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Atomistic computer simulation methods have been employed to model the structure of the surfaces of(1016 4)
calcite dolomite and magnesite Our calculations show that, under(CaCO3), [CaMg(CO3)2] (MgCO3).
anhydrous vacuum conditions, calcite undergoes the greatest degree of surface relaxation with rotation and
distortion of the carbonate group accompanied by movement of the calcium ion. The magnesite surface is the
least distorted of the three carbonates, with dolomite being intermediate to the two end members. When water
molecules are placed on the surface to produce complete monolayer coverage, the surfaces of all three
carbonate minerals are stabilized and the amount of relaxation in the surface layers substantially reduced. Of
the three phases, dolomite shows the strongest and highest number of interfacial hydrogen bonds between
water and the carbonate mineral surface. These calculations suggest that the equilibrium H2O] CO32~ H

will favour the production of hydrogen carbonate ions most strongly for dolomite, lessHCO3~] OH~
strongly for calcite, and least likely for magnesite.

Introduction
Knowledge of the structure of mineral surfaces at the atomic
level is of fundamental importance when considering processes
such as growth, dissolution and sorption of impurities. Over
the past two decades improvements in surface science tech-
niques such as surface probe microscopy (SPM), X-ray photo-
electron spectroscopy (XPS) and X-ray adsorption Ðne
structure (XAFS) have led to an increase in our understanding
of mineral surface behaviour. However, these methods are
unable to give detailed structural and dynamic information on
the relaxed structure of the surface at the atomic level. By
using computer simulation techniques in combination with
experiment it is possible to develop more realistic models of
mineral surfaces and hence gain a greater insight into those
processes of interest.

The surface reactivity of calcite and of the related(CaCO3),carbonate minerals dolomite and magnesite[MgCa(CO3)2]is a key factor in the chemical control of aquatic(MgCO3),environments, in diagenesis, the cycling and entrapment of
metal contaminants, in the biogeochemical cycle of carbon,
and in a variety of industrial processes. Calcite is the most
commonly occurring of the carbonate minerals and its sur-
faces, the in particular, have been extensively studied by(1016 4)
a range of surface analytical techniques. For example, a com-
bination of XPS and low energy electron di†raction (LEED)
has been used to study calcite surfaces under exposure to air
and aqueous solutions,1,2 while relaxations of the surface
under hydrous conditions have been observed with atomic
force microscopy (AFM).3 These studies indicate only minimal
relaxation of the surface through rotation of the groupCO3when exposed to aqueous Ñuids. Fenter et al.4 proposed a

¤ Currently at the Royal Institution, to where correspondence should
be addressed.

model based on high resolution X-ray reÑectivity whereby the
calcite surface, when covered by a monolayer of(1016 4) H2O,

relaxes by rotation and tilting of the carbonate groups down
towards the surface. However, there remains some uncertainty
as to the detailed atomic structure of the calcite surface at the
mineralÈÑuid interface. Computational studies5h7 have pro-
vided insights into the structure and relative stability of a
range of calcite surfaces under both wet and dry conditions
which are in good general agreement with experimental data.

By contrast, very little is known of the surface structure of
the related minerals dolomite and magnesite at the atomic
level although there is considerable interest in their chemical
reactivity. Both are common in the geological past yet form
only in small quantities in modern marine environments.
Surface complexation models have been developed for
dolomite8,9 and for magnesite10 in order to understand more
fully the mechanisms of dissolution and growth under a range
of pH conditions. In addition, computational studies11 have
calculated the relative energetics and stability of dolomite sur-
faces. The aim of the present study is to investigate the
detailed surface structure of the perfect cleavage sur-(1016 4)
faces of calcite, dolomite and magnesite under both hydrous
and anhydrous conditions using atomistic computer simula-
tion methods. We utilize the interatomic potential set of Fisler
et al.12 that was developed for the accurate simulation of the
structure and properties of the rhombohedral carbonate
phases.

Computational methods
Atomistic simulation methods are based on the Born model of
solids where interatomic potential functions are deÐned to
model the long- and short-range forces acting between atoms
or ions in the solid. Oxygen ion polarizability is described by
the shell model13 while directionality of the bonding is
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Table 1 Short-range potential parameters for waterÈcarbonate inter-
actions

Pair A/eV o/A� C/ev A� 6

OLÈOW 60 599.94 0.1983 21.8435
OLÈH 396.27 0.230 0.0
CaÈOW 1249.037 0.2891 0.0
MgÈOW 506.9882 0.309 26 0.0

described by three-body and four-body terms. Simulations are
carried out using standard energy minimization schemes in
which the energy of the system is calculated with respect to all
atomic coordinates. Thus the equilibrium positions of the ions
are evaluated by minimizing the lattice energy until all forces
acting on the crystal (or surface) are close to or equal to zero.
A more comprehensive review of atomistic simulation
methods can be found in Cormack.14

For the calculation of surface structures, the most com-
monly used approach is to treat the crystal as planes of atoms
which are periodic in two dimensions. Surfaces are modelled
by considering a single block, whereas two blocks together
simulate the bulk, or a more complex interface. The simula-
tion block is divided into two regions, a near-surface region,
Region 1, comprising those atoms adjacent to the surface or
interface, and an outer region, Region 2. The atoms in Region
1 are allowed to relax to their minimum energy conÐguration,
while the ions of Region 2 are held Ðxed at their bulk equi-
librium positions. The speciÐc surface energy is deÐned as the
energy per unit area required to form the crystal surface rela-
tive to the bulk. The surface energy (c) is therefore given by :

c\
Us[ Ub

A
(1)

where refers to the energy of Region 1 for the surface,Us Ubrefers to the energy of an equivalent number of bulk atoms
and A is the surface area. The lower the surface energy, the
more stable the surface will be.

Fig. 1 The structure of the relaxed surface of calcite seen from(1016 4)
above (a), and from the side with in the plane of the paper (b).(16 216 0)
The thin black lines and dots represent the bulk unrelaxed positions
of the carbonate groups and Ca ions respectively.

Fig. 2 Calculated torsional angles of the groups as a functionCO3of layer depth for (a) calcite, (b) dolomite and (c) magnesite, where
Ðlled circles represent associated with Mg and open circles withCO3Ca.

In the present study, we use the fully transferable potential
parameter set of Fisler et al.12 to model carbonate mineral
surfaces while water molecules are described by the shell
model potential of de Leeuw and Parker.15 In a recent study
of hydrated calcite surfaces, de Leeuw and Parker5 derive a
set of calciteÈwater interaction parameters which are compat-
ible with those of the water and calcite models used. A new set
of parameters to describe carbonateÈwater interactions has
been derived to be consistent with our potentials and is given
in Table 1. The initial values of our Buckingham A param-
eters were taken to have the same ratio as those of the carbon-
ate as was the case in the de Leeuw and Parker5 model.
Values for the o and C parameters were kept Ðxed at the car-
bonate value. This potential set was then modiÐed by Ðtting
to the structure of ikaite The same scaling(CaCO3É6H2O).
factor was also used to modify the MgÈwater Buckingham A
parameter. All surface calculations were carried out using the
MARVIN code16 with a two-dimensional repeating simula-
tion cell containing 600 ions where the surface was(1016 4)
bounded by the and planes and has an area of(16 014) (16 216 0)
24.25 nm2 (2 ] 1 surface repeat vectors). The Region 1 and 2
sizes (Ðve and seven layers) were obtained by converging the
surface and total energies respectively. Associated calculations
of bulk properties of the carbonate phases were carried out
using the General Utility Lattice Program (GULP).17

Results

Anhydrous surfaces

The anhydrous surface was simulated for all three car-(1016 4)
bonate minerals, which essentially mimics the expected condi-
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Fig. 3 CaÈO (open circles) and MgÈO (Ðlled circles) octahedral dis-
tances as a function of layer depth in (a) calcite, (b) dolomite and (c)
magnesite.

tions under a dry vacuum environment. The detailed structure
for the calcite surface is shown in Fig. 1 and illustrates the
manner in which the surface has reconstructed to accommo-
date dangling bonds produced on cleavage. The(CaÉ É ÉOCO2)

molecular group can be thought of as having three di†er-CO3ent oxygen types, one above the plane (O1) which in the
topmost layer (L1) is underbonded, one in the plane (O2) and
one below (O3). The whole group has rotated [Fig. 1(a)] and
distorted in a convex manner, with O1 and O2 bending down
towards the bulk, while in the second layer the sense of distor-
tion is concave, with O2 and O3 tilting upwards [Fig. 1(b)].
The central C atoms move down by only 0.04 in L1. TheA�
movements described above are most pronounced for the top
two layers which form a convex/concave pair, although a total
of Ðve layers were needed in Region 1 before the system con-
verged to the bulk structure. This is illustrated in Fig. 2(a),
which gives the calculated torsional angles for the relaxed

group as a function of depth through the Ðve e†ectiveCO3surface layers down to the bulk. The dihedral or torsion angle
is measured across the OÈCÈOÈO position and indicates
the out-of-plane distortion of the planar group. Additionally,
the Ca position moves in the plane of the surface during relax-
ation. In the top layer the Ca moves down by [0.75(L1), A�
and in plane [0.71 while in L2, the movement is 0.16by A� , A�
up and 0.52 in plane, in the opposite sense to the layerA�
above. In the bulk, Ca is octahedrally coordinated to oxygen
with a calculated CaÈO distance of 2.37 but in the top layerA� ,
the octahedron is truncated and in L2 is very distorted giving
CaÈO distances ranging from 2.35 to 2.73 as shown in Fig.A�
3(a). In our calculations, which have been conÐrmed by molec-
ular dynamics simulations, the surface of calcite retains its
(1 ] 1) symmetry for these various reconstructions.

The surfaces of dolomite and magnesite also show some dis-
tortion of the carbonate group, but to a lesser extent than that
exhibited in calcite. Variation in torsion angles for the CO3groups and in cationÈO octahedral distances are shown in
Figs. 2 and 3 respectively, while the structure of the three sur-
faces can be compared in Fig. 4. As in calcite, movement
occurs in the opposite sense for alternate layers. Of the three
carbonates considered, magnesite is the most rigid and
exhibits the least distortion on relaxation with Mg moving
only 0.36 in L1 and 0.43 in L2 from the bulk positions,A� A�
compared to 1.05 and 0.55 in L1 and L2 respectively forA� A�
Ca in calcite. This type of behaviour reÑects di†erences in the
bulk moduli of the three carbonates, where magnesite is the
least compressible and calcite the most.12 Similarly, the CO3groups exhibit less rotation and less deviation in dihedral
angles in magnesite (Fig. 2). Dolomite appears to exhibit a
mixed behaviour with respect to these distortions part way
between the two single cation end members. The movement of
Ca and Mg away from their initial bulk positions in L1 is 0.70

and 0.97 respectively. Distortions of the carbonate groupsA� A�

Fig. 4 Comparison of the structure of calcite, dolomite and magnesite relaxed surfaces viewed from the side with in the plane of the(1016 4) (16 014)
paper. Black lines and dots show the bulk unrelaxed structure as in Fig. 1.
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are also di†erent depending on whether the group is associ-
ated with a Ca or Mg ion [Fig. 2(b)] and results in the canting
of alternate groups giving a crenellated surface structure.CO3
Wet surfaces

The surfaces of calcite, dolomite and magnesite were hydrated
with a complete monolayer of water, i.e. one water molecule
per surface cation. The molecules were initially placed with
the plane of the water molecule lying parallel to the surface in
such a way as to produce a herringbone motif when viewed
from above. The water O atoms were placed at a distance of
2.4 above the surface Ca or Mg, the optimum height forA�
calcite found by de Leeuw and Parker.5 The surface and water
molecules were then allowed to relax to their minimum energy
structure. A systematic exploration of initial monolayer con-
Ðgurations was carried out with the arrangement described
above giving the lowest energy. The variation in groupCO3torsional angles for the relaxed calcite surface with a mono-
layer of water is shown in Fig. 5. In calcite, the hydrated
surface shows very little di†erence from the bulk below L3,
and the degree of relaxation in L1 and L2 is substantially
reduced compared to the dry surface. Ca moves from its bulk
position by only 0.26 in L1 when water is present comparedA�
to 1.05 for the dry surface. The water molecules lie almostA�
Ñat on the surface (hydrogens angled slightly upwards) and
have an average distance of 2.55 [Fig. 6(a)]. ThisCaÈOW A�
value is in excellent agreement with the experimental X-ray
reÑectivity data for the calciteÈwater system.4 A similar
geometry was found for the water layer on magnesite [Fig.
6(c)] where the average distance is longer at 2.76MgÈOWDolomite exhibits mixed behaviour, with andA� . CaÈOWdistances of 2.45 and 3.02 respectively, where theMgÈOW A� A�
hydrogens of water molecules above Ca are again angled
slightly upwards, but those over the Mg lie Ñat as shown in
Fig. 6(b). Measurement of distances indicates thatCO3É É ÉHthe water lying above the Mg forms two strong hydrogen
bonds per molecule at 2.02 whilst water above the calciumA� ,
site forms three weaker hydrogen bonds of 2.24È2.36 perA�
molecule. This contrasts with calcite, where one hydrogen
bond per is formed at 2.36 and with magnesite whichH2O A� ,
displays nearest neighbour distances ofCO32~É É ÉH`ÈOH~
2.56 A� .

The hydration energies are calculated by comparing the
energy of the surface with n adsorbed water molecules, to a
bare surface plus n water molecules in the gas phase. Since we
wish to consider liquid water on the surface, when calculating
hydrated surface energies, we must add the energy for H2O(l)
rather than We use the values of de Leeuw andH2O(g).
Parker15 which were calculated using a molecular dynamics
approach and the identical potential parameters for water as
used in this study. The energy di†erence between liquid and
gas is then the condensation energy, which is given as [43.0

Fig. 5 Comparison of torsional angles for the wet and dry surface of
calcite.

Fig. 6 Structure of the hydrated surfaces of (a) calcite, (b) dolomite
and (c) magnesite showing the structure of the adsorbed monolayer of
water.

kJ mol~1 and compares extremely well with the experimental
value of [43.4 kJ mol~1. The surface energy for the hydrated
surface is obtained by :

cwet \
Us, wet[ (Ub ] Uw)

A
(2)

where represents the potential energy of the relaxedUs, wethydrated surface and the potential energy of the n waterUwmolecules Calculated hydration energies per water[H2O(l)].
molecule and wet surface energies are presented in Table 2
and further illustrate the way in which water stabilizes these
surfaces by signiÐcantly reducing the degree of relaxation
experienced and hence the lowering of the surface energy. Our

Table 2 Hydration energies (per molecule) for monolayer coverage
on carbonate surfaces, and wet and dry surface energies

Ehyd/kJ mol~1 cdry/J m~2 cwet/J m~2

Calcite [53.9 0.322 0.232
Dolomite [52.1 0.247 0.165
Magnesite [60.7 0.256 0.084
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calculations show that the dry calcite surface is the least
stable, and therefore the most reactive and dolomite the most
stable. However, when hydrated, magnesite is stabilized rela-
tive to dolomite and calcite although calcite is still predicted
to be the most reactive of the three carbonates.

Discussion
Our calculations show that the anhydrous surfaces of(1016 4)
calcite, dolomite and magnesite are all stabilized when
covered by a monolayer of water. This can be rationalized by
considering the coordination of the surface cations. In the
bulk carbonate structures, each metal cation is octahedrally
coordinated by six oxygens, each from a di†erent group.CO3Formation of the surface leads to a conÐguration with(1016 4)
only a Ðve-coordinated metal cation present at the surface and
therefore the surface must restructure to compensate. This
under-coordination causes the cation to displace into the
surface towards the bulk and the groups to distort andCO3tilt as shown in Fig. 1(b) for calcite. The magnitude of these
atomic movements in the top surface layer is such that sub-
sequent layers also need to reorganize, down to a depth of at
least four layers. When water is added to the surface, the
cation is then able to coordinate to the water oxygen thus
forming a stable octahedral ion shell. This more favourable
conÐguration stabilizes the surface and signiÐcantly reduces
the surface energy and degree of relaxation in the top layer,
which in turn means that the layers beneath experience less
stress and hence less need to reorganize. For the hydrated sur-
faces, the bulk conÐguration is reached at three layers below
the surface rather than the Ðve layers required under dry con-
ditions.

There are some di†erences in how the water molecules are
conÐgured on the relaxed surface for each of the three(1016 4)
carbonate phases. As indicated in Fig. 6(a), the water mol-
ecules for the saturated monolayer conÐguration on calcite
are arranged above each calcium ion and are slightly angled
above the surface plane with the hydrogen atoms pointing
away from the surface. The mean distance of 2.55 isCaÈOW A�
slightly greater than the bulk CaÈO distance of 2.37 AA� .
similar structure is found for the hydrated magnesite surface
[Fig. 6(c)] but with a mean distance of 2.76 sub-MgÈOW A� ,
stantially greater than the bulk magnesite distance ofMgÈOL2.13 This behaviour can be explained by considering theA� .
e†ective charge of the as compared to that of which isOW OLmuch larger and hence experiences a greater attraction to the
Mg cation.

The hydration of the surface of dolomite involves the(1016 4)
coordination of water molecules to both calcium and magne-
sium surface ions. Inspection of Fig. 6(b) reveals distinctive
features in the surface and water layer structure. This mixed
cation phase shows alternate cation displacement into the
structure in the Ðrst and third layers, whilst in the second and
fourth layers the ions lie in the same plane (see also Fig. 2).
This can be rationalized in terms of the relative ionic radii of
Ca2` and Mg2`, since the Mg2` ion is smaller and thus has a
shorter distance than Ca2` ; therefore the ÐrstMgÈCO32~
coordination shell of Mg is smaller than Ca. This leads to
signiÐcant out-of-plane distortion of the carbonate groups,
manifesting itself as alternate canting of the surfacial carbon-
ate groups coupled with displacement of the Mg ion into the
surface. This e†ect in turn leads to canting of the monolayer
water molecules such that half of the adsorbed water mol-
ecules (those proximate to the Mg sites) are oriented with
their dipole pointing away from the surface. This is in contrast
to those water molecules oriented into this surface at the Ca
sites and in the two end member phases.

Since the Mg ion is less accessible in the Ðrst surface layer,
the water is less strongly bound such that the dis-MgÉ É ÉOH2tance lengthens to 3.05 from the 2.76 found in magnesite.A� A�

It is also interesting to note that the strongest hydrogen bonds
occur with dolomite rather than calcite or magnesite. Clearly
our potential model does not permit hydrolysis, and although
our surface has only monolayer coverage, these calculations
suggest that the equi-CO32~] H2O HHCO3~] OH~
librium would favour formation at theCO32~É É ÉH`
dolomiteÈwater interface more strongly than for the other two
phases considered here. Thus, we predict that the hydrated
dolomite surface will show the shortest (and therefore the
most strongly coordinated) distances at theCO32~É É ÉH`
interfacial region. These waterÈsurface distances calculated for
dolomite, along with those of calcite and magnesite, are likely
to be longer in the real system, where more than one layer of
water will be present. Additional water layers will screen
hydrogen bond interactions between water and andCO32~therefore we expect that our values represent the lower limit of
waterÈsurface distances.

Our results for the dry surface of calcite are consis-(1016 4)
tent with the XPS and LEED data1,2 which have been inter-
preted in terms of a restructuring at the surface by the
rotation and downward relaxation of the groups. ThereCO3have been a number of studies which have looked at the struc-
ture of the surface of calcite in contact with aqueous(1016 4)
Ñuids. Data from X-ray reÑectivity experiments4 are consistent
with a model of the surfaceÈwater interface in which the top
two layers of the surface are relaxed. In this model, the
adsorbed monolayer of has a height of 2.50^ 0.12H2O A�
relative to the surface Ca positions which is in excellent agree-
ment with our predicted height of 2.55 relative to the sameA�
position. AFM images of the wet calcite surface3 show di†er-
ent heights for the surface groups leading to a loss of theCO3(1 ] 1) symmetry, although we Ðnd no evidence to support
this in our calculations. Calculations by de Leeuw and
Parker5 found that the AFM data3 could be reproduced for
partial water coverage but not for the full monolayer cover-
age.

The simulations of de Leeuw and Parker5 provide a similar
geometry of the hydrated calcite surface to those presented
here using the carbonate potential of Pavese et al.18 and a
polarizable water model potential.19 Their calculated energies
for dry and wet surface of calcite are 0.6 J m~2 and 0.3(1016 4)
J m~2 respectively compared to our values of 0.32 J m~2 and
0.23 J m~2. There are a number of di†erences between the
parameter sets used by de Leeuw and Parker5 and those used
in this study. Firstly, the carbonate potential of Fisler et al.12
contains di†erent inter- and intramolecular OÈO interaction
parameters to act between and within the molecularCO32~anions. In the Pavese et al.18 model the same parameter is
used for both. Secondly, the earlier water model has a di†er-
ent charge distribution between the oxygen core and shell.
Because the surface energies are acutely sensitive to the poten-
tial parameters used, it is not surprising that our reported
energies are di†erent. However, trends shown by the energies
should be the same if both parameter sets are valid and indeed
we Ðnd that this is the case.

Comparison of our results for magnesite and dolomite with
experiment is much more problematic, since the surface struc-
ture of these minerals has not been so extensively studied.
Pokrovsky et al.9,10 have investigated the surface speciation
and reactivity of both dolomite and magnesite under hydrous
conditions and consider speciation (where M is CaMÉ É ÉOH2or Mg) to be important for both systems at moderate pH
values. However, no structural models have been proposed for
these hydrated surfaces. The computational study by Titiloye
et al.11 compared calcite and dolomite surfaces and found that
the anhydrous dolomite surface had a higher surface(1016 4)
energy than that for calcite, the opposite of the results present-
ed here. However, their MgÈO potential was di†erent to that
used here. The energies associated with our surface simula-
tions are based on a set of interaction potentials that have
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successfully modelled the bulk behaviour of carbonate phases
and water systems. These potentials used here were derived to
be fully transferable between di†erent carbonate minerals12
and the Region 1 size was fully converged ; thus we feel con-
Ðdent that our results are consistent within the limitations of
the models employed.

Hydration and surface energies are sensitive to the values
obtained for the isolated water molecule and liquid water
assemblage, respectively. For this reason, no experimental
values for the water energies are incorporated into the energy
calculations ; only values obtained directly from simulations
based on the potentials of de Leeuw and Parker15 are used.
Although surface energies derived from potential-based
empirical models are acutely sensitive to the total energies
computed, the fact that we have used a fully transferable and
coherent set of potentials leads us to believe that the observed
trends in the reported energies correctly model the relative
behaviour of the mineral surface structures.

Conclusions
We have successfully modelled the surface structure of(1016 4)
the three carbonate phases, calcite, dolomite and magnesite.
The calculated surface geometries and energies show that, for
the anhydrous surfaces, calcite is the most reactive and under-
goes the largest relaxation, while magnesite is the least reac-
tive and is closest to the bulk geometry. When these surfaces
are covered by a monolayer of water, all are stabilized relative
to the anhydrous surfaces. Water forms complexesMÉ É ÉOH2on all three surfaces studied. Dolomite shows the shortest

distances, calcite shows intermediate distancesCO32~É É ÉH`
whilst magnesite exhibits the weakest bound water complexes.
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