similar at the obtuse step on the O sur
@Fig. 5~b!#. The initial removal of the first calcium carbona
unit from the step at145.8 kJ mol21 is not as energetically
expensive as from the acute step. When a second unit, a
cent to the first is removed, the energy at233.8 kJ mol21 is
exothermic rather than endothermic on the acute surf
~136.2 kJ mol21!. Removing the second unit from the ne
nearest-neighbor position and increasing the number of k
sites is energetically still slightly exothermic~22.4
kJ mol21!. Finally, when the fourth calcium carbonate unit
removed energy is again released~282.0 kJ mol21! although
less than on the acute step. On both steps, however, dis
tion of the final crystal unit from the dissolving step, an
hence creating a complete edge, releases about twice th
ergy from what is needed to dissolve the first unit from t
complete edge~2235.4 vs1103.7 kJ mol21 on the acute

d
at-
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edge and282.0 vs 145.8 kJ mol21 on the obtuse edge!.
Therefore, the energy released on dissolution of the fi
calcium carbonate unit from the edge would be enough
instigate the dissolution of two crystal units from the ne
step edge.

Thus, the different geometries of the adsorbed water m
ecules on the two steps play a crucial role in the energetic
dissolution from the step edges. Although the energetic
most expensive process of initial dissolution of the first c
cium carbonate unit and formation of kink sites is rough
the same for the unhydrated and hydratedO surfaces, hydra-
tion of the A surface has made the initial dissolution st
much more endothermic. Thus, under aqueous conditions
expect dissolution from the obtuse step to occur prefer
tially, in agreement with experiment.26 A detailed compari-
son of the calculations with experiment is difficult since t
experimental configuration is not the same as that assume

FIG. 5. Schematic representation of the energetics of step
step dissolution of calcium carbonate units from~a! the A surface
and ~b! the O surface.
al
o
t

l-
of
ly
-

e
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in

the calculation. However, it is possible to show that the c
culated values are not unreasonable in the light of the exp
mental data.

A considerable amount of data is available on the grow
of calcite. Tenget al.57 have shown that the free-energ
change associated with the addition of a new step of lengL
is given by

Dg652~L/b!Dm12c^g&6 , ~4!

whereDm is the change of chemical potential per molecu
b is the length of a surface unit cell, andc the width~i.e., the
width of a new unit of the growing step!. ^g&6 are the ef-
fective free energies of the steps along the positive and n
tive @ 4̄41# and @481̄# directions. These are given by

^g&15~1/4!@2~g11g2!1~g111g12!# ~5a!

^g&25~1/4!@2~g11g2!1~g21g12!#, ~5b!

whereg1 andg2 are the free energies of the1 and2 steps
andg11 , g22 , andg12 are the contributions to the effec
tive step energies from the corners. The authors57 obtained
2.75 eV/nm for̂ g&1 and 2.15 eV/nm for̂g&2 . The differ-
ence between the two gives a value of 0.77 eV/molec
which is equivalent tog112g22 . It is not possible to ob-
tain individual values for the corner energies, however it
clear that the~11! acute angle corner requires much mo
energy to create than the~22! obtuse angle corner. This i
consistent with the results shown bottom to top in Figs. 4~a!
and 4~b! where, in the first case, the CaCO3 unit is placed on
the acute angle surface giving a~11! and~12! corner and
in the second case, the unit on the obtuse angle surface g
a ~22! and ~12! corner. The difference between these
much larger than experiment~about 1.5 eV/molecule! but the
situations are not really comparable since the experim
considers corners at either end of a long step. A better c
parison might be to note that the differenceg112g22 cor-
responds to the difference in the creation energy of the
double kink sites~provided that the interactions between t
steps across the kink are ignored!. This gives an energy o
57.2 kJ mol21 ~0.59 eV!. This is closer to the experimenta
result, but all that can be claimed is that the approxim
magnitude and sign of the calculation is correct.

Further information can be obtained from the dissoluti
process. The activation energy for bulk dissolution is
612 kJ mol21 ~0.72 eV/molecule!. This is much larger than
the activation energies for pit deepening, 2765 kJ mol21

~0.28 eV/molecule!, or for pit widening, 3763 kJ mol21

~0.38 eV/molecule!.26 Analysis of time-lapse atomic force
microscopy experiments on etch pits in dissolving calcit35

gives the step velocities as a function of temperature. T
can then be analyzed~either by an analytic treatment using
Terrace-Site-Kink model36 or by kinetic Monte Carlo using a
solid-on-solid model37! to give energies for the creation an
motion of kinks. The creation of a kink on the slow-movin
~acute angled! step costs 0.69 eV~the exact value depends o
which model is used to fit the data! and the creation of a kink
on the fast-moving step costs 0.67 eV. The correspond
calculated values give 103.7 kJ mol21 ~1.07 eV! for the slow
step and 45.8 kJ mol21 ~0.47 eV! for the fast one. We recal
that the estimated error in the calculated values is60.2 eV.

y-
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It is not possible to give an estimate of the experimen
values beyond the framework of the models, but the fact t
the different models give similar values gives some con
dence that the values are reasonable. The agreement bet
theory and experiment is only fair but given the errors,
reasonable.

CONCLUSION

We have employed molecular dynamics simulations
investigate the initial stages of dissolution of calcium ca
bonate on two stepped calcite surfaces. The surfa
throughout were charge neutral and neutral CaCO3 units
were removed from the surface, implying supersaturat
conditions~at low concentrations charged units may desor!.
As a result, we can make the following observations:

The calcite$31̄2̄16% surface consisting of$101̄4% planes
and obtuse~105°! monatomic steps is less stable than t

$314̄8% surface, containing acute~80°! steps, bothin vacuo
and under aqueous conditions.

The dissolution process modelled at the unhydra
h

im

le

.

m

a

l
at
-
een
s

o
-
es

n

e

d

stepped surfaces shows initial and subsequent remova
calcium carbonate units to occur preferentially at the obt
step edges. Dissolution from the two step edges under a
ous conditions reproduces experimental findings in that
solution is shown to occur preferentially from the obtu
step. The calculated creation energy of double-kink sites o
growing edge is in approximate agreement with experime
findings, while the calculated dissolution values are sim
to those obtained by other models.

In the future we intend to investigate the incorporation
foreign ions such as Mg21 and Li1 in the calcite crystal and
their effect on growth and dissolution. In addition, we aim
employ molecular dynamics simulations to model water
sorption and dissolution at calcite etchpits.
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