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Molecular models of a hydrated calcite mineral surface
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Abstract
Hydrated mineral surfaces play an important role in many processes in biological, geological, and industrial applications.
An energy force ﬁeld was developed for molecular mechanics and molecular dynamics simulations of hydrated carbonate minerals and was applied to investigate the behavior of water on the ð10
14Þ calcite surface. The force ﬁeld is a signiﬁcant development for large-scale molecular simulations of these systems, and provides good agreement with experimental and previous
modeling results. Simulations indicate that water molecules are signiﬁcantly ordered near the calcite surface. The predominant
surface conﬁguration (75–80%) results from coordination of a water molecule with a single calcium cation–carbonate anion
pair, while the less common situation involves water coordination with two ion pairs. Surface restructuring and variation in
coordination in the water layers results in distinct distances for water oxygens above the calcite surface—a two-component
ﬁrst monolayer (2.3 and 3.0 Å) and a secondary monolayer (5.0 Å). The diﬀerent coordinations also alter lateral displacement,
hydrogen bonding, and surface-normal orientation of the water molecules. The ordering of water molecules and the formation
of a unique hydrogen bonding network at the calcite surface inﬂuence the physical properties of the interfacial water. Surface
exchange of water molecules is observed by molecular dynamics simulation to occur at a rate of one exchange per 10 ps. Diffusion coeﬃcients derived from mean square displacement analysis of atomic trajectories indicate a dependence of water
transport based on the distance of the water molecules from the calcite surface.
 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Calcite is one of the most abundant minerals in the environment and is fundamentally important in a variety of
ﬁelds. The ð1014Þ family of crystal faces is the most stable
(Hwang et al., 2001) and by far the dominant observed
morphology of calcite in situ (Didymus et al., 1993). In
the environment, calcite dissolution and precipitation are
important regulators of global carbon cycling (Schlesinger,
1997), the chemistry of marine systems (Pilson, 1998), the
local pH and alkalinity of terrestrial environments (Stumm
and Morgan, 1996), aquifer heterogeneity and hydrologic
complexity (Stumm, 1992), and adsorption processes of
heavy metals and contaminant transport (Reeder et al.,
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2001). In industrial systems, heat-transfer eﬃciency is reduced by the growth of calcareous mineral scales (Stahl
et al., 2000), and in biological systems calcite is an important ingredient in biomineralization (Teng et al., 1998).
Most, if not all, of the important reactions for these systems
occurs in aqueous environments, and a fundamental understanding of the chemistry of the calcite surface interacting
with water molecules and aqueous solutes is essential.
Many research groups have helped develop our understanding of calcite surface behavior using a variety of experimental and theoretical techniques (Fenter et al., 2000;
Wright et al., 2001; Kerisit et al., 2003; Rohl et al., 2003;
Geissbühler et al., 2004; Kerisit et al., 2005). Fortunately,
recent advances in computing and processor speeds have allowed molecular simulation to become a powerful tool for
predictive modeling of interactions in these complex systems. However, the validity of the simulations is rooted in
developing the appropriate parameters to accurately describe a given system, especially for a system too large to
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be accurately described by state-of-the-art electronic structure methods. Additionally complicated are heterogeneous
systems, especially those involving interfaces, where molecular dynamics simulations require the transfer of energy
and momentum across an interface. For example, cleavage
of a calcite crystal will lead to a carbonate surface that
atomically rearranges in response to water exposure that
will, in turn, form hydration layers in response to the structure of the substrate and associated electrostatic potential.
Predictive molecular simulation requires development of
empirical energy force ﬁelds that can accurately simulate inter- and intra-molecular interactions in complex, heterogeneous systems with diﬀerent molecular types (Kollman,
1996). Development of an energy force ﬁeld to accurately
describe the structure and energy of calcite and calcite–
water systems has received signiﬁcant attention over the last
10 years (Pavese et al., 1992; Titiloye et al., 1993; de Leeuw
and Parker, 1997; Titiloye et al., 1998; Fisler et al., 2000;
Hwang et al., 2001; Wright et al., 2001; Cygan et al.,
2002; Duckworth et al., 2003; Kerisit et al., 2003; de Leeuw
and Cooper, 2004; Duﬀy and Harding, 2004; Kerisit and
Parker, 2004a,b). However, most of the initial eﬀorts to
simulate calcite surfaces and calcite–water interfaces relied
on interaction parameters derived from bulk calcite systems
(e.g., Pavese et al., 1992 and Fisler et al., 2000). Simulations
involving shell models, especially those that allow for electronic polarization of carbonate oxygen (e.g., Wright et al.,
2001, Kerisit et al., 2003, Kerisit and Parker, 2004a) provide an improved approach for the combined atomistic
and electronic relaxation of carbonate surfaces and a more
accurate response of water molecules in large electrostatic
potentials. However, these computational methods are
somewhat diﬃcult to implement (e.g., Lamoureux and
Roux, 2003), especially for large-scale simulations (many
tens and hundreds of thousands of atoms for perhaps a million time steps), and often require specialized software.
With the inclusion of additional interaction terms, the
shell-based water models typically improve the descriptions
of the structure of water but often at the expense of accuracy in predicting thermodynamic values (Chen et al.,
2000; Chialvo et al., 2000; Rick and Stuart, 2002). In order
to provide an alternative approach for the computational
chemist, we have developed a simple yet accurate force ﬁeld
for calcite–water systems that uses the rigid ion approximation and Lennard–Jones (12–6) potentials for nonbonded
interactions that can be easily incorporated in most academic and commercial software codes.
In the current study, we develop a molecular mechanics
force ﬁeld for the classical simulation (molecular dynamics
and Monte Carlo methods) of calcite and calcite-aqueous
interfaces, and which includes ﬂexible water molecules to
represent the explicit hydration of the calcite surface. The
parameters for water molecules are derived from a modiﬁed
simple point charge (SPC) water model (Berendsen et al.,
1981), which has previously been shown to accurately predict water dynamic and structural properties (van der Spoel
et al., 1998). The SPC model was modiﬁed to include terms
for molecular ﬂexibility (Teleman et al., 1987) that can
potentially be used to asses molecular vibrations using
velocity autocorrelation methods (e.g., Corongiu and Cle-
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menti, 1993). Parameters for the calcite were complied from
previous theoretical studies of various carbonate minerals
(Fisler et al., 2000; Duckworth et al., 2003) and combined
with those for ﬂexible SPC water model. The force ﬁeld
herein is an improvement on alternate models because it
incorporates atomic and molecular ﬂexibility that more reliably reproduces the transfer of momentum during dynamic
simulations, which can have important eﬀects on physical
properties such as atomic relaxation and diﬀusion processes
near an interface. A complete description of the force ﬁeld
is presented, as well as results from molecular dynamics
simulation for the hydration eﬀects on calcite structure,
arrangement of water molecules on the common ð10
14Þ calcite surface, and the eﬀect of water conﬁguration on physical properties. The theoretical results are also compared
to recent experimental studies.
2. METHODS
2.1. Force ﬁeld theory and development
An energy-based empirical force ﬁeld was developed for
modeling carbonate minerals with explicit water hydration.
Parameters for calcite were developed (Fisler et al., 2000;
Duckworth et al., 2003), and a single point charge (SPC)
water model (Berendsen et al., 1981) was used to parameterize the water interactions (Cygan et al., 2004). The ﬂexible SPC model relies on implicit hydrogen bonding, which
reduces the number of force ﬁeld parameters while maintaining modeling accuracy. The simple water parameters
used in this study are an attractive alternative to the shell
model (Kerisit and Parker, 2004b) because they are computationally faster and more adaptable to similar modeling efforts while maintaining accurate structure and
thermodynamics. The current force ﬁeld describes the potential energy of a chemical system through summation of
individual interatomic energies and the geometry of the
molecular conﬁgurations as (Cygan, 2001):
Etotal ¼ ECoul þ EVDW þ Ebondstretch þ Eanglebend þ Einversions ;
ð1Þ
where ECoul and EVDW are the non-bonded energy terms,
and Ebondstretch, Eanglebend, and Einversions are the bonded energy terms, as will be discussed in detail following. The
parameters for atoms (Table 1), non-bonded terms (Table
2), and bonded terms (Table 3) are summarized.
The Coulombic energy (ECoul) is inversely proportional
to the distance of separation (r) of the species (i, j) by:

Table 1
Atom descriptions and designations
Element

Description

Symbol

Charge (e)

H
O
O
C
Ca

Water hydrogen
Water oxygen
Carbonate oxygen
Carbonate carbon
Calcium

h*
o*
o
c
Ca

0.4100
0.8200
1.1145
1.3435
2.0000
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et al. (2003) (Table 2). Comparison of modeling simulations
with experimental work for the bulk and surface carbonate
structures are detailed in these previous computational
studies. Simulation results for the new force ﬁeld were compared to the original set of simulations to conﬁrm the accuracy of the new set of potentials. The calcium–water
potential is consistent with other SPC-based water models
used to describe the behavior of the solvated calcium ion
(e.g., Åqvist, 1990, Koneshan et al., 1998). Note that atom
type nomenclature is presented in the accompanying tables
to distinguish among the various chemistries for any particular element (water oxygen versus carbonate oxygen; o*
versus o). Interaction parameters for other atom pairs were
derived using standard combination rules for arithmetic
distance (R0) and geometric energy (D0) parameters following (Halgren, 1992) (Table 2).
The bonded energy terms include bond stretch (Ebondstretch),
angle bend (Eanglebend), and inversions (Einversions). The bond
stretch energy of the hydroxyl (o*–h*) in SPC water is
described by a harmonic relationship:

Table 2
Non-bonded parameters for the force ﬁeld
Interacting atoms
Species i

Species j

Ro (Å)

Do (kcal/mol)

o*
o
o
Ca
Ca
h
h
h*
ho
h
c

o*
o*
o
o*
o
o*
o
o
o
Ca
o*

3.5532
4.4266
5.9000
5.6000
4.9460
3.1516
4.0250
4.0250
4.0250
3.6710
3.8066

1.5540E01
6.9687E05
4.5000E08
3.4000E04
1.4555E03
7.6845E02
3.4460E05
3.4460E05
3.4460E05
1.6051
1.5165E01

ECoul ¼

e2 X qi qj
4peo i6¼j rij

ð2Þ

where q are the partial charges (Table 1), e is the charge of
an electron, and eO is the dielectric permittivity of vacuum.
The equation represents a double summation over the interaction of atoms i and j, avoiding the evaluation of any repeat atom pairings (i „ j).
The van der Waals energy (EVDW) is represented by the
Lennard–Jones (12–6) function using the convention of potential energy well depth D0 at an equilibrium distance R0.
It contains short-range repulsions associated with the increase in energy as two atoms approach each other and
the attractive dispersion energy:
"
12

6 #
X
Ro;ij
Ro;ij
Do;ij
2
ð3Þ
EVDW ¼
rij
rij
i6¼j

1
 –h
Eobondstretch;ij
¼ k 1 ðrij  ro Þ2
2

ð4Þ

where k1 is a force constant and rO represents the equilibrium bond length (Table 3). Alternately, a Morse potential
is utilized to calculate the energy for carbonate bonds (c–o)
via:
aðrro Þ
Ec–o
 1Þ2
bondstretch;ij ¼ De ðe

ð5Þ

where De is the bond dissociation energy, a is a constant for
the given bond dependent on the vibrational force constant,
and rO is the equilibrium bond distance (Table 3). The carbonate (o–c–o) and water (h*–o*–h*) angle bend energy is
described using a harmonic potential as:

The empirical Lennard–Jones terms for atom pairs within
the mineral surface (calcite calcium and carbonate oxygen,
Ca–o; carbonate oxygen and carbonate oxygen, o–o) and
for interfacial interactions such as calcite calcium and water
oxygen (Ca–o*) are derived from observed structural and
physical property data, and were adapted to the force ﬁeld
by combination rules and conversions of Buckingham
potentials taken from Fisler et al. (2000) and Duckworth

1
Eanglebend;ijk ¼ k 2 ðhijk  ho Þ2
2

ð6Þ

where k2 is an empirical force constant and ho is the equilibrium bond angle (Table 3). The bond inversion energy of
the carbonate anion results from out-of-plane distortion
of the dihedral angle (u) as calculated by a four-body
(c–o–o–o) potential in:

Table 3
Bonded parameters for the force ﬁeld
Species i

Species j

Potential

k1 (kcal/mol Å2)

ro (Å)

Bond stretch
o*

h*

Harmonic

1108.2697

1

Species i

Species j

Potential

De (kcal/mol)

a (Å1)

ro (Å)

c

o

Morse

1467.7156

1.294

115.3045

2

Species i

Species j

Species k

k2 (kcal/mol rad )

ho ()

Angle bend
h*
o

o*
c

h*
o

91.5392
49.4981

109.47
120

Species i

Species j

Species k

Species l

ki (kcal/mol)

Inversions
c

o

o

o

122.8
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1
Einversion;ijkl ¼ k i ð1 þ cos uÞ2
2
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ð7Þ

where ki is a force constant (Table 3). The dihedral angle
decreases and the inversion energy increases as the oxygen
atom is deﬂected out of plane. The present force ﬁeld includes a stronger inversion parameter (Rohl et al., 2003)
than used in previous carbonate models, which was implemented in the static molecular simulations of Duckworth
et al. (2003).
2.2. Modeling simulations and analysis
The dimensions of the simulation cell with periodic
boundary conditions were 24.0 · 29.7 · 56.8 Å and consisted of a 10 Å-thick vacuum region above a 34 Å-thick
solution (water-ﬁlled) region above a 22 Å-thick substrate
originally created from the ð1014Þ cleavage of calcite
based on the experimental crystal structure (Eﬀenberger
et al., 1981). The ð1014Þ calcite surface is charge neutral,
which assures that there is no signiﬁcant polarization
associated with any of the interfaces (calcite–water,
water–vacuum, and calcite–vacuum) created by the slab
model (Duckworth et al., 2003). At circumneutral conditions, the calcite surface is approximately neutral with
charge separation (van Cappellen et al., 1993; Pokrovsky
et al., 1999, 2000; Fenter et al., 2000; Pokrovsky and
Schott, 2002; Duckworth et al., 2003; Salinas-Nolasco
et al., 2004). Assuming equilibrium conditions for the calcite, protonated surface and solvated metal and bicarbonate species were omitted from the simulation cell.
Dissociation constants and relative concentrations of
charged species, their equilibrium contributions would
be negligible compared to the net-neutral calcite surface
for the circumneutral pH conditions; only Ca2+ and
CO3 2 surface species and their water associated complexes are examined. Fig. 1 provides a graphic representation of the periodic cell used in the molecular
dynamics simulations.
Molecular simulations were performed using spline
cutoﬀs of 8.0 Å and 8.5 Å for the short-range van der
Waals interactions and long-range Ewald sums for Coulombic interactions (Tosi, 1964). All molecular dynamics
simulations were performed as NVT canonical ensembles
where volume and temperature conditions were maintained statistically constant (Allen and Tildesley, 1987).
The vacuum gap created above the solution (liquid–vapor
interface) assures equilibration to the appropriate density
of the aqueous phase where the water (or aqueous solution) can freely expand or compress. A Nosé–Hoover
thermostat (Hoover, 1985) maintained at 300 K was used
to control temperature during the simulations with a
relaxation time of 0.1 ps. The Verlet velocity algorithm
was used to obtain accurate integration of the dynamics
equations and statistical ensembles (Verlet, 1967). Simulations were allowed to equilibrate using a 1-fs time step
for an initial 100 ps period followed by a 1-ns production
period for obtaining equilibrium statistics on energy and
structure. The results of the molecular dynamics simulations are derived from analysis of the complete 1 ns
atomic trajectories.

Fig. 1. Snapshot of simulation cell from molecular dynamics
showing the bulk crystal terminating at the ð1014Þ face, a
multilayered water-solvated region, and a region of vacuum.
Atoms are colored coded as follows: calcium (blue), oxygen (red),
carbon (dark grey), hydrogen (light grey).

3. RESULTS AND DISCUSSION
Molecular dynamics simulations of explicit water molecules on the ð10
14Þ surface of calcite were conducted. The
periodic slab-based simulation cell includes approximately
ten layers of water molecules capped by a vacuum space
to allow expansion and contraction of the water region.
The large-scale simulations take advantage of a relatively
simple fully-ﬂexible force ﬁeld to accurately reproduce the
structure of the calcite–water interface. The results of
the simulations are organized as follows: the eﬀects of
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hydration on calcite structure, the structure and conﬁguration of water layers on the mineral surface, and the eﬀects
of surface water organization on physical properties of
water, such as the rates of molecular water exchange on
the calcite surface and water diﬀusion.
3.1. Hydration eﬀects on calcite structure
The surface structure of the mineral as inﬂuenced by
water is important for understanding calcite dissolution
and reactivity. We observed that water molecules strongly
interact with the ð1014Þ calcite surface and attenuate the degree of relaxation normally associated with the calcite surface when exposed in vacuum (de Leeuw and Parker, 1998;
Fisler et al., 2000; Duckworth et al., 2003). The molecular
simulations suggest an equilibrium system of alternating
layers of calcium with variable ion spacing and carbonate
group inversions. Additionally, the simulations provide insights regarding the ranges of atomic motion not necessarily obtained through traditional static energy optimizations.
Water molecules and their hydrogen-bonding network
aﬀected the displacement of calcium ions in the calcite
structure. In an idealized crystal structure without molecular rearrangement or surface relaxation, the ð1014Þ planes
with calcium ions are separated from each other by
3.03 Å (in the z-axis direction for the simulation cell). The
mean outward displacement of the calcium ions of the surface layer in our simulation are 0.12 Å (relative to an unrelaxed structure) with a variation of 0.11 Å. While the
variation is larger than the experimental observations of
Geissbühler et al. (2004) (0.017 ± 0.004 Å), the molecular
dynamics simulation provides reasonable agreement for
the mean displacement. The atomic relaxations in the
uppermost layer require that subsequent layers restructure
in an alternating fashion to accommodate strain on the
crystal lattice (Wright et al., 2001). In the calcite layers closest to the water molecules, calcium ions are displaced out of
the bulk position toward the aqueous phase. The attraction
of the positively charged cations into the water region is primarily the result of the strong electrostatic interaction with
the negatively-charged SPC oxygen and its attempt to complete the calcium coordination sphere (Wright et al., 2001).
Lateral displacements of the calcium ions are also observed
and typically vary by about 0.3 Å from the equilibrium position (see Geissbühler et al., 2004). A similar surface relaxation for calcium ions was observed at the vacuum exposed
surface of the slab model.
The conﬁguration of water molecules on the surface also
inﬂuences the inversion angles of the carbonate anions in
the calcite substrate. These inversions increase bond strain
and energy but serve to stabilize van der Waals and Coulombic forces caused by atom displacements throughout
the system (Wright et al., 2001). Inversion is associated with
a four-body potential and the deﬂection of carbonate oxygen atoms out of the plane of the carbonate anion; it is an
independent of relaxation and tilting of the entire carbonate
group into the bulk crystal structure. An idealized, planar
carbonate group will have a null inversion angle (u = 0).
Displacement of the carbonate oxygen atoms out-of-plane
into solution resulted in a positive inversion angle, while

a negative angle indicated bending towards the vacuum region. In our simulations, the greatest inversion angles were
observed on the calcite interior (
u ¼ 2:0  1:7 ). However,
the hydrogen bonding among surface water molecules appeared to stabilize the most exterior carbonate groups with
 ¼ 1:4  1:6 . The surface carbonate monolayers are less
u
inverted than in the bulk, presumably because of the stabilization of the carbonate groups by hydrogen bonding with
the surface water molecules.
The movement of calcium ions and changes in carbonate
inversions are coincidental. For example, when calcium
ions are displaced into the aqueous region, there is a correlated inversion of carbonate bonds towards the water. The
concurrent alternating pattern for calcium ion displacement
and carbonate inversion was apparent. These synchronized
movements are likely the result of long-range Coulombic
interactions of the calcium ions and the partial negative
charges on the carbonate oxygen atoms.
3.2. Arrangement of water on the ð10
14Þ calcite surface
As much as water aﬀects the calcite surface structure, the
potential energy topology—controlled by Coulombic and
van der Waals forces at the calcite surface—aﬀects surface
water organization. Radial distribution functions (RDF
or g(r)) performed on manually selected water layers from
our simulations demonstrate the variation in interatomic
distances for several atom pairs (Fig. 2). The distance between oxygen atoms of the ﬁrst monolayer of water molecules (o*–o*) is tightly organized with a dominant peak
for an adjacent water molecule near 2.9 Å, similar to the
simulation results of Kerisit et al. (2003). The second monolayer and bulk water molecules exhibit a similar peak with
successively decreasing g(r) near 2.8 Å. The slight diﬀerence
in RDF between the ﬁrst and outer layers is associated
with the distances between the surface water molecules

Fig. 2. Interatomic radial distribution functions for: ﬁrst monolayer o*–o* (solid black), second monolayer o*–o* (small dash
black), bulk o*–o* (large dash black), o*–o* bulk water (dark grey),
and Ca–o* (light grey).
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(hydrogen bond distances) being extended due to strong
interactions with the highly charged calcium (and carbonate) ions in the mineral surface.
The RDF of the oxygen atoms of the water molecules in
the presence of the ð1014Þ calcite surface is similar to that
obtained for oxygen derived from a bulk water simulation
(Fig. 2). A molecular dynamics simulation representing
bulk water was performed for 512 water molecules as an
NVT canonical ensemble, similar to simulations completed
for the calcite–water interface. Excluding the slight perturbation in the ﬁrst water monolayer, the RDF peak for nearest-neighbor oxygen are similar in both simulations,
indicating that the calcite surface did not signiﬁcantly aﬀect
water molecule spacing in layers above the ﬁrst water
monolayer. However, the 0.1-Å shift in the RDF of the ﬁrst
monolayer indicates that water molecules are slightly laterally spread across the surface by interaction with the calcite
calcium cations and carbonate anions thereby increasing
the o*–o* g(r).
In our data, the RDF of the ﬁrst monolayer of water
exhibits a second major peak at 6.3 Å (Fig. 2). We attribute
the dominant RDF peaks to two types of surface coordinated water molecules. The RDF peak at 2.9 Å is the dominant single coordination water molecules; the RDF peak at
4.5 Å is due to tetrahedral ordering of water molecules due
to hydrogen bonding with other water molecules; and the
peak at 6.3 Å is associated with the separation of water
molecules induced by double-coordinated water molecules
(viz. Fig. 4). In their simulations with lower partial charges
assigned to the atoms of the carbonate anion, Kerisit et al.
(2003) observed a dominant peak at 4.725 Å, which they
attributed to modiﬁcation of the surface water structure
by interaction with calcite calcium cations. The discrepancies between the modeling measurements in this study and
in Kerisit et al. (2003) on the lateral displacement of water
molecules in the ﬁrst monolayer, and the resulting changes
in properties, will continue to be a challenge to reconcile
with the experimental results of Geissbühler et al. (2004).
Density proﬁles derived from the simulations of the
atom types near the ð1014Þ calcite surface further demonstrate the ordering of water molecules in two surface coordination modes. Water molecules are controlled, in part, by
the position of calcium ions and orientation of carbonate
anions in the immediate calcite surface. The complete
hydration of these charged surface features and their complex topology are important determinants of water molecule ordering and physical properties as has been
observed experimentally (Geissbühler et al., 2004). For a given calcium carbonate molecular pair on the ð1014Þ calcite
surface, two oxygen atoms are oriented diagonally out of
the mineral surface plane, and one is positioned in the
opposite direction. The orientation alternates by layer (detailed side view of Fig. 1; see Fig. 4 of Duckworth et al.,
2003). The carbonate carbon atoms and calcium ions reside
between these oxygen atoms (Fig. 3a). In our simulations,
relaxation of the exterior-most carbonate oxygen atoms
into the mineral bulk is observed (Fig. 3a) (Duckworth
et al., 2003; Fenter et al., 2000; Fenter and Sturchio,
1999; Geissbühler et al., 2004; Kerisit et al., 2003; Rohl
et al., 2003; Wright et al., 2001), reducing the eﬀective sur-
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Fig. 3. (a) Atomic density proﬁles near the ð1014Þ calcite surface
for water atoms, o* (blue), h* (grey) and calcite atoms, Ca (red), c
(black), and o (green). (b) Contour plot of water molecule dipole
orientation normal to the calcite surface (arbitrary units).

face corrugation. The density proﬁles of atoms near the calcite surface reveal insights about their coordination and
orientation at the surface. There is a dominant water oxygen (o*) density peak OW1 with secondary peaks OW2 and
OW3 (Fig. 3A). Following previous convention (Geissbühler
et al., 2004; Kerisit and Parker, 2004a), the OW1 and OW2
water layers are both components of the ﬁrst water layer,
while OW3 is the second water layer. The z-axis position
of OW1(z1), OW2(z2), and OW3(z3) above the calcite ð10
14Þ
surface, as deﬁned by the plane of mean calcium ion position, is similar to several previous experimental and theoretical studies (Table 4). Lateral (xy) displacement and
orientation of the water molecules in our studies are also
similar to previous experimental and simulation studies
(Geissbühler et al., 2004; Kerisit and Parker, 2004a,
respectively).
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Table 4
Comparison of experimental and theoretical parameters of water monolayers on the ð1014Þ calcite surface
Technique

z1 (Å)

z2 (Å)

z3 (Å)

Ref.

X-ray scattering
X-ray scattering
Modeling
Modeling

2.3 ± 0.1
2.5 ± 0.12
2.2
2.38a
2.37b
2.45c
2.55
2.4
2.3

3.45 ± 0.2
—
3.2

5.25
—
5.0

Geissbühler et al. (2004)
Fenter et al. (2000)
Kerisit and Parker (2004a)
Kerisit et al. (2003)

—
—
3.0

—
—
5.0

Wright et al. (2001)
de Leeuw and Cooper (2004)
This study

Modeling
Modeling
Modeling
a
b
c

Atomistic model.
Electronic structure calculation.
Molecular dynamics simulation.

We attribute the OW1 peak to single coordination of
water molecules with the calcite surface, where a water molecule interacted and formed hydrogen bonds with a single
calcium ion and carbonate group (Fig. 4a). The OW2 is
attributed to double coordination with the surface, where
a water molecule interacts with two sets of surface carbonate
groups (Fig. 4a). These arrangements are consistent with the
position of the hydrogen atoms of both the OW1 and OW2,
with the hydrogen atoms pointing toward carbonate oxygen
atoms in the calcite surface (Hwang et al., 2001; Wang et al.,
2005). The OW1 and OW2 carbonate-associated hydrogen
atoms are combined in the h* peak at 1.9 Å, which results
in the relatively high intensity of this peak (Fig. 3a). The lone
hydrogen held away from the surface in OW1 results in the h*
peak at 3.2 Å, which is appropriate for the covalent water
bond held perpendicular to the calcite surface. The OW3
peak is associated with the second water layer. The dual surface water arrangements are also supported by the relative
peak intensities of OW2 to OW1 (0.23) compared to observed
frequency of double—versus single—coordination (0.20)
based on the counts of the surface water position in the simulation cell at multiple time steps.
The water molecules are distinctly arranged in two surface arrangements as characterized by their dipole orientations normal to the surface. Water molecules were bisected
by their dipole in the charge-positive to charge-negative
direction following standard convention. Dipole orientation of the water molecule was classiﬁed according to the
disposition of the bisector angle relative to the vector normal to the calcite surface (Wang et al., 2005). The water dipole angle with 0 < / < 90 is characterized by a water
oxygen oriented towards the surface with the hydrogens directed away, while at 90 < / < 180 the opposite occurs
(viz. Fig. 4b). In the ﬁrst water layer two major orientations
normal to the surface are apparent (Fig. 3b). Most water
molecules are oriented near the surface with single coordination (OW1) have an average dipole angle orientation of
/OW1 ¼ 68 . The double coordinated (OW2) water molecules
have an average orientation of /OW 2 ¼ 143 . There is also
some organization of the second water layer with similar
orientations as well as a consistent range of orientations
that avoid the 0 and 180 extremes. These data further support deﬁning the bi-distribution of water molecule orientations near the calcite surface.

Hydrogen bonding is involved in the ordering of water
molecules near the calcite surface and in the bulk aqueous
phase. The type and total number of hydrogen bonds experienced by water molecules and variation of the average
fraction of water molecules with diﬀerent numbers of
hydrogen bonds as a function of distance from the calcite
surface can be compared as has been done previously for
muscovite-water system (Wang et al., 2005). There are
approximately two hydrogen bonds per water molecule in
the ﬁrst water layer (2 Å) near the calcite surface
(Fig. 5a). This number increases moving further into the
bulk solution with a slight dip at the transition into the second water layer (3.5 Å) resulting from the coincidental
declining interaction of carbonate interactions and increasing bulk water interactions. The bulk water equilibrates at
an average of 3.5 hydrogen bonds per water molecule at
>5 Å with carbonate interactions no longer evident. The
number of hydrogen bonds associated with each water molecule also is variable depending on the proximity to the calcite surface. There is a single dominant peak of water
molecules with two hydrogen bonds at 1.6 Å (Fig. 5b),
which is the result of the presence of only single-coordinated water molecules closely bound to the calcite surface
at this distance (viz. Fig. 4a). However, the ﬁrst water layer
also includes OW2 water molecules having on average three
and four hydrogen bonds at an average distance of 3.1 Å.
Water molecules at 1.7 > Å > 2.5, experience a mixture of
one, two, and three hydrogen bonds. Hence, beyond this
ﬁrst water layer the transition into the second water layer
results in a decline in total hydrogen bonding. Above 4 Å,
the bulk water structure is approached with increasing
importance of four hydrogen bonded water molecules and
equilibrium bulk water is achieved at >5 Å with three and
four hydrogen bonded water as the major species. Near
the water–vapor interface (at approximately 24 Å), the
number of hydrogen bonds experienced by each water molecule steadily declines; this change in bonding is the result
of the vapor state of the molecules and not due to longrange surface properties. These details of the hydrogen
bonding are consistent with our previous description of
water orientations near the calcite surface, and conﬁrm that
the water behavior in the bulk phase is similar to previous
simulation work (van der Spoel et al., 1998; Wang et al.,
2005).
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Fig. 4. Schematic of the diﬀerent surface water coordination arrangements associated with OW1 and OW2 from two view points. In the ﬁrst
(a), dashed lines represent non-bonded Ca–o* and o–h* interactions and show the distances between interacting atoms in Angstroms. The
second view point (b) shows a 90 rotated view with representations of the water dipole normal to the calcite surface (Water orientation
pictures are descriptive of surface orientation but do not represent the average value; images were created from a single snapshot of the
dynamics simulation.). Atoms are color coded similar to Fig. 3a.

Molecular dynamic simulations performed by Kerisit
and Parker (2004a) determined that the diﬀerent modes of
adsorption in the ﬁrst monolayer (OW1 vs. OW2) occur in
a 1:1 ratio as determined by their similar adsorption free
energies. Other modeling eﬀorts for hydrated calcite systems found that surface water molecules lay ﬂat on the surface in alternating orientations but these simulations were
performed using only a water monolayer (de Leeuw and
Parker, 1997; Kerisit et al., 2003). The robustness of our
force ﬁeld parameter set may allow for additional insights
into the dynamic properties of the water molecules as determined by their surface coordination and hydrogen bonding
with the upper water layers, and may be more reliable
because of the eﬀect on important surface-mediated properties, namely surface exchange of water and the near-surface
diﬀusion of water.
Molecular simulations provide additional insights that
may not be accessible by experimental techniques, speciﬁcally in cases where small numbers and relative mobility
of individual atoms are masked by other processes.

Geissbühler et al. (2004) stated: ‘‘the lower [z-axis] height
for OW1 suggests a chemical interaction with the calcite surface, while the larger height for OW2 suggests. . .a weaker,
non-speciﬁc interaction with the calcite surface.’’ Our simulations indicate that the double coordination of OW2 is a
stronger, or, at least more, stable interaction. Fig. 6 shows
contours of the relative atomic densities of atoms at the calcite–water interface. Single-coordinated water molecules
are the dominant surface species. However, double-coordinated water molecules can also be observed, such as those
highlighted in Fig. 6. These water molecules are less mobile
on the calcite surface, as evidenced by the more dense contours indicating that the water molecules are more ﬁxed
than OW1 water molecules, in disagreement with the suggestion of Geissbühler et al. (2004). The authors of this previous study rationalized that the closer physical association
of the OW1 oxygen atoms with the calcite calcium ions resulted in stronger surface interactions. We suggest that,
although the OW2 oxygen atoms are further from the surface, the double coordination and additive eﬀect of both
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 calcite
Fig. 6. Atomic density contours of water on the ð1014Þ
surface at 200 ps. Double coordinated (OW2) molecules are circled
in the plot for the 200-ps data set. Atoms are color coded similar to
Fig. 3.

Fig. 5. (a) Type and total number of hydrogen bonds experienced
by water molecules (a) and variation of the average fraction of
water molecules with diﬀerent numbers of hydrogen bonds (b) in
relation to distance from the calcite surface.

water hydrogen atoms held close to the surface (viz. Figs.
3a, 4a, and 5b) result in a greater net surface stability and
less molecular translation of the waters. Molecular modeling provides additional information about the atomistic detail of atomic interactions that can have dramatic import.
For example, understanding the arrangement of water molecules at the surface assists in the determination of the
adsorption of aqueous ions. Also, the major eﬀect of double
coordination on surface ordering of water molecules may
play a role in the observed large entropy change of water
molecules near the ð1014Þ calcite surface (Geissbühler
et al., 2004; Kerisit and Parker, 2004a).
3.3. Eﬀect of water arrangement on physical properties
The disposition of water molecules at the calcite surface
aﬀects important physical properties including exchange
and transport processes. The strong association of the
water molecules resulting from the surface charge distribution controls the exchange rate of water molecules. It ap-

pears that under our simulation conditions, double
coordinated waters (OW2) do not readily exchange as those
that are single coordinated (OW1), as indicated by the relative density of contour lines in Fig. 6.
Considering all water molecules in the ﬁrst monolayer,
we observe a consistent water molecule exchange rate
(Fig. 7d). Water molecules were only considered exchanged
when they moved away from the surface and another water
molecule, either from the bulk or the surface, replaced their
position on the surface. All exchanged water molecules remained in the bulk and did not reform a surface association
during this simulation. In the initial 200 ps of the equilibrated molecular dynamics simulation, water molecules
that were originally associated with the calcite surface were
able to move approximately half way (15 Å) across the periodic simulation cell in the z-axis (Fig. 7a–c). Conversely,
water molecules originally close to the water–vacuum interface, were capable of traversing the entire water region
(30 Å) in the same time period (Fig. 7e and f). The strong
calcite–water interactions inﬂuences the water exchange
rate, which limits movement of the water molecules into
the bulk solution, and, therefore, how far they can diﬀuse
in a given time period. Additionally, only single coordinated (OW1) water molecules successfully exchanged at
the surface, while OW2 molecules maintained surface associations and position during the ﬁrst 200 ps of the simulation.
However, OW2 molecules do exchange with suﬃcient simulation time and further aﬀected the properties of water at
the surface. Presumably, modiﬁcation of the simulation
conditions, such as increased temperature, would allow
augmented exchange of the double coordinated water
molecules.
The strength of the calcite–water interactions also inﬂuences the diﬀusion rate of the water molecules in these systems. We observe an average diﬀusion rate of 2.1 · 109
m2 s1 for water molecules near the calcite–water interface.
Diﬀusion rates are derived from the analysis of mean square

Molecular models of hydrated calcite

5885

and surface speciation may aﬀect the diﬀusion rates of surface-associated water molecules but we assume these factors
to be of secondary importance, at least for the circumneutral
pH conditions of the simulation.
4. CONCLUSIONS

Fig. 7. (a–c) Time series simulation screen captures of exchanging
water molecules on the ð1014Þ calcite surface obtained from the
molecular dynamics trajectory. Only OW1 water molecules
exchanged during this simulation period. Water oxygen molecules
are visible for clarity and have been color-coded according to when
they are exchanged at the surface (viz. d). The vacuum and calcite
labels in (a) are consistent for all screen captures. (d) Summary of the
number of exchanged water molecules (k) over time with a line ﬁt to
the resulting data. (e, f) In comparison, water molecules from the
same simulation at the vacuum interface (all red) have signiﬁcantly
more mobility in the medium over the same time period. These data
were collected for the ﬁrst 200 ps of the simulation.

displacements of water oxygen atoms from the atomic trajectories; bin volumes of water molecules were examined every
3 Å from the calcite surface. The ﬁrst monolayer of water
molecules exhibit a slower self-diﬀusion rate than those of
the second monolayer, and those in bulk water (Kerisit and
Parker, 2004a) due to the interactions with the calcite surface.
The third monolayer of water (the third monolayer of water is
further from the surface than OW3) approximates bulk-like
water behavior with no apparent surface water structuring
(viz. Figs. 3 and 4) and provides a diﬀusion rate that is in
agreement with rates modeled in the absence of a calcite surface. Additionally, the simulated bulk water diﬀusion rate D
in the presence (D = 2.7 · 109 m2 s1 at 10.5 Å from the
surface) and absence of calcite (D = 2.7 · 109 m2 s1) are
in general agreement with experimental results of Krynicki
et al. (1978) (D = 2.3 · 109 m2 s1). Water dissociation

A relatively simple energy force ﬁeld for molecular
dynamics simulation of calcite with explicit hydration was
developed. The bond stretch and angle bend terms added
to the conventional rigid SPC water model are important
for accurately modeling the physical properties of water,
especially for describing water behavior at an interface such
as calcite. The combination of the ﬂexible SPC water model
with a rigid ion calcite force ﬁeld accurately reproduces
more sophisticated simulation approaches while providing
reasonable agreement with experimental observations.
The fully ﬂexible water model is competitive with other
popular water models, namely rigid SPC, extended simple
point charge (SPC/E), and the three point (TIP3P) and four
point (TIP4P) transferable intermolecular potentials, but
these other models are less practical and not easily incorporated with carbonate parameters (van der Spoel et al.,
1998). The calcite–water force ﬁeld can be modiﬁed to include interaction terms for other important carbonate
phases (Duckworth et al., 2003), including those containing
the major cations Cd, Mn, Fe, Zn, Co, Ni, and Mg.
The force ﬁeld was successfully applied to a one-nanosecond dynamics simulation of a hydrated calcite ð10
14Þ surface. The surface structure of calcium cations and
carbonate anions of the calcite are both modiﬁed in the presence of water by alternating displacement and inversion,
respectively. The water molecules are highly ordered on the
calcite surface and two unique coordination conﬁgurations
are observed, reﬁning previously unexplained experimental
results. Self-diﬀusion rates were calculated and are in good
agreement with experimental observations. The developed
force ﬁeld will be important in the modeling of chemical
behavior at carbonate mineral surfaces. Further additions
and reﬁnements of the energy force ﬁeld will allow for inclusion of organic components such as acids, ligands, and other
calcite-aﬀecting species, and for modeling of the interactions
of these chemicals in a dynamic aqueous system.
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