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Molecular dynamics simulation of crystal dissolution from calcite steps
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Molecular-dynamics simulations were used to model two stefpp@d4} 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 considere@dcuoand in waterln vacuoCaCG, 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)12039-3

INTRODUCTION it has been the subject of many investigations, both in ultra-
high vacuum such as the scanning electron microscopy
Calcite is one of the most abundant minerals in the envi{SEM) study by Goni, Sobrado, and Hernand&ip ai _
ronment and of fundamental importance in many fields, botnd under aqueous conditions such as the atomic force mi-
inorganic and biological. It is a building block of shells and croscqpy(AFM%llnvestlgatlons by Ohnesorge and Bm?ﬁg
skeleton$ and is used as a carbon isotope counter in marinélnd Lianget al.™ However, no experimental surface is truly

carbonates, with a view to assessing the relationship betwe%jilﬁgsa r ﬁlr:j(letzergale::ri?eaggg\elv?hdgegﬁn%retsoer:)tctﬁ fﬁ?gj gﬁnd

the CQ-induced greenhouse effect and climatBurther- steps? and spiral dislocation® often in monolayers from
more, calcium carbonate is important in ion exchange, due tehe step as observed by Liaetjal " in their AFM study of
Its strong su4rf.ace interactions with heavy metals in thene cqicite{1014} plane under aqueous conditions and by
environment® in energy storage where the products of itS Stipp, Gutmannsbauer, and LehmZhwho used scanning
endothermic decomposition into CaO and fan be stored  force microscopySFM) to study the same surface in air over
and subsequently reacted exothermically to re-release thsbme days and found the steps to spread one layer at a time.
energy and in industrial water treatmefitience, calcite has Foreign ions can be incorporated at the growing steps, e.g.,
been the subject of extensive and varied research. One arbaron oxyanions® Recent models of step dissolution have
of research, which has attracted much attention is crystancluded a terrace-ledge-kink model, successfully describing
growth and dissolution, e.g., Refs 7—10. As the concentratiothe initial stages of pit growth on tHe.014} surface’®>*®and
of calcium carbonate in many natural waters exceeds tha kinetic Monte Carlo model which reproduces experimental
saturation level, the precipitation of calcite in industrial boil- Pit-growth behaviof! In addition, atomistic simulation
ers, transportation pipes and desalination plants is ofethods have been used to model growth inhibition by in-
conceri! and it is therefore important to learn how crystal corporation of diphosphates into the st&palthough they
growth and dissolution are affected and modified. Oftendid not explicitly include solvent effects.
studies have concentrated on the incorporation in the crystal The aim of the work described in this paper is to use
of foreign ions such as copper and mangarfésmn® and  molecular-dynamics simulations to investigate the energetics
other divalent cation¥' 6 phosphate speciés/ or organic ~ of key stages in calcite dissolution, which is achieved by
matter:®-2° Alternatively, side reactions like the oxidation of modelling the dissolution of CaCQunits from two different
pyrite and ammonia affect the rate of CagCdssolution? ~ monatomic steps on tHd.014} surface. In addition to study-
Earlier computational studi#s**have confirmed experimen- ing calcium carbonate removal from the steps in vacuum, we
tal finding$* that lithium and Hp@— impurities radically have extended our study to include the effect of water on the
change the morphology of calcite, and predicted that magnestepped surfaces to begin to understand the influence of
sium ions would do likewise, which was later confirmed by agqueous conditions on the growth and dissolution process.
Compton and BrowHf who found that magnesium ions in-
hibit calcite growth.

The {1014} surface is by far the most stable plane of The surface and adsorption energies of the calcite surfaces
calcite and dominates the observed morphofogy’ Hence, were modeled using classical molecular dynamics simula-

THEORETICAL METHODS
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tions. These are based on the Born model of sdfidghich ~ the sum of the energies of interaction between all atoms,
assumes that the ions in the crystal interdget long-range  which are comprised of long-ranged Coulombic interactions
electrostatic forces and short-range forces, including both thand short-ranged terms. The latter are described by param-
repulsions and the van der Waals attractions between neigleterized analytical expressions.
bouring electron charge clouds. The short-range forces are We used the parameters for the short-range interactions
described by simple analytical functions that need to belerived empirically by Paveset al*! in their study of the
tested using, for example, electronic structure calculationghermal dependence of structural and elastic properties of
The electronic polarisability of the ions is includeth the  calcite. Although this potential model was fitted to bulk
shell model of Dick and Overhau$iin which each polar- properties, it is generally possible for ionic materials to
izable ion, in our case the oxygen ion, is represented by &ansfer potential parameters to surface calculations. In semi-
core and a massless shell, connected by a spring. The polatenductors, where the surface involves breaking bonds, and
izability of the model ion is then determined by the spring metals where the surface means a sudden change in the elec-
constant and the charges of the core and shell. When necdsen density, there is often a problem with transferability
sary, angle-dependent forces are included to allow directionfrom bulk potential parameters to surfaces. However, in
ality of bonding as, for example, in the model of the covalentionic materials after relaxation, the Madelung potentials are
carbonate anion developed by Pavesal* 90% or more of the bulk values and hence the change of
The computer code used for the molecular-dynamicsonic radii is negligible. Oliveret al,*° for example, used
simulations was DLPOLY 2.9%2 To obtain the necessary bulk derived potentials for their computational study com-
data on bulk liquid water we simulated a box containing 256paring to scanning tunnelling microscopy results of YO
water molecules at a temperature of 300 K. The equilibratiorsurfaces, and found excellent agreement between calcula-
of the water simulation cell was achieved by initially setting tions and experiment. Since the surfaces considered in this
the experimental density gf=1.0 g/cn? and using constant work leave the carbonate group intact the bulk derived po-
number of particles, volume, and enerGyVE), constant tential model will be adequate. The parameters used for the
temperature(NVT) and constant pressure and temperaturentra- and intermolecular water interactions are those de-
(NPT) ensembles in sequence. The final data collectiorscribed in a previous paper of MD simulations on MgO
simulations were run at NPT. The stepped calcite surfacesurfaces® We used the potential parameters previously fitted
were modeled as a repeating calcite slab, containing 12tb calcite for the interactions between water molecules and
CaCQ units and a void and run using the NVT ensemble.calcium carbonate surfacgs.This previous study of hy-
Water molecules were then introduced in the void and thealrated calcite surfaces reproduced experimental kurface

whole system including solvent molecules was again simusymmetry and structural features of ti014} surface and

lated under NVT conditions. The simulation cell, ConSiStingcomparable surface relaxation of tmeofl} surface. The

O.f Ca.IC'te s'lab and 48 water molecules, contained 1152 SP&ame potential parameters were then used successfully in our
cies including shells.

. : . tudy comparing the surface structures and stabilities of the
In the DL_POLY code the integration algorithms are Sty paring Su vetures Hes

Ici bonat I h it d vaterite with
based around the Verlet leap-frog schéfand we used the calciurn, carbonate polymorphs aragoniie and vatente wi

: Y s ; calcite>?
NoseHoover algorithmi**° for the thermostat as this algo-
rithm generates trajectories in both NVT and NPT ensembles
thus keeping our simulations consistent. The Nesever
parameters were set at 0.5 for both the thermostat and Calcite has a rhombohedral crystal structure with space
barostat relaxation timgps). There are two ways of treating roup R3c anda=b=4.990A, c=17.061A, a=pB=90°,
the shells which are essentially massless; either performin nd y=120°5% On energy minimization the structure re-
an energy minimization of shells only at each time&tep laxed toa=b=4.797 A, c=17.482 A, a=8=90°, andy
assigning a small mass to the shéfi€” The latter is the  _1500 " Aq we were interested in calcite dissolution from

approach used by DLPOLY. We chose 0.2 a.u. for the oxy- - :
gen shell, which is small compared to the mass of the hydro%:tlep—S on the_dominant1014} surface, we studied the

RESULTS

gen atom of 1.0 a.u. This ensured that there would be n 3148} and {31216 vicinal surfaces, which each contain

exchange of energy between vibrations of oxygen core an 014} planes and monatomic steps. The sides of the steps
g 9y Y9 are also{1014} surfaces and the step edges of the two

shell with oxygen and hydrogen vibratioffsHowever, due stepped surfaces are identical to the two different edges of
to the _small sh_ell mass we needed t_o run the moleculart-he calcite rhomiFig. 1(a)]. The steps on th¢3148} sur-
dynamics(MD) simulation with a small timestep of 0.2 fem- 5.6 are acute, i.e., the carbonate group on the edge of the
toseconds In order to "e.ep the system stable. step overhangs the plane below the dtej. 1(b)] and the

The surface energy is a measure of the thermodynamlgngle between step wall and plane is 80° on the relaxed
stability of the surface with a low, positive value indicating @ surface[cf. exp. 7834 For brevity we will refer to this sur-

stable surface. It is given by face as theA surface. The steps on t§81216} surface on
the other hand are obtuse, i.e., the carbonate groups on the
_Us=Up (1) step edge lean back with respect to the plane bdleig.

1(c)] with an angle between step wall and plane of 105° on
the relaxed surfacexp. 1029.* We will refer to this surface
whereUy is the energy of the surface block of the crystdy,  as the O surface. These two types of steps are found experi-
is the energy of an equal number of atoms of the bulk crystaimentally to form the dissolving edges of etch pitsand the
Uy, andAis the surface area. The energies of the blocks arebtuse step is found to be the fastest moving of the two.
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TABLE Il. Energies of removing calcium carbonate units from

# unhydrated calcite surfaces.

Dissolution energies of unhydrated calcite surfaces/GaCO
unit removed(kJ mol™ %)

Surface 25% 50% 509  75%  100%
A{3 128} +68.5 +576 +76.9 +428 +16.0
0{31216 +58.4 +21.0 +343 +1.3 -1.3

@Adjacent calcium carbonate units removed.
— — Alternating configuration, forming crenellated edge.
® [1014]  [3138] g conng 9 9

moved isolated from the first empty site introducing twice
0 the number of kink sites and resulting in a crenellated edge.
80 . ;
—b— From the surface energies for these half grown steps, it can
be seen that for both steps, but especially Ahgurface, the

configuration with two adjacent calcium carbonate units re-

© moved is more stable and hence this position is preferred

(31216] [1014] over the configuration where the calcium carbonate units are
'& I alternating along the steps.
. The dissolution energy, neglecting hydration, is defined as
105 the average energy per calcium carbonate unit to renmove

units from the step as follows:

FIG. 1. (a) Equilibrium morphology of calcite showing acute . _
and obtuse edges, schematically representgtd)imcute edges on Eqe= Edissolvedstep” (Etuitsiep™ N1CaCQ)

the {3148} surface, andc) obtuse edges on tH81216} surface. n

: )

where the energy of the CaG® taken as the lattice energy.

The dissolution energies are given in Table Il. The fully
We first considered the two unhydrated stepped surfaceslissolved edge is identical to the edge before CaGQlts

The surface energies are collected in Table | from which cafave been removed and hence, the adsorption energies for

be seen that thé\ surface §/=0.35Jm?) is more stable 100% should be zero. The simulations calculated them to be

than theO surface (y=0.68Jm?), cf. y=0.05Jm? for the ~ +16.0 and—1.3 kJ mol'! (Table 1l), which can thus be

very stable flay1014} surface under the same conditions. ftaken as a measure of the uncertainty in. our palculgtions .and
The difference between the surface energies of the two steps due to the fact that molecular-dynamics simulations give
is probably due to the different relaxation of the two steps 2V€rage energies over a large number of (_:o_nfl_gur_atlons rather
The carbonate group on the acute step rotates into the eddan the absolute energy of an energy minimization calcula-
increasing its bonding and smoothing the edge to a mucHO"- Table 1l shows that removal of the initial calcium car-
larger extent than the obtuse step. Table | also gives thBonate unit from the two steps is energetically reasonably
surface energies where consecutive calcium carbonate unigénilar for the two surfaces while the energies for any further
have been removed from the stepse unit= 25%). As can removals are very different. The major energetic step in the
be seen, removing one or more units from the steps anHa.moval process at. the obtuse edge is the formathn of the
hence introducing kink sites on the edy¥ does not have a Nitial double-kink sites25%). The energies of removing of
large effect on the relative surface energies and hence, thef@/cium carbonate units from the acute step remain similar
modynamic stabilities of the pure surfaces, although the fulfroughout the process. Ti@surface shows lower removal
steps(0% and 100% are somewhat more stable. When a €Nergies than thA surface at all stages of the process. Thus,
second calcium carbonate uri0%) is removed from the under conditions simulating ultra-high vacuum, calcium car-
step, this can be taken from two possible sitéseither next bpnate removal from th® surface shogld_ occur preferen-
to the first empty site, where no additional kink sites aretid!ly to removal from theA surface. This is in accordance
introduced or(ii) the second calcium carbonate unit is re- with experimental observations that dissolution from the ob-
tuse step is found to be the faster of the two. However, the
TABLE I. Surface energies of unhydrated calcite surfaces. ~ notion of dissolution in high vacuum is not a sensible one
(and calcite growth is usually studied under ageous condi-

Surface energies of unhydrated calcite surfgdes ?) tions). We therefore need to consider the effects of water.
Surface 0% 25% 509 509 75%  100%

PURE SURFACES

A{3148) 035 038 041 044 042 035 HYDRATED SURFACES

0{31216 068 072 0.71 0.72 068 068 In our previous study of the three calcium carbonate
polymorphs? we verified the potential parameters describing
@Adjacent calcium carbonate units removed. the interactions between water molecules and crystal sur-

bAlternating configuration, forming crenellated edge. faces by showing that without any further refinement of the



PRB 60 MOLECULAR DYNAMICS SIMULATION OF CRYSTAL. .. 13795

TABLE lll. Surface energies of hydrated calcite surfaces.

Surface energies of hydrated calcite surfages )
Surface 0% 25% 509 509 75%  100%

A{3148 0.22 027 032 035 0.32 0.22
0{31216 060 065 0.65 0.67  0.63 0.60

8Adjacent calcium carbonate units dissolved.
bAlternating configuration, forming crenellated edge.

model the structure of ikaite, a calcium carbonate hexahy-
drate, was reproduced well as was the change in enthalpy at
298 K for the dissociation of ikaite to calcite and water. The
change in interaction energy for the dissociation of ikaite per
water molecule was 47 kJ mdi agreeing with experimental
values of 47 to 50 kJmol.>® Although this agreement is
fortuitously good it does give us confidence in our reaction
energies. As a check on the solution energies we also con-
sidered the reaction:

FIG. 3. Plan view of the average structure of the hydrated flat
C ;q)+0023(;q)HCaCQ(S). (3) {1014} surface, showing a very regular pattern of adsorbed water
molecules(MD simulation atT=300 K, t=200 ps).
The experimental heat for reacti¢8) is +13 kJmol 1. We

employed molecular-dynamics simulations to estimate thisnolecules without the dissolved ion plus the energy of the
reaction energy. The energies of the aqueous ions were cakolated ion gave the energy of the hydrated ion. Using the
culated using a simulation cell containing 255 water mol-ahove potential parameters we calculated the enthalpy of re-
ecules plus the cation or carbonate group. The simulatio@ction(3) to be +33 kJ mol'%. We believe this to be a good
cell was equilibrated at NPT and 300 K for 10 000 timestepsagreement, certainly given that this is obtained as an energy
of 0.2 femtoseconds after which data were collected for andifference between very |arge energies and taking into ac-
other 50 000 timesteps. Then comparing the average energpunt the limitations of the atomistic simulation method as
of this simulation cell with the energies of the 255 waterdescribed above. In addition, we suggest that the difference
of 20 kJmol'! probably represents the uncertainty in the
calculations and could crudely represent the errors in this
approach.

In the aqueous simulations the stepped surfaces were cov-
ered in a monolayer of water molecules, one per surface
calcium atom, which is the preferred configuration for the
calcite {1014} surface’? The surface energies of the hy-
drated surfaces at the different stages of dissolution are col-
lected in Table Ill, from which it is evident that the adsorbed
water molecules have a stabilizing effect. The surface ener-
gies of both surfaces have been lowered by the adsorption of
water molecules, with thé surfaces the more stable of the
two planes and the most stabilized by the presence of water.
Interestingly, the complete step is stabilized to a greater ex-
tent than a step containing a kink. Again, as with the dry
surfaces, the steps containing complete edges are more stable
than the incomplete steps. Figure 2, shows a sideview of the
two hydrated steps containing complete edges. It can be seen
that due to the different slopes of the two edges the pattern of
adsorption of the water molecules is somewhat different on
the two steps, even though they both consist{ 014}
planes. On the plangrl014} surface the water molecules
adsorb in a regular patteffig. 3), which is disturbed by the
presence of the steps, as shown in Fig. 4 which contains plan

FIG. 2. Different average adsorption patterns at the two hy-views of theA and O surfaces with adsorbed water mol-
drated stepped surface®) A surface andb) O surface, outlining ~ €cules.
the steps by a black line. The calcite crystal is shaded pale gray with The energies of dissolution of calcium carbonate units
the different atoms marked and displayed as varying sizes, whichfom the two hydrated surfaces are collected in Table IV.
are not to scale. The water molecules’ oxygen atoms are black anfihe results show a similar trend to the unhydrated steps, i.e.,
the hydrogen atoms white. the dissolution energies for th@ surface are lower than for
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DISCUSSION

On both surfaces the initial removal of one calcium car-
bonate unit is the energetically most expensive stage of the
dissolution process. However, the aqueous conditions in-
crease the dissolution energies of removing calcium carbon-
ate units from the acute steps selectively. A possible expla-
nation is that the acute surface is much more stable than the
obtuse surface and as such not amenable to dissolution,
which does fit in with earlier work on magnesium oxide
surface®® that showed that the most unstable surfaces are
most reactive. In summary, although the dissolution trend
may be the same as the unhydrated surfaces the effect of the
solvent is to increase the difference in dissolution energies
between the two different steps. This will result in a marked
difference in rate of dissolution between the two step edges,
as is observed experimentafty®

Figure 5 shows a schematic representation of dissolution
from the two steps and gives the energies expended or re-
leased upon removing a consecutive calcium carbonate unit
from the dissolving step, rather than the average adsorption
energy given in table IV. As stated above, removal of the
first calcium carbonate unit from the acute step of the
surface introducing two opposing kink sites on the éfige
[Fig. 5@)], is energetically the most expensive -ail03.7
kJ mol !, Removing a second unit from the site adjacent to
the first, which does not alter the number of kink sites costs
much less energg+36.2 kd molb). If the energy of remov-
ing a portion of the step was constant we would have ex-
pected removal of the third unit to cost about another 36
kdmol !, However, it is energetically favorablé—24.1
kJ mol ™).

Alternatively, removal of the second unit from the next

FIG. 4. Plan views of the average structures of the hydratechearest neighbor position from the first site introducing yet
stepped surfaces showing disruption of the regular adsorption pagnother double kink site separated by a small gap is, not
terns of the water molecules by the step ed¢@sA surface andb) surprisingly, energetically more expensive than removal
O surface. The calcite crystal is shown in pale gray and the steps afgom the site next to the first unit+72.4 kJ mOTl). This
indicated by a black line. energy is not as large as the formation of an isolated double-

. kink site (+103.7 kJ moT?) indicating that there is an energy
theA surface. However, the effect is exacerbated by the press¢ aiiraction between the double kinks. When finally the
ence of the water molecules with the double kink on@e ¢, caicium carbonate unit is removed, annihilating all

surfa_u;e stabilized by&3 kymdi and on theA surface de- kink sites and completing the dissolving edge, a large
stabilized by 35 kJ moF’. From our calculation of the energy .0 e o energy is released, ap35.4 kJmof* far larger

of the reaction defined by E¢3) we know that dissolution -4 ded by th | of the first unit and
of a full step edge should release 33 kJ ftplwhich is in insgdugtﬁ)?]e(r)%{heexﬁ‘)i?snt Iznk gite:. removai ot the first unit an

E‘?Od rzsllg][eerr:je?t V‘gth the vaIL(Jjesbefzg.9d and _35'0. | The process is similar at the obtuse step on the O surface
mol = found for the acute and obtuse edge respective XFig. 5b)]. The initial removal of the first calcium carbonate

I(J—t?:rlleeln\grginei gives us confidence in the calculated dISSO'unit from the step at-45.8 kJmol? is not as energetically

expensive as from the acute step. When a second unit, adja-
cent to the first is removed, the energy-a33.8 kJmol ! is
exothermic rather than endothermic on the acute surface
(+36.2 kJmol'Y). Removing the second unit from the next
Dissolution energies of hydrated calcite surfaces/CaCO n_eares.t-neighbor position a_md in_creasing the number of kink
unit dissolved(kJ mol %) sites is energetically still slightly exothermid—2.4
Surface 2504 509% 5008 75% 100% kJ mol%). Finally, when the fourth calcium carbonate unit is
removed energy is again releageeB2.0 kJ mol%) although
A{3148 +103.7 +70.0 +88.1 +38.6 —29.9 less than on the acute step. On both steps, however, dissolu-
031216 +45.8 +6.0 +21.7 -193 -350 tion of the final crystal unit from the dissolving step, and
hence creating a complete edge, releases about twice the en-
@Adjacent calcium carbonate units dissolved. ergy from what is needed to dissolve the first unit from the
bAlternating configuration, forming crenellated edge. complete edgeg—235.4 vs+103.7 kJmol! on the acute

TABLE IV. Energies of dissolving calcium carbonate units
from hydrated calcite surfaces.
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(@) A-Surface the calculation. However, it is possible to show that the cal-
culated values are not unreasonable in the light of the experi-
mental data.

A considerable amount of data is available on the growth
of calcite. Tenget al®” have shown that the free-energy
change associated with the addition of a new step of lehgth
is given by

Ag.=—(L/b)Ap+2c(y)., (4)

whereAp is the change of chemical potential per molecule,
b is the length of a surface unit cell, andhe width(i.e., the
width of a new unit of the growing step(y). are the ef-
fective free energies of the steps along the positive and nega-

tive [441] and[481] directions. These are given by
(W+=WP2(y+y )+ (yerty.)] (59

M-=h[2(y+y)+(y-+y.)],  (5b)

wherey, andy_ are the free energies of the and — steps
andy, ., v__, andvy, _ are the contributions to the effec-
tive step energies from the corners. The auttoebtained
2.75 eV/nm for(y), and 2.15 eV/nm fofy)_ . The differ-
ence between the two gives a value of 0.77 eV/molecule,
which is equivalent toy, . —y_ _. It is not possible to ob-
tain individual values for the corner energies, however it is
clear that the++) acute angle corner requires much more
energy to create than tHe-—) obtuse angle corner. This is
consistent with the results shown bottom to top in Figs) 4
and 4b) where, in the first case, the Cag@nit is placed on
the acute angle surface giving(@a+) and(+—) corner and
in the second case, the unit on the obtuse angle surface gives
a (——) and (+—) corner. The difference between these is
much larger than experimefdbout 1.5 eVV/molecujebut the
situations are not really comparable since the experiment
considers corners at either end of a long step. A better com-
parison might be to note that the differenge  —y_ _ cor-
responds to the difference in the creation energy of the two
double kink sitegprovided that the interactions between the
steps across the kink are ignoyed@his gives an energy of

FIG. 5. Schematic representation of the energetics of step-by57.2 kJ mor? (0.59 eV). This is closer to the experimental
step dissolution of calcium carbonate units fr¢an the A surface  result, but all that can be claimed is that the approximate
and (b) the O surface. magnitude and sign of the calculation is correct.

Further information can be obtained from the dissolution

edge and—82.0 vs +45.8 kJmol! on the obtuse edge process. The activation energy for bulk dissolution is 69
Therefore, the energy released on dissolution of the finat-12kJmol? (0.72 eV/moleculg This is much larger than
calcium carbonate unit from the edge would be enough tdhe activation energies for pit deepening,*25kJ mol !
instigate the dissolution of two crystal units from the next(0.28 eV/moleculg or for pit widening, 37 3 kJmol?!
step edge. (0.38 eV/moleculg®® Analysis of time-lapse atomic force

Thus, the different geometries of the adsorbed water molmicroscopy experiments on etch pits in dissolving cafGite
ecules on the two steps play a crucial role in the energetics dajives the step velocities as a function of temperature. This
dissolution from the step edges. Although the energeticallyan then be analyzg@ither by an analytic treatment using a
most expensive process of initial dissolution of the first cal-Terrace-Site-Kink modé&f or by kinetic Monte Carlo using a
cium carbonate unit and formation of kink sites is roughly solid-on-solid modél) to give energies for the creation and
the same for the unhydrated and hydrafedurfaces, hydra- motion of kinks. The creation of a kink on the slow-moving
tion of the A surface has made the initial dissolution step(acute angledstep costs 0.69 e¥the exact value depends on
much more endothermic. Thus, under aqueous conditions w&hich model is used to fit the datand the creation of a kink
expect dissolution from the obtuse step to occur preferenen the fast-moving step costs 0.67 eV. The corresponding
tially, in agreement with experimeft.A detailed compari- calculated values give 103.7 kJ mbl(1.07 eVj for the slow
son of the calculations with experiment is difficult since thestep and 45.8 kJ mot (0.47 e\) for the fast one. We recall
experimental configuration is not the same as that assumed that the estimated error in the calculated values @2 eV.
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It is not possible to give an estimate of the experimentaktepped surfaces shows initial and subsequent removal of
values beyond the framework of the models, but the fact thatalcium carbonate units to occur preferentially at the obtuse
the different models give similar values gives some confi-step edges. Dissolution from the two step edges under aque-
dence that the values are reasonable. The agreement betwegs conditions reproduces experimental findings in that dis-
theory and experiment is only fair but given the errors, issolution is shown to occur preferentially from the obtuse
reasonable. step. The calculated creation energy of double-kink sites on a
growing edge is in approximate agreement with experimental
CONCLUSION findings, while the calculated dissolution values are similar

We have employed molecular dynamics simulations td© those obtained b_y other ”_'Odels.' . .
investigate the initial stages of dissolution of calcium car- In th? future we intend io myfsugate the.|ncorporat|on of
bonate on two stepped calcite surfaces. The surfacefﬁ“?'gn fons such as Mg and Li* in the calcite crystal and
throughout were charge neutral and neutral CaQ@@its their effect on growth and_dlss_olunor_l. In addition, we aim to
were removed from the surface, implying supersaturatior?mplpy molecqlar dy_nam|cs S|rr_1ulat|ons_ to model water ad-
conditions(at low concentrations charged units may desorp SCrPtion and dissolution at calcite etchpits.

As a result, we can make the following observations:

The calcite{31216} surface consisting of1014} planes
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