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This study investigates the behaviour of selected, morphologically important surfaces of dolomite (CaMg(CO3)2),
using computational modelling techniques. Interatomic potential methods have been used to examine impurity
substitution at cationic sites in these surfaces. Environmentally prevalent cations were studied to this end, namely
Ni21, Co21, Zn21, Fe21, Mn21 and Cd21, all of which are also found as end-member carbonate minerals. Solid–
solution substitution was investigated and showed that Cd and Mn will substitute from their end-member
carbonate phase at either dolomite cation site. Mn is found to preferentially substitute at Mg sites, in agreement
with experimental findings. For Ni21, Co21 and Zn21, the magnitude of substitution energies is approximately
equal for all surfaces, with the exception of the (10�14) surface. However, for the larger cations, a far greater
disparity in substitution energies is observed. At a stepped surface, analogous substitutions were performed and it
was found that substitution energies for all impurity cations were reduced, indicating that uptake is more viable
during growth. The predominant surface, the (10�14), was solvated with a monolayer of water in order to
investigate the influence of hydration on substitution energetics. The addition of water changes the relative
preference for substitution of the different cations. Under aqueous conditions, the substitution energy is
determined by three competing factors, the relative importance of which cannot be predicted without this type of
computational investigation.

Introduction

Carbonate minerals have been shown to chemically interact
with various solvated ions and molecules when exposed to
aqueous solutions.1–4 Dolomite and other common carbonate
minerals are frequently exposed to aqueous solutions in nature
that contain many environmentally damaging elements, such
as zinc, cadmium and nickel.5 Carbonate minerals are also
often added to areas of high acidity, either in groundwater or
in areas of acid mine drainage, where dissolution of the mineral
gives rise to an increase in pH.6 As a consequence, solubility of
the pollutant metals decreases, it becomes less favourable for
them to remain in solution, and precipitation will occur.
Clearly, there is a chemical interaction between the aforemen-
tioned solvated species and the surface of the carbonate
minerals, and it is important to understand the nature of these
interactions in order to predict how minerals affect solution
chemistry. Computational studies can provide valuable in-
sights into various aspects of these complex systems by reveal-
ing the molecular scale processes that occur at the mineral–
water interface. This work and further publications aim to
evaluate the importance of the different factors contributing to
impurity uptake at mineral–solution interfaces, with a view to
developing a computationally inexpensive, transferable model
for mineral–aqueous solution interfaces.

Previous computational studies of impurities in dolomite7

concentrated on impurity substitution in the bulk and on the
common (10�14) surface. The effect of non-stoichiometry on
these substitutions7 was also considered. The impurities stu-
died were the divalent cations of Mn, Fe, Cd, Co, Zn and Ni,

which are often found to be present, along with dolomite, in
aquatic environments. The calculated values of substitution
energy indicated a strong preference of impurity elements for
Ca rather than Mg sites, both in the bulk and at the surface.
The segregation energy, however, was found to be an impor-
tant indicator of the preference for substitution at the different
cation sites. The current study extends this work to look at
dolomite’s other morphologically important surfaces, using an
improved description of the mineral. The influence of water
upon substitution energetics has been examined and the in-
corporation of cations at a stepped surface has been investi-
gated. The results are rationalised in the context of uptake of
cations, either from solution or from mineral sources, on
dolomite crystals.

Method

The calculations were carried out using interatomic potential
methods, where functions are used to model the short- and
long-range interactions of atomic or ionic species in a solid.
Energy minimised structures were achieved by optimising the
energy of the system with respect to the ionic co-ordinates
within the latest revision of the GULP program.8 The surfaces
were modelled using 2-dimensional periodic boundary condi-
tions (PBCs). The simulation block consists of two regions:
region 1 represents the model surface and the atoms within it
are allowed to relax during optimisation; region 2 simulates the
effect of the bulk material on region 1 and as such all ions
within this block are held fixed at their optimised positions.
The surface energy, or energy per unit area required to form
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the surface from the bulk, is calculated as follows:

g ¼ Us �Ub

A
; ð1Þ

where Us is the energy of region 1, Ub is the energy of an equal
number of atoms in the bulk and A is the surface area. Surface
energies will be positive, and a surface is more stable the closer
the value is to zero, i.e.: the smaller the difference between the
values of Us and Ub.

Surfaces are usually classified using the notation of Tasker9

as type 1, 2 or 3. Type 1 surfaces can be cleaved at any depth to
produce a surface layer that is charge neutral, while for type 2,
this is only true for certain cleavage depths. Type 3 surfaces
cannot be cleaved in such a way as to produce a charge neutral
layer and hence have a large dipole moment normal to the
surface. For these surfaces, the calculated energy will be related
to the magnitude of the dipole, which is in turn related to the
depth of the slab. In nature, these surfaces reconstruct to
eliminate any dipole by the formation of defects or the addition
of OH� groups at the surface. Within the simulation, recon-
struction is performed manually by shifting a proportion of the
ions at the surface to the base of the block.

In this study, we have investigated impurity substitutions on
the morphologically important (10�14), (11�20), (30�30) and
(10�21) surfaces, the latter of which is polar. Surface super-cells
were used to avoid defect self-interaction across the periodic
boundary, and to facilitate study of the effect of relative
substitution site on the energy of substitution. The super-cells
contained the same number of formula units for each surface,
so that there were 24 cations on each surface repeat unit,
enabling direct comparisons when individual substitutions
were made. The most morphologically important surface is
known to be the (10�14) surface, and as such it has been the
focus of extra study. It is well known that real surfaces contain
many defects such as steps and islands, which disrupt the
perfect terrace termination in the surface plane. Consequently,
steps were created on the morphologically important (10�14)
surface, using a method similar to that used to reconstruct the
polar (10�21) surface.

The sizes of region 1 and region 2 were converged for each of
the surfaces studied, such that increasing their size had negli-
gible effect on the surface energy. The size of region 1 was
converged at 14.4 Å for the (10�14) and (11�20) surfaces and at
16.7 and 16.1 Å for the (30�30) and (10�21), regions, respectively.

Substitutions of impurity cations were made on each non-
polar surface at both calcium and magnesium sites. The impu-
rities studied were Fe21, Zn21, Co21, Cd21, Mn21 and Ni21,
all of which are found alongside dolomite in aqueous environ-
ments, and which form end-member carbonate minerals.

Prior to carrying out substitutions at cation sites on the
stepped (10�14) surface, the energetics of the different termina-
tions were investigated. In this paper, we focus on only the
most stable termination in order to understand the differences
in stability at the stepped surface and the terrace. For a full
investigation of step behaviour, all the terminations should be
studied. The most energetically favoured configuration has an
acute carbonate termination combined with a calcium ion
termination, which is discussed in more detail below.

The surface energy of a surface containing impurity cations
is given by:

g ¼ Us � ðUb þUdbÞ
A

; ð2Þ

where Us is the enthalpy of atoms in the surface region, Ub is
the enthalpy of the same number of atoms in the bulk and Udb

is the enthalpy of the defect in the bulk.
For the substitution at the surface under vacuum, the

impurity cations are considered to come from the bulk end-
member carbonate. So, the reaction for the substitution of a

divalent impurity cation, M2, at a Ca or Mg site, denoted by
M1, on the dolomite surface is given as:

Uspure
þ UM2CO3

- Usdef
þ UM1CO3

(3)

The enthalpy of substitution for the above reaction is found
using:

Usubs ¼
ðUsdef �UspureÞ þ nðUM1CO3

�UM2CO3
Þ

n
; ð4Þ

where Usdef
is the total enthalpy of the system with n substitu-

tions at the surface, and Uspure
is the total enthalpy of a pure

system of the same size, UM1CO3
is the enthalpy of one formula

unit of calcite or magnesite, depending on which cation is
replaced at the surface. UM2CO3

is the enthalpy of one formula
unit of the carbonate mineral that corresponds to the impurity
cation. For the calculation of the enthalpy per cation of
multiple substitutions at both Ca and Mg sites, eqn (4) can
be modified, thus:

Usubs ¼

ðUsdef�UspureÞ þ ððnCaUCaCO3
þnMgUMgCO3

Þ�nCa þ MgUM2CO3
Þ

nCa þ Mg
;

ð5Þ

where nCa is the number of substitutions at the Ca site, likewise
nMg is the number at the Mg site, and nCa1Mg is the total
number of substitutions at the surface.
Addition of a monolayer of water to the surface was

attempted for all the non-polar surfaces. A variety of initial
starting configurations were used, always with the water’s
oxygen above each surface cation. The positions of the water’s
hydrogen atoms were varied so that various minimised struc-
tures were achieved. However, only for the case of the (10�14)
surface was there a clear global minimum. The difficulty in
achieving a global minimum for monolayer coverage on the
other surfaces lies in their roughness. The (10�14) surface is the
most atomically smooth of the surfaces studied. The rougher
the surface, the more difficult it is to find a good starting
configuration for the water molecules that will minimise read-
ily. The energy for the surface with a monolayer is given by the
difference between the enthalpy of the suface with n water
molecules and the dry surface plus the same number of water
molecules in the gas phase.10 It can be calculated using the
following formula:

gML ¼
Ushyd � ðUb þ nUH2OðlÞ Þ

A
ð6Þ

where UH2O(l)
is the potential enthalpy of n water molecules

forming the monolayer, which is equal to the condensation
energy for that number of water molecules plus the self energy
of the same number of water molecules. To remain self-
consistent this value is taken from the work of de Leeuw and
Parker,11 from which the parameters for water have been
taken. When calculating the energy of substitution of an
impurity at the hydrated surface, the energy of formation for
the aqueous species must be incorporated, thus:

Esubs wet ¼
Usdef �Uspure � nðDhydG

�
M22 þðaqÞ

þ DhydG
�
M12 þðaqÞ

Þ

n
ð7Þ

In the formula above M221 denotes the impurity cation and
M121 is the initial surface cation, either calcium or magnesium.
The quantity DhydG1 is the Gibbs free energy of hydration of
the ion, calculated from experiment.12

The carbonate potential and its interaction with calcium
were those of Rohl et al.,13 which have been used to model
accurately the surface reconstruction of calcite. This potential
describes the polarisability of the oxygen ions using the shell
model.14 These potentials can be modified easily for use with
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the other carbonate minerals through combination with the
potentials of Fisler et al.15 to gain the cation–carbonate oxygen
potential. Cation–carbon potentials (Table 1) were determined
through scaling the A parameter of the Born-Mayer potential
for the Ca21–C interaction from Rohl et al.13 with respect to
variations in ionic radius, a method that has been employed
previously with success to derive potentials for ions of varying
size.16 The exception was the Mg21–C interaction which, given
its importance in the dolomite structure, was varied to optimise
lattice parameters and bulk modulus of dolomite and magne-
site (MgCO3). It was found, however, that the A parameter of
the cation–carbon potential contributes minimally to the total
system and as such varying its value has little effect on the bulk
and surface structures studied, because the cation–oxygen
potential dominates. Water potentials were those of de Leeuw
et al.,17 and modified by expressing the coulomb term as a
Morse potential for compatibility with the program used for
calculations, GULP 3.8 The cation–Owater potentials for the
impurity cations were scaled from the cation–Ocarbonate poten-
tial as described in Wright et al.10

Results

In this section we describe the results of our calculation on pure
and defective surfaces of dolomite. The suitability of the
potential parameters described in the previous section is de-
monstrated by comparing the calculated cell parameters and
bulk moduli of dolomite and other end-member carbonates

with those obtained from experiment. The data (Table 2) show
that the potentials are able to reproduce the bulk properties of
dolomite, with agreement between lattice parameters being
very favourable, lying within 0.7% of the experimental values.
Calculated data for the other end-member carbonates are also
in good agreement with experiment and thus the potentials are
suitable for simulating carbonate–metal interactions.

Dry surface results

In the first instance, we have calculated the structure and
energetics of pure dolomite surfaces under vacuum conditions.
Three non-polar surfaces were studied: the (10�14), (11�20) and
(30�30) surfaces, and one polar surface, the (10�21). The opti-
mised geometries for the non-polar surfaces are shown in Fig.
1. The relaxed surface energies of the dry surfaces are given in
Table 3 and show that the most stable surface is the (10�14),
followed by (10�21), (30�30) and then the (11�20) surface. This
follows similar trends to those previously reported,17 although
the magnitude of the surface energies is slightly lower, and the
relative stabilities of the (10�21) and the (30�30) surfaces are
reversed, so that the (10�21) surface is more stable. The relaxa-
tion of the (30�30) surface involves distortion of the planar
carbonate ion in order to stabilise the surface, and this out-of-
plane bending is less favourable with the present potential
model than is the case for previous models. In the present work
the potential has been optimised to describe carbonate ion both
in the bulk and in under-coordinated environments such as
surfaces. As a consequence of this improved description, which
keeps the carbonate ion more rigid with respect to torsion than
previous potentials, the (30�30) surface, in which this distortion
of planarity is of greater importance than at the (10�21) surface,
will be less stable in comparison.
In the case of the polar (10�21) surface, 4 possible different

cleavage planes were found. These result in 4 different termina-
tions (Fig. 2): the calcium terminated surface (0.000), the
carbonate-over-magnesium terminated surface (0.1218), the
magnesium terminated (0.3718) and carbonate-over-calcium
terminated (0.6282). All of these terminations are polar and

Table 1 Born-Mayer potentials used in this work

Born-Mayer potential: Ur ¼ A exp � r
r

� �

A/eV r/Å�1 Cutoff/Å

Ca core C core 120 000 000 0.120 00 10.0

Mg core C core 26 164 795.4 0.120 00 10.0

Fe core C core 90 909 090.91 0.120 00 10.0

Cd core C core 117 575 757.6 0.120 00 10.0

Mn core C core 98 181 818.18 0.120 00 10.0

Ni core C core 100 606 060.6 0.120 00 10.0

Zn core C core 89 696 969.7 0.120 00 10.0

Co core C core 95 757 575.76 0.120 00 10.0

Fe core Ow shell 1550.1075 0.265 07 10.1

Cd core Ow shell 3117.3763 0.256 30 10.1

Mn core Ow shell 1440.6645 0.272 68 10.1

Ni core Ow shell 1176.7798 0.266 61 10.1

Zn core Ow shell 741.1401 0.289 10 10.1

Co core Ow shell 788.8089 0.286 30 10.1

Table 2 (a) Bulk properties of dolomite. (b) Structural and elastic properties for the end-member carbonates from both theoretical calculations and

experiment

Literature This work

Total lattice energy/eV �88.32a �88.29
Bulk modulus/GPa 91b, 94c 93.26

a,b/Å 4.81d 4.80

c/Å 16.01d 15.89

c/a 3.33 3.31

End-member Bulk modulus/GPa

Experiment

Bulk modulus/GPa

This work

a,c/Å

Literature

a,c/Å

This work

c/a

Literature

c/a

This work

CdCO3 100 97 4.90, 16.39 4.88, 16.41 3.34 3.36

CoCO3 124 123 4.67, 14.89 4.64, 14.88 3.18 3.20

FeCO3 117 120 4.73, 15.25 4.70, 15.25 3.22 3.24

MnCO3 108 107 4.78, 15.56 4.76, 15.57 3.26 3.27

NiCO3 131 137 4.64, 14.73 4.61, 14.72 3.17 3.19

ZnCO3 123 122 4.67, 14.88 4.64, 14.88 3.19 3.21

a Ref. 27. b Ref. 28. c Ref. 16 - computational study, and references therein. d Ref. 29. e Ref. 16 and references therein.

Table 3 Surface energies for (10�14), (11�20), (30�30) and (10�21) surfaces

Surface g/J m�2

(10�14) 0.55

(11�20) 0.89

(30�30) 0.80

(10�21)0.3718 0.79
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must be reconstructed prior to relaxation. There are three
possible ways of reconstructing the surface, moving surface
ions either in a line parallel to the repeat unit boundaries,
denoted A, in a diagonal across the cell, B, or in a triangle, C
(within the 2 � 1 repeat unit). The combinations of these
different surface terminations and reconstructions were inves-
tigated, and the one that yielded the lowest surface energy was
selected, being the 0.3718 shift combined with reconstruction
A, which was 0.13 eV more stable than the other reconstruc-
tions. Due to constraints of computational expense, only this
termination and reconstruction were used to study impurity
substitutions at the (10�21) surface.

On comparing the energy difference between the pure and
defective surface blocks, a trend is apparent (Table 4). The
calculations containing impurities at surface calcium sites were
found to be consistently lower in energy than the respective
pure surface cell, in accordance with earlier work on the (10�14)
surface.7 In addition, the degree of cell stabilisation varies with
the ionic radius of the different cations studied, thus: Ni21 4
Co21 4 Zn21 4 Fe21 4 Mn21 4 Cd21, adhering to an
inverse relationship between cationic radius and a lowering in
energy of the surface. It was found that this stabilisation was
evident whenever the ionic radius of the impurity cation was
smaller than the substituted cation. Hence there is a stabilisa-
tion for substitutions at Mg sites for Ni, Co and Zn, because
they have similar ionic radii relative to the Mg cation. All the
impurity ions have smaller radii than the divalent Ca cation.
Fig. 3 shows the substitution energies for the surfaces studied,
calculated according to eqn (4). As shown, the dependency on
the ionic radii disappears when considering the exchange of
cations in a solid solution, except for substitutions at the
calcium site on the (10�14) surface, which are unfavourable.

It is evident, from examination of Fig. 3, that Cd and Mn
substitutions are most favourable at Mg sites on the (11�20)
surface, and that these ions will also favourably substitute at
the Ca site on this surface. Additionally, Zn has a very slightly
negative substitution enthalpy for this surface at the calcium
site. The substitution of zinc at magnesium sites is also very
slightly favourable for the (30�30) and (10�14) surfaces. The
preference for Mn to substitute at Mg sites in dolomite, but
also to substitute at Ca sites, has been observed experimen-
tally,18 supporting the findings in this study. The (10�21) surface
is not predicted to interact with the impurities according to the

model used. The values shown for this surface are for substitu-
tions at the most favourable site, as the surface Mg sites are
inequivalent due to the reconstruction. The structure of the
surface is illustrated in Fig. 4, showing that the magnesium ions
sink into the surface on relaxation, resulting in significant
stabilisation of the surface, reflected in the 2 eV difference in
surface energies between the relaxed and unrelaxed structures.
There is a slight preference for substitutions at site 1 over the
other two sites. Analysis of the surface geometries shows that
this magnesium cation is the least tightly bound of the three,
with the largest Mg–O distances for its nearest carbonate ion.
The trend in substitution energy for each surface can be

explained by the surface geometries; the distance between the
cation and the atoms in its immediate vicinity (Table 5), and
the differences between pure surfaces and those containing
impurities. The (11�20) surface is substituted most favourably
by Co, Zn, Mn and Cd cations. The structure of the (11�20)
surface is the most open, the carbonate ions do not distort over
or around a surface cation due to the surface structure. As can
be seen from Table 5, the (11�20) surface is the most open,
especially with respect to the magnesium sites. This has the
most importance for the larger cations and is an explanation
for the more negative substitution energies for this surface.
The (30�30) surface undergoes changes in the orientation of
alternate surface carbonate ions near the impurity cations
introduced at calcium sites, which leads to a lowering of the
surface energy. The extent of this re-orientation is far less at

Fig. 1 Surfaces viewed from above, (left to right) (10�14), (11�20)
and (30�30) [red ¼ oxygen, green ¼ carbon, purple ¼ magnesium,
blue ¼ calcium].

Fig. 2 Possible cuts on the (10�21) surface.

Table 4 Enthalpy difference between the pure surface and the defective surface, in eV

Impurity Ca (11�20) Ca (10�14) Ca (30�30) Mg (11�20) Mg (10�14) Mg (30�30)

Ni �3.59 �3.11 �3.52 �0.57 �0.65 �0.59
Co �3.07 �2.61 �3.00 �0.08 �0.10 �0.08
Zn �3.04 �2.59 �2.98 �0.06 �0.07 �0.06
Fe �2.71 �2.32 �2.56 0.22 0.32 0.42

Mn �2.14 �1.80 �1.96 0.73 0.93 1.03

Cd �1.28 �1.05 �1.08 1.47 1.92 1.97
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magnesium sites, where substitutions at the more open (10�14)
surface are preferable to those at the (30�30) surface for the
larger cations. When multiple substitutions were made at each
surface, it was found that there was no marked preference for
substitution site for impurity cations relative to each other.

Stepped surfaces substitutions

Steps were made on the (10�14) surface by creating a 2 � 2
supercell and displacing 3 Mg ions from the surface to the
bottom of the simulation block. The most favourable step
termination was found to be an acute termination for the
carbonate ion at one edge and calcium ions at the opposite
edge (Fig. 5), which was 0.02 J m�2 more stable than the
corresponding obtuse terminated structure. This acute termi-
nated configuration was used for the rest of the study into the
behaviour of defective surfaces. This finding is in contrast to a
recent study using the rigid ion model,19 which found that for
calcite the obtuse termination was very slightly (0.04 eV) more
favourable than the acute termination. The rigid ion model
does not fully describe the polarisability of the carbonate ion,
and therefore its behaviour in such an under-coordinated
environment as a step edge may not be adequately represented.
As the difference in energy between the two surfaces is expected
to be small, the inclusion of polarisability could reasonably be
expected to affect the relative energetics of the terminations in
such a way as that observed.

As with the perfect (10�14) surface, substitutions at the step
edges and terrace follow the same pattern with respect to ionic
radius when comparing the energies of the surface units. There
was, however, a degree of directionality in the substitutions
with respect to the favourability of the substitution site. Sub-
stitutions on this stepped surface are more exothermic than
those on the perfect surface, showing that naturally occurring
defects at the surface increase reactivity and cation exchange.
Addition of charge neutral units to the step edges was also
carried out and it was found, in accordance with previous
findings17,20 that the addition of one unit to form a kink is
slightly energetically unfavourable, but addition of units to
complete the step causes a re-stabilization of the surface.

For calcium site substitutions, it was most favourable to
substitute impurity cations at the step edge. Those sites at the
other end of the terrace are next favourable, and the least
favourable are those in the centre of the terrace. When multiple
substitutions are made, the step edge sites are substituted first,
followed by one of the sites furthest from the edge. Should a
substitution be made at an ‘a’ site in column I (Fig. 6), it is
slightly more favourable, by 0.05 eV, to substitute at a ‘c’ site,
rather than at the ‘a’ site in column II. Thereafter, there is little
directionality apparent except that the formation of rows, and
substitutions at the middle sites, are both less favourable, the
appearance of the former more so.

Fig. 7 shows that Fe impurities at the Ca site are markedly
less favourable than for the other cations, although Cd is also
less favourable. Examination of the surface shows that the
step-site calcium ions sink into the step and surface, such that
the larger cations Fe, Mn and Cd might be sterically disad-
vantaged for substitutions at these sites. This steric hindrance
counteracts the enthalpically favoured segregation of the larger
ions from their end-member carbonate minerals.
There is little difference between the substitution energies for

the various cations at the Mg sites. Magnesium sites nearest the
carbonate ion terminated step-edge are least favourable for
substitution of any cation. It can be seen that there is reor-
ientation of the carbonate ion at the step edge, a phenomenon
seen in calcite at step edges with acute carbonate termina-
tions.21 This reorientation results in a reduction of 1 Å in the
distance between carbonate oxygen atoms in neighbouring
rows, which traps the magnesium ions in their sites. Other
than the aforementioned, no significant selectivity has been
observed. Multiple substitutions of the larger ions at combina-
tions of Mg and Ca sites show that it is very slightly less
favourable, by 0.06 eV, to substitute nearest neighbour sites in
columns, all other things being equal. From examination of the
relaxed structures it is evident that this is probably due to an
increase in unfavourable steric interactions of the larger cations
with the carbonate ion that they each flank.

Wet surface

In order to study the effect of hydrating the surface, water was
approximated by the addition of a monolayer of water to the
(10�14) surface, which is the simplest and least computationally
expensive approximation. The most stable configuration
formed ‘bands’ at the surface (Fig. 8), via a network of
hydrogen bonds between both the water and the carbonate
oxygen atoms with hydrogen atoms. Previous studies have
found the most stable configuration to be one where the water
molecules point in the opposite direction to that in which the
carbonate ions lean.10,17 This study, however, finds that it is
energetically favourable, by 0.3 eV, for the water molecules to

Fig. 3 Substitution energies for dry dolomite surfaces.

Fig. 4 View of the relaxed reconstructed (10�21) surface from above.

Table 5 Average cation–nearest neighbour distance

Surface Average

Ca–neighbour

distance/Å

Average

Mg–neighbour

distance/Å

(10�14) 2.39 2.07

(30�30) 2.35 2.01

(11�20) 2.41 2.16
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face in the opposite direction to that previously found (Fig. 8)
and form hydrogen bonds with the oxygen atoms on the
carbonate ions that lean over the cation to which the water’s
oxygen atoms are attracted. There is also hydrogen bonding
evident between the water molecules over different cations,
such that the water oxygen over Mg hydrogen bonds to a
hydrogen of the water above Ca, so that the water forms
‘bands’ along the surface in the same direction as the rows of
cations. It is likely that the orientation of the water molecules
and the consequent network of hydrogen bonding do not have
a major influence on the energetics of substitution, as the
completion of the coordination of the cations will be the factor
with the strongest influence.

Upon hydration the surface is stabilised by 0.33 J m�2 giving
a surface energy of 0.22 J m�2. The cations and anions at the
dry surface are under-coordinated with respect to their bulk
environment, having a coordination number of 5 rather than of

6, respectively. The addition of a monolayer of water results in
the 6th, vacant site for each cation being occupied by the water
molecule’s oxygen atom, so that the surface geometry is
expected to more closely correspond to the bulk terminated
structure, resulting in stabilization of the surface.
Substitutions were carried out on the solvated surface in the

same manner as on the dry surface. Additionally, Ca and Mg
impurities were included, as these cations will be present in the
natural aqueous environment due to dolomite dissolution and
will be in competition with the other divalent cations.22 The
substitution energies, calculated according to eqn (7), are
reported in Table 6. As shown, all the energies are positive,
except for the substitution of a Ca cation at a magnesium site.
The preference for this substitution could be the route to
magnesian calcite formation and non-stoichiometry in dolo-
mite samples. All energies exhibit the expected behaviour of
substitutions being consistently more favourable at the Mg site,
which is a result of the more exothermic solvation energy of
magnesium in comparison to calcium, �19.0 eV compared to
�15.6 eV. This overwhelms the steric preference for calcium
site substitution that is particularly important in the case of the
larger cations. The self-energy of the water layer was found to
be constant, regardless of the impurity substitutions. The
substitution energies were found to arise from the interplay
between three factors: (a) the difference in solvation energies of
the cations; (b) the difference in the binding energy of the
monolayer of water to the surfaces; and (c) the energetic cost of
substituting an impurity at the mineral surface. The relative
individual contributions of these three factors to the overall
substitution energy in this aqueous model cannot be predicted
a priori without the use of methods such as those employed in
the present study.
The monolayer model does, however, have its deficiencies

when used to approximate bulk water. It has been shown that
at least three layers of water should be included in order to
describe properly the structure of water at mineral sur-
faces.23,24 Additionally, it is difficult to achieve a minimum
for monolayers on rough surfaces, and the use of the current
potential model does not allow for the investigation of water
dissociation on the surface. It is therefore evident that a better
description of solvation is necessary if substitution of aqueous
species is to be calculated reliably.

Fig. 5 Structure of the steps on the (10�14) surface.

Fig. 6 Stepped surface from above.

Fig. 7 Most favourable substitution energies for the (10�14) surface
with steps.

Fig. 8 Monolayer of water on the (10�14) surface of dolomite: Left—
from above, right—from the side showing three surface layers. Key: Ca
¼ blue, Mg¼ purple, O ¼ dark red (water)/red (carbonate), C ¼ green.

Table 6 Substitution energies for (10�14) surface with a monolayer of

water

Cation Esubs Ca site/eV Esubs Mg site/eV

Cd 1.48 1.06

Co 1.57 0.66

Fe 1.26 0.47

Ni 1.75 0.75

Mn 0.79 0.09

Zn 2.06 1.11

Ca n/a �0.27
Mg 0.96 n/a
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The results for substitutions modelled in an aqueous envir-
onment show that the dry surface substitutions do not contain
sufficient information to give qualitative results on the relative
cation order of substitution. It is, therefore, important to
include a water model when investigating substitutions at steps.
The monolayer model is inapplicable for the reasons men-
tioned previously, the stepped surface is too rough and will
allow for too many configurations for a minimum to be
reached. However, there are other problems with using the
monolayer method to solvate a stepped surface. Cations at
steps have more steric freedom to approach their solvated
species coordination number, which is often larger than the
octahedral coordination afforded by the bulk and surface-
monolayer models. The perturbations in the water layer result-
ing from the step mean that solvation with a monolayer is even
more approximate for stepped surfaces than for terraces.

Conclusions

The aim of this study is to work towards building a predictive
approach capable of forecasting the uptake of metallic species
onto minerals. To this end, the morphologically important
surfaces of dolomite have been studied using an extended
potential model to model both dry and wet terraces, and dry
stepped surfaces. Substitutions of pertinent divalent cations
were made at these surfaces. In the case of the dry surfaces, the
substitution energy was ascertained for the interaction between
dolomite and end-member carbonates, as would occur in solid-
solutions. In the investigation of substitutions at wet surfaces,
which was solvated with a monolayer of water, the experi-
mental solvation energy was used to model the thermodynamic
penalty of desolvating the impurity. Experimental data con-
cerning the uptake of metal species on carbonates are mainly
focused on calcite. However, site competitive behaviour is
expected for dolomite because of the two distinct cation surface
species which will lead to more complex substitution mechan-
isms. Currently, despite the importance of carbonate–aqueous
interfaces, there is rather a dearth of experimental data against
which predictions can be calibrated and referenced. This
absence of experimental data highlights the need to develop
computational models as a predictive tool, particularly as
experimental means of investigating mineral–water interfacial
chemical reactions pose difficulties due to reaction timescales.

The majority of relevant studies in the literature focus upon
the interaction of Mn with dolomite. Thermoluminescence25

and EPR18 experiments have shown preferential occupation of
the Mg site by Mn in geological dolomite samples, which is in
agreement with the predicted site selectivity under both dry and
wet conditions. For larger cations, increased selectivity of
substitution is found between different growth surfaces, a
phenomenon which has been observed at steps on calcite by
Reeder et al.26 Simulations at step sites on the (10�14) surface,
showed that all substitutions were more favourable at steps
than on a terrace, and this is supported by experimental
studies.26 Substitutions were universally more favourable at
Ca sites than Mg sites at the obtuse step, however this may be
an artefact of the geometry, so that further investigation is
required to determine the selectivity definitively. In order to
improve the model, alternative step geometries should be
studied and, in the light of the hydrated surface results, all
steps should be considered, with the use of a more sophisti-
cated solvation model to allow for the expansion of the cation’s
coordination number at the step.

On analysis of the wet (10�14) surface, it was found that the
substitution energy is influenced by three competing factors;
the solvation energy of the interested cations, the surface–
water binding energy and the exchange energy of impurities in
the surface block. These solvated calculations show that the
relative ordering of cation substitution in an aqueous system
differs to that predicted by dry substitution calculations alone,

and therefore some solvation method should be used to
incorporate hydration within the model. To improve the
simulation approach, a more sophisticated surface solvation
model than a monolayer is necessary, in order both to fully
understand the interaction of dolomite with aqueous species,
and to solvate the stepped surfaces realistically. A further
improvement would involve studying the barriers to inner-
and outer-sphere complexation for each of the cations on
dolomite, using the potential of mean force method, as recently
shown by Kerisit and Parker.23 Current work is exploiting the
continuum solvation model as a computationally inexpensive
method of hydrating the surface, which will be the focus of a
subsequent publication. This work demonstrates the usefulness
of simulation approaches in understanding the phenomenon of
speciation of metal ions on mineral surfaces, and emphasises
both the need to develop modelling schemes and the require-
ment for complementary experimental studies.
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