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ABSTRACT 

The wettability behaviour of reservoir rocks plays a vital role in determining CO2 storage 

capacity and containment security. Several experimental studies characterised the wettability 

of CO2/brine/rock systems for a wide range of realistic conditions. To develop a fundamental 

understanding of the molecular mechanisms responsible for such observations, the results of 

molecular dynamics simulations, conducted at atomistic resolution, are reported here for 

representative systems in a wide range of pressure and temperature conditions. Several force 

fields are considered, achieving good agreement with experimental data for the structure of 

interfacial water, but only partial agreement in terms of contact angles. In general, the results 

suggest that, at the conditions chosen, water strongly wet calcite, resulting in water contact 

angles either too low to be determined accurately with the algorithms implemented here, or 

up to ~46º, depending on the force field implemented. These values are in agreement with 

some, but not all experimental data available in the literature, some of which report contact 

angles as high as 90º. One supercritical CO2 droplet was simulated in proximity of the wet 

calcite surface. The results show pronounced effects due to salinity, which are also dependent 

on the force field implemented to describe the solid substrate. When the force field predicts 

complete water wettability, increasing NaCl salinity seems to slightly increase the calcite 

affinity for CO2, monotonically as the NaCl concentration increases, because of the 

preferential adsorption of salt ions at the water-rock interface. When the other force field was 

implemented, it was not possible to quantify salt effects, but the simulations suggested strong 

interactions between the supercritical CO2 droplet and the second hydration layer on calcite. 

The results presented could be relevant for predicting the longevity of CO2 sequestration in 

geological repositories. 
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1. INTRODUCTION 

Geologic carbon sequestration (GCS) into natural formations (e.g., deep saline aquifers, un-

mineable coal beds, and depleted oil/gas reservoirs) is one among several technologies that 

could contribute to reduce anthropogenic CO2 from the atmosphere. GCS involves the 

capture of CO2 from emitters, or perhaps directly from air, followed by injection of the 

captured CO2 into geological reservoirs for long-term storage. Geologic CO2 storage in deep 

saline aquifers presents several advantages compared to other kinds of subsurface 

repositories.1-2 It has been estimated that deep saline aquifers offer the largest potential 

capacity for CO2 storage, up to 10,000 Gt CO2.
2-3 Such potential repositories are widely 

distributed and they are frequently located close to stationary point-source CO2 emission 

sites.3  

 

The injection of CO2 into subsurface reservoirs results in chemical and physical processes 

that could govern the long-term storage potential and its security.2, 4 When injection ceases, 

supercritical CO2 could be trapped as an immiscible free phase and as a solute in the aqueous 

phase within the porous rocks.5  Various physicochemical storage mechanisms have been 

identified that could prevent the upward migration, and ultimately the leakage, of the injected 

CO2. Such processes include: structural trapping,6 residual trapping,7 dissolution trapping,8 

and mineral trapping.9 These mechanisms, and especially structural and residual trapping, are 

strongly influenced by the wettability characteristics of the mineral phases that come in 

contact with aqueous brines and injected CO2.
6, 10-11 Wettability describes the adhesion, or 

spread, of a fluid on a solid substrate in the presence of other immiscible fluids. Increased 

CO2 wettability of cap rocks at storage conditions substantially lowers the structural trapping 

capacity,6, 10 and the residual trapping of CO2 in mixed-wet rocks is significantly reduced 

relative to trapping in water-wet systems.11-12 These examples demonstrate the vital 

importance of wettability of the reservoir rocks in estimating storage capacity of a formation 

and assessing its longevity (i.e., the potential of CO2 leakage to the surface). Moreover, 

wettability also affects morphology and interfacial areas,13 capillary pressure, as well as 

transport and distribution of reservoir fluids.14  

 

The three-phase contact angle at the CO2-brine-mineral interface, , is often used to evaluate 

wettability of a rock surface. The contact angle is described by the Young’s equation:15 

                                                       cos 𝜃 =
𝛾𝑆1−𝛾𝑆2

𝛾12
                                                                 (1) 

In Eq, (1), S1 and S2 are the interfacial tensions between the solid surface and the two fluids, 

while 12 is the interfacial tension between the two fluids. Depending on the balance between 

intermolecular forces, the contact angle ranges from 0180. Complete wetting is defined 

when  = 0, partial wetting when 0 < θ < 180°, and nonwetting when  = 180.16 A 

schematic of the contact angle  considered in this work for the CO2-water-mineral system is 

shown in Figure 1. A number of studies measured contact angles as a function of pressure, 

temperature, surface chemistry and brine composition, by either experiments or molecular 

dynamics (MD) simulations.17-26 For example, Dickson et al.17 developed a high-pressure 

apparatus to measure CO2/water/solid contact angles on glass substrates with different 
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hydrophilicities as quantified by silanol (SiOH) surface density. As the CO2 pressure 

increased from atmospheric pressure to 61.2 bar at 23C, the results showed that  increased 

from 71 to 99 on the substrate with 37% SiOH, and from 98 to 141 on the substrate with 

12% SiOH. Wang et al.20 measured contact angles on quartz, calcite, microcline, kaolinite, 

illite, and phlogopite, in a CO2 environment under conditions relevant to GCS. The results 

show that all the minerals are water-wet ( < 30). These studies reported that the 

temperature and pressure dependence of contact angles exhibit no clear trend for all surfaces, 

while both pH and ionic strength are good predictors of contact angle. Concerning 

simulations, Chen et al.27 found a good agreement between MD simulations and experimental 

results when they studied water contact angles on quartz in the presence of CO2 at GCS 

conditions. The water contact angle was found to increase as the ionic strength increased; 

pressure and temperature were found to have weak effect on contact angle. Other MD 

simulations suggest that, for water on three silica surfaces,22 the dependence of  on pressure 

and temperature is controlled by the silanol number density on the solid surfaces.  

 
Figure 1. Schematic illustrating the contact angle as measured through the CO2 phase. In this 

example, the mineral substrate is preferentially wet by water. 

 

 

Porous sandstone and carbonate formations are considered as potential sites for CGS. Most 

carbonate minerals are composed of limestone and dolostone. Because calcite is the major 

component in limestone and because it is widely present in geological systems, it is among 

the most studied minerals. Numerous experiments quantified the wettability of systems 

composed of calcite, CO2 and brine.18-20, 28-30 However, the experimental results are 

somewhat inconsistent regarding the wetting behaviour of calcite as a function of changes in 

temperature, pressure, and brine composition. For example, Arif et al.28 measured the water 

contact angle in calcite/CO2/brine systems as a function of pressure, temperature and salinity 

for a wide range of conditions. They found that the contact angle increased with pressure and 

brine salinity and decreased with temperature. On the contrary, Espinoza and Santamarina18 

measured the contact angle at ambient temperature in a wide range of pressures, up to 20 

MPa. They reported that the contact angles remained nearly constant as pressure increased, 

and that dissolved NaCl had no significant effect on the measurements. The findings of Arif 

et al.28 seem to be consistent with data obtained by Bikkina et al.,19 who reported a slight 

increase of water contact angle as the pressure increased from 1.38 to 5.52 MPa. However, 

this group reported a reduction in the contact angle at higher pressures (8.2720.68 MPa). In 

contrast, Wang et al. 20 reported little dependence of the contact angle on pressure and 

temperature. It should however be recognised that surface roughness and the possible 
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presence of organics on natural substrates, both of which are difficult to quantify, are likely to 

strongly affect contact angle measurements. 

 

Given this inconsistency in the available results, the objective of this study is to develop a 

molecular-level understanding regarding the wettability of calcite at GCS conditions. To this 

end, molecular dynamics simulations (MD) are employed at atomistic resolution.  Our results 

complement those recently reported by Silvestri et al.,31 who performed NVT simulations to 

compute the contact angle of cylindrical and spherical water droplets on the calcite [101̅4] 

surface in CO2 atmosphere at 50 C and 20 MPa. Our work adopts two synergistic 

approaches. The first concerns the validation of the model implemented to simulate water, to 

ensure its suitability to describe the system of interest (the water-calcite interface). The 

second is a systematic investigation concerning the wettability of CO2-brine-calcite systems 

as a function of pressure, temperature and salinity. The remainder of this manuscript is 

structured as follows. In Section 2, we provide a summary of the main features of the chosen 

force fields, the details of the system setup, and an overview of the simulation methodology 

implemented. In Section 3, we present the MD simulation results, starting from the 

assessment of the force fields, followed by the wettability studies. We summarize our 

concluding remarks in Section 4. 

 

 

2. SIMULATON METHODS AND ALGORITHMS 

2.1. Molecular models and force fields 

The calcite slab was obtained from a calcite crystal terminated at the plane [101̅4].32 In the 

first instance, the calcite surface was modelled using the force field developed by Xiao et al.33 

This force field has been previously used to study the hydration layer structure near calcite 

surfaces as well as the calcium-mediated adhesion of nanomaterials to calcite.34-35 In our 

implementation, calcium and carbon atoms were kept rigid, while the oxygen atoms were 

allowed to move. The force field proposed by Raiteri et al.36 was also considered to describe 

calcite, for comparison purposes.  

We implemented the elementary physical model with the intramolecular bond stretch and 

angle bend parameters developed by Cygan et al.37 (EPM2) to describe CO2. EPM2 is a 

flexible three-site model, which is able to describe accurately the interfacial behaviour and 

the vibrational state of CO2 at supercritical conditions.37 For simulations conducted by 

implementing the force field developed by Raiteri et al.36 to describe calcite, we used the set 

of force field parameters proposed by Silvestri et al.38 to describe the CO2−calcite 

interactions. In this approach, the interactions between CO2 and calcite were described by 

Buckingham and Coulomb potentials.  

Although a number of different force field models are available for water, no single model 

accurately captures all its physical properties. To select the water model suitable for the 

present investigation, we conducted equilibrium MD simulations for a thin film of water 

supported on calcite. The following water models were compared: the simple  point charge  

extended (SPC/E),39 the simple  point  charge (SPC),40 the SPC flexible (SPC-FW),41 the 
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transferable  intermolecular  potential  three-point  model (TIP3P),42 and the TIP four-point 

model in its 2005 derivation (TIP4P/2005).43 Each model has advantages and disadvantages. 

The SPC/E model yields good results for structure and dynamics of bulk liquid water at 

ambient conditions44-46 and for static dielectric constant over a very wide range of 

temperatures and densities,47 but it underestimates water viscosity48 and fails to reproduce 

experimental vapor pressure, as well as other thermodynamic properties at critical and 

supercritical conditions.49 The SPC model is successful at reproducing the liquid-vapor 

coexistence curve and vapor pressure,50-51 but it over-predicts the diffusion coefficient.52 The 

SPC/Fw yields a better prediction of viscosity, diffusion coefficient, and dielectric constant at 

ambient conditions than SPC/E,51-52   but it does not predict accurately isobaric heat capacity. 

The TIP4P/2005 model provides a good description of vapor–liquid equilibria densities,53 

surface tension,54 and viscosity,55 but it fails in reproducing simultaneously the vapor and the 

liquid phases of water,53 as well as its dielectric constant.56 The TIP3P model is commonly 

used to describe water interactions with biological molecules. However, it provides poor 

descriptions of water properties when compared to other models.45, 56 A discussion is 

presented below that explains why the SPC/E water model was implemented to investigate 

the contact angle in calcite/brine/CO2 systems as a function of T, P, and system composition. 

The model proposed by Joung and Cheatham57 was implemented for quantifying the 

properties of monovalent NaCl ions. This model yields reasonable estimates for the solubility 

of NaCl in water at room temperature (5.1 molNaCl/kgH2O) when compared to experiments (6.15 

molNaCl/kgH2O).58 In all simulations conducted here, the NaCl concentration was maintained 

below the solubility limit as predicted by the respective models. 

In all simulations conducted by implementing the force field developed by Xiao et al.33 to 

describe calcite, non-bonded dispersive interactions were modelled by the 12–6 Lennard–

Jones (LJ) potential and electrostatics forces by implementing the Coulombic potential. The 

cut-off distance for interatomic interactions was fixed at 12 Å and the long-range electrostatic 

interactions were calculated using the particle-particle-particle-mesh (PPPM) solver.59 The LJ 

parameters for all cross interactions between different atoms were determined by applying 

Lorentz−Berthelot mixing rules.60 

 

2.2. Simulation Setup 

The simulation box was periodic in the three directions for all simulations in this study and 

contained a slab of calcite supporting one thin film of fluid.  

To validate the water models, we performed simulations with 4558 water molecules placed 

on the calcite surface, which yield a water film of ∼ 30 Å in thickness. In these simulations, 

the x, y and z dimensions of the simulation box were 97.14, 90.0, and 158.9 Å, respectively. 

In our model, the solid substrate was placed with its surface parallel to the xy plane. Along 

the z direction, perpendicular to the solid surface, the box contained a slab of calcite of 

thickness 14.1 Å to provide the free-standing calcite support. The z direction of the 

simulation box is elongated because a layer of gas phase is allowed on top of the liquid film. 

Based on our prior work, this prevents boundary conditions to affect the results.  
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To study the wettability of calcite, we simulated systems in which a fluid droplet was placed 

on the substrate and it was then surrounded by the other fluid. Both water droplets surrounded 

by CO2, and CO2 droplets surrounded by water were simulated. To avoid line-tension effects, 

we simulated cylindrical droplets, placed on the box parallel to the x direction.24,61 One initial 

configuration of the water droplet surrounded by CO2 is shown in Figure 2. To generate the 

droplet, we first performed MD simulations of 2000 water molecules placed on calcite. The 

simulations were carried out in the NVT ensemble, with a box size 97.14 x 180 x 100 Å3. In 

this set up, the y axis of the simulation box is elongated compared to the x axis. Because the 

cylindrical droplet is aligned parallel to the x axis, an elongated y axis prevents periodic 

boundary conditions from affecting the results. The final configuration of this simulation 

(Figure 2a) was then simulated in the presence of 10426 CO2 molecules, as shown in Figure 

2b. The subsequent simulations were conducted in the NPT ensemble, wherein the pressure 

was controlled perpendicular to the calcite surface. To study CO2 droplets, we used a similar 

procedure, within a box of initial box size 97.14 x 180 x 110 Å3. The z size of the simulation 

box was slightly increased compared to the prior simulations for computational reasons. As 

these simulations progressed, the length of the z axis of the box decreased to ∼104 Å to 

maintain the desired pressure. We explored the behaviour of both pure water and NaCl brine 

at varying concentrations. The fluid phase compositions, as well as pressure, temperature and 

brine composition for each system simulated within the approach exemplified in Figure 2 are 

provided in Table 1.  

 

 

 

 

 
 

Figure 2. Initial configuration of one H2O droplet on the calcite surface (a) and in the 

presence of CO2 (b). Ca = blue; C = cyan; O = red; H = white. 
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Table 1. Composition and thermodynamic conditions of the CO2-brine-calcite systems 

simulated. 

 Number of molecules Temperature 

(C) 

Pressure 

(MPa) H2O CO2 NaCl 

H2O droplet in CO2  2000 10426  30 & 50 7 & 20 

1.0 M NaCl droplet in CO2 2000 10426 36 50 20 

2.0 M NaCl droplet in CO2 2000 10426 72 50 20 

3.0 M NaCl droplet in CO2 2000 10426 108 50 20 

CO2 droplet on H2O 45000 2200  50 20 

CO2 droplet in 0.1 M NaCl 45000 2200 81 50 20 

CO2 droplet in 0.3 M NaCl 45000 2200 243 50 20 

CO2 droplet in 0.75 M NaCl 45000 2200 608 50 20 

CO2 droplet in 1.5 M NaCl 45000 2200 1215 50 20 

 

2.3. Algorithms 

The assessment of water models was conducted by performing MD simulations using the 

package GROMACS (version 5.1.4)62-63 in the canonical ensemble (NVT), where the number 

of particles (N), the simulation volume (V), and the temperature (T) are kept constant. 

The equations of motion were integrated by implementing the leapfrog algorithm64 with a 

time step of 1.0 fs. The temperature of calcite and that of the fluid phases were maintained 

constant at 298 K using two separate Nosé-Hoover thermostats.65-66 This allowed us to 

maintain the correct kinetic energy distribution between solid and fluid.67 Both thermostats 

had a relaxation time constant of 100 fs. The total simulation time for each system was 30 ns. 

The system was considered equilibrated when atomic water density profiles oscillated around 

a constant value, and both system energy temperatures fluctuated within 10% of their 

respective average values. Each simulation was repeated three times to assess the reliability 

of the results. The last 2 ns of the simulations were used for production and the simulated 

trajectories were used to extract the results presented in Section 3.1.  

 

The simulations conducted to quantify the wettability of calcite were performed using the 

open-source LAMMPS code, version 20180818.68 These simulations were carried out in the 

NPT ensemble (constant number of atoms, constant pressure, and constant temperature). The 

pressure was coupled in the z direction, perpendicular to the calcite surface, using the Nosé-

Hoover barostat69 with a relaxation time of 100 ps. The simulations were terminated when the 

droplet shape did not change and both fluids appeared stable within a simulated time of 12 ns.  

Each simulation was repeated three times to assess the reliability of the results. 

 

2.4 Contact Angle Analysis 

 

To identify the profile of a water droplet, the atomic density across the CO2-water interface 

was fitted with the sigmoidal function:70 

                                               ρ(z) =
1

2
ρl [1 − tanh (

z−z0

d
)]                                           (2) 
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In Eq. (2), l is the water liquid density, d is the width of the CO2-water interface and z0 is 

the position of the surface where the water density 0 is halfway between the water bulk 

density and water density in the CO2 phase.  

 

Water contact angles were extracted from 2D density profiles obtained for the simulated 

water droplets fitted with Eq. (2). The iso-density contours at =0 were used to determine 

the contact angle for all of the systems considered in this work. Once the droplet contours 

were known, a circular function was fit to them. Because density fluctuations occur near the 

calcite surface due to the water-calcite interactions, the region located within ∼ 10 Å from the 

calcite surface was excluded from the fitting. The base of droplet was defined at the third 

hydration layer away from the calcite surface. The slopes of the tangent lines on both sides of 

droplet were averaged to extract the contact angle.  

 

 

3. SIMULATION RESULTS 

3.1. Assessment of Water Models 

Among other phenomena that occur when a mineral surface is exposed to an aqueous 

solution, the formation of the hydration layer and its molecular structure are the most 

fundamental. Because the molecular structure within the hydration layer is of direct relevance 

to the wettability behaviour, the suitability of the water models for the present study is 

assessed based on their ability to replicate experimental atomic density profiles at the calcite–

water interface. For these simulations, the calcite substrate was modeled by implementing the 

force field developed by Xiao et al.33  In Figure 3, we present the atomic density profiles of O 

and H atoms of water as a function of the vertical distance from the calcite surface. The 

results provide evidence for the formation of two well-defined water layers near the surface 

when implementing each of the water models considered. In Table 2, we summarize the 

positions of the two hydration layers above the [101̅4] calcite surface as predicted in this 

study, as well as results from earlier publications. The positions of the two hydration layers 

were determined by the distance between the calcium carbonate plane and that formed by 

water O atoms. Overall, the location of the first water layer in this study is in general 

agreement with previous experimental and MD simulation results. The five models 

implemented here to simulate water consistently predict the location of the first layer at 2.45 

Å from the calcium atoms in the surface. This result is in agreement with the experimental X-

ray scattering findings reported by Fenter et al.,71 who found the presence of the oxygen 

atoms of water molecules at 2.50 ± 0.12 Å above the surface calcium ions. The five water 

models considered yield different positions for the second hydration layer. The result 

obtained from TIP3P model is in good agreement with the X-ray scattering experiments 

reported by Geissbühler et al.,72 but results from SPC/E and SPC models are more consistent 

with X-ray reflectivity,71 surface diffraction,73 and surface X-ray scattering data.72 

 

The simulation results for the density profiles of H atoms present more pronounced 

differences when different water models are implemented. It should be pointed out that the H 
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density profiles obtained when using either SPC or SPC/E water models are very similar. Of 

the models that yield results consistent with experiments, the SPC/E one was chosen for the 

present study because it is (a) computationally efficient, (b) reliable for assessing equilibrium 

structure and dynamics of liquid water, and (c) suitable for estimating the properties of 

aqueous electrolyte solutions. It should be pointed out that Nielsen et al.74 found that the 

SPC/E model of water, when combined with the EPM2 model of CO2, slightly overpredicts 

the water-CO2 interfacial tension compared to experiments, and underpredicts the expected 

surface excess of CO2. For completeness, it is worth pointing out that, in general, no 

combination of force fields based on the Lennard-Jones 12−6 functional form was found able 

to adequately represent properties of both coexisting phases of CO2/H2O binary mixtures.75-76 

Using the EPM2−SPC/E combination, Vlcek et al.77 optimized the cross term interaction 

parameters to accurately reproduce experimental mutual solubilities of water and CO2 at 

supercritical CO2 conditions. Orozco et al.76 recently reported that the parameters optimised 

by Vlcek et al. yield excellent predictions for solubilities in the H2O-rich phase, but not in the 

CO2-rich one. These limitations were found not to be related to the cross-term parameters, but 

instead to the inherent limitations of the implemented model.78  

 

 

 

  
 

Figure 3. Atomic density profiles along the z direction, vertical from the surface, for the 

oxygen (A) and hydrogen (B) atoms of water molecules. The reference position (i.e., z = 0) is 

defined by the z-position of the plane of Ca atoms on the calcite surface. In these simulations, 

calcite is described by implementing the force field proposed by Xiao et al.33 
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Table 2. Comparison of water structure results obtained at the calcite surface.  

 

Technique First layer (Å) Second layer (Å) 

X-ray reflectivity71 2.50 ± 0.12  

X-ray reflectivity79 2.14 ± 0.02 3.44 ± 0.12 

Surface diffraction73 2.35 ± 0.10 3.24 ± 0.12 

Surface X-ray scattering72 2.3 ± 0.1 3.45 ± 0.2 

Ab initio simulation80 2.47  

Quantum MD81 2.4 3.2 

MD simulations from literature82 2.41 3.5 

MD simulations from literature83 2.43 3.63 

 
 SPC/E 2.45 3.35 

 
  SPC 2.45 3.35 

MD simulations (this work, 

Xiao et al.’s force field33)  
  SPC/Fw 2.45 3.25 

 
TIP4P/2005 2.45 3.25 

 
  TI3P 2.45 3.45 

MD simulations (this work, 

Raiteri et al.’s force field36) 

 

  SPC/E 2.19 3.31 

 

3.2. Calcite Wettability 

 

To quantify calcite wettability at conditions representative of GCS, water droplets surrounded 

by CO2 were simulated on calcite at elevated P and T conditions. The chosen conditions 

represent shallow (30 C and 7 MPa) and deep formations (50 C and 50 MPa), 

representative of injection sites.20 The amount of water in our simulations is intentionally 

much smaller than that of CO2, in an attempt to replicate conditions near the well bore, where 

CO2 is injected. Although as the simulations progress, CO2 molecules dissolve within the 

water droplet, we did not attempt to quantify the CO2 solubility as a function of, e.g., salt 

content in the aqueous phase. 

To understand the contact angle dependency on salinity, we attempted to investigate NaCl 

brines at increasing concentration (1 M, 2 M and 3 M). Experimental results suggest that the 

water contact angle changes with temperature, pressure, and salinity. Our simulations, using 

the parameters of Xiao et al.33 in combination with the SPC/E water model and the flexible 

version of the EPM2 model of Cygan et al.,37 however, show that water and brine in the 

presence of CO2 completely spread on calcite. This prevented us from estimating the contact 

angle using our approach. The evolution of the water and NaCl brine droplets supported on 

calcite as a function of simulation time is illustrated Figure 4a and c. Complete wetting was 

observed after ~ 24 ns of simulations. It seems that the simulation results are not consistent 

with reported macroscopic experimental observations due to the strong interactions between 

H2O and calcite. This could be because the force field implemented here to study calcite33 

was originally developed to mainly study the mechanical properties of CaCO3, as well as the 
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interaction of CaCO3 with water and proteins. To test this hypothesis, we conducted 

additional simulations implementing the force field developed by Raiteri et al.36 to describe 

calcite and the set of force field parameters developed by Silvestri et al.38 to model the 

interactions between CO2 and calcite. Water is modeled with the SPC/E formalism in these 

simulations. We report in the Supporting Information (SI) details regarding these simulations. 

In Figure S2 of the SI, we report the density profiles of water obtained implementing both the 

force field parameters developed by Xiao et al.33 and those by Raiteri et al.36 In the SI we also 

display the simulation results reported by Reischl et al.83 The distances between the water 

oxygen atoms in the first, second, and third water layers predicted by our simulations 

conducted implementing the force field developed by Raiteri et al.36 are ~ 2.19, 3.31, and 

4.81 Å, respectively, from the calcium carbonate plane on the calcite substrate. The first and 

second of these values are at shorter distances compared to those predicted when the force 

field developed by Xiao et al.33 was implemented (i.e., see Table 2). However, they agree 

reasonably well with experimental results from surface X-ray scattering72 and surface 

diffraction,73 respectively. The positions of the three hydration layers as reported by Reischl 

et al.83 are 2.43, 3.63, and 4.91 Å, respectively which are also in good agreement with the 

experimental data shown in Table 2. Our analysis suggests that the force field developed by 

Raiteri et al.36 yields an interfacial water structure that is similar to the one predicted by 

implementing the force field proposed by Xiao et al.33; while there are some differences, in 

general both sets of predictions are in reasonable agreement with available experiments. 

 

We therefore used the force field parameters proposed by Raiteri et al.36 and Silvestri et al.38 

in combination with the SPC/E water model to predict the contact angle. To quantify the 

effect of droplet size on the predicted contact angle, a series of simulations were conducted 

using water droplets of different initial radii. Details for the simulated systems are 

summarized in Table S1 of the SI. Figure 4c shows one of the final configurations of one 

water droplet without salt simulated on the calcite surface in the presence of CO2. The 

corresponding 2D density profile and tangent lines for contact angle prediction are presented 

in Figures S3 and S4 of the SI. The contact angle for CO2-saturated water droplet on the 

calcite surface in the presence of CO2 at 50 C and 20 MPa is found to converge to ∼ 46 as 

the droplet size increases (see Figure S5 in the SI). By comparison, Silvestri et al.31 recently 

reported water contact angles on calcite of 38° at 50 C and 20 MPa. Our simulation results 

strongly deviate from the experimental data reported by Arif et al.,28 who measured 

advancing (a) and receding (r) contact angles for CO2/water/calcite systems and found that 

a ~ 90 and r ~ 80. However, our simulations are somewhat consistent with the 

experimental data reported by Wang et al.,20 who reported the contact angle for water on 

calcite of ~ 26.2 at 50 C and 20 MPa. 

Our analysis suggests that the force field parameters developed by Raiteri et al.36 and 

Silvestri et al.38 should be reliable for the prediction of the water contact angle for 

CO2/water/calcite systems. However, because the force field developed by Xiao et al.33 

provides water density profiles near the calcite substrate that are in very good agreement with 

available experiments, as discussed in Section 3.1, and because some experimental data 

report very different values for the contact angle, as discussed above, it remains possible that 
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the sources for the discrepancy between simulated and experimental contact angles are due to 

other effects, including the possibility that experimental calcite substrates are not perfect 

single crystal structures such as those simulated here. Further studies are required to clarify 

this situation and to test whether impurities such as organics might affect the contact angles. 

It should be pointed out that the force field parameters proposed by Silvestri et al.38 has not 

yet been extended to include interactions with salt ions. 

 

 
Figure 4. Sequence of simulation snapshots for (A) one water droplet containing no salt, and 

(B) one water droplet containing 3 M NaCl salt as a function of simulation time. These 

simulations are conducted with the force field proposed by Xiao et al.33 to describe calcite. 

(C) Snapshot of one pure water droplet after equilibration from simulations conducted by 

implementing the force field proposed by Raiteri et al.36 to describe calcite and the set of 

force field parameters proposed by Silvestri et al.38 to describe the CO2calcite interactions. 

These results were obtained simulating 5000 H2O molecules in the presence of 10426 CO2 

molecules. All droplets are simulated in the presence of CO2. The simulations were 

conducted at 50 C and 20 MPa. Ca = blue; C = cyan; O = red; H = white, Na+ = black; and 

Cl = green.  
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Even though injected supercritical CO2 is typically the non-wetting phase in the presence of 

brine in many sedimentary rocks, it is of interest to quantify how CO2 behaves on wet 

surfaces. For example, Wang et al.29 investigated experimentally the adhesion of CO2 on 

several homogeneous mineral surfaces, including calcite, under reservoir P and T conditions 

(50C and 20 MPa). They reported that the addition of salt increased significantly CO2 

adhesion. The relationship between wettability, adhesion, and water layer structure was 

studied by Buckley et al.84 They suggested that the wettability of the mineral surface could be 

altered by introducing acids/bases to the system to break the electrical double layer structure 

and provide a strong charge imbalance at the surface. Liu et al.81 performed extensive 

quantum MD simulations to investigate the mechanisms responsible for wettability alteration 

of calcite. Density profiles of water and NaCl salt ions normal to the surface were calculated, 

as well as those of other ions such as Ca2+
, Mg2+ and SO4

2. They found that Na+ and Cl ions 

render the surface less water-wet, while Ca2+, Mg2+ and SO4
2 render the surface more water-

wet. To complement these simulations and in an attempt to connect to experiments, we 

assessed the affinity between CO2 droplets and calcite in the presence of an aqueous-rich 

phase of various compositions (see Table 1). Although the force field parameters developed 

by Raiteri et al.36 and Silvestri et al.38 yield water contact angles on calcite, in the presence of 

CO2, which are in accordance with some experiments, those force fields do not yet allow for 

the inclusion of salt ions. For completeness, we conducted simulations for CO2 droplets 

surrounded by pure water near calcite implementing the force field parameters developed by 

Raiteri et al.36 and Silvestri et al.38 in combination with the SPC/E water model. The results 

(Figure 5) show that the CO2 droplet remains very close to the second hydration layer on 

calcite, which is consistent with the observations reported by Silvestri et al.,38 suggesting that 

strong interactions are present between CO2 and the hydration water on calcite. The effect of 

NaCl brine concentrations on CO2 droplet implementing the force fields developed by Raiteri 

et al.36 and Silvestri et al.38 were not considered in this study. 

 

 
Figure 5. 2D density profiles of the CO2 and H2O averaged over the 2 ns of production run. 

The CO2 droplet was surrounded by pure water. The simulations were conducted at 50 C 

and 20 MPa. Results are obtained for a) CO2 and b) H2O.  The color bar expresses density in 

the units of 1/Å3. These simulations are conducted with the force field proposed by Raiteri et 

al.36 to describe calcite and the set of force field parameters proposed by Silvestri et al.38 to 

describe the CO2calcite interaction. 
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Because our results, combined with experimental data from literature, do not conclusively 

rule out that the force field proposed by Xiao et al.33  yields reliable results, and because this 

force field allows us to investigate the effect of NaCl concentration, we used this force field 

to quantify the effect of NaCl concentration. The resultant snapshots for the final 

configurations of cylindrical CO2 droplets near calcite in the presence of different NaCl 

brines are shown in Figure 6. To complement and better quantify the results from simulation 

snapshots shown in Figure 6, we calculated 2D density profiles of CO2 and the surrounding 

fluids at various conditions within the plane perpendicular to the axis of the cylindrical 

droplet. For example, in Figure 7, we display the 2D density profiles of CO2 and H2O when 

the CO2 droplet was surrounded by pure water at 50 C and 20 MPa. It can be seen that the 

CO2 droplet did not adhere to calcite, possibly because of the extremely low contact angle 

predicted for water on calcite by our simulations, as displayed in Figure 4a and b. 

 

 
Figure 6. Snapshots of CO2 droplets on the calcite surface in the presence of (a) pure water, 

0.1 M NaCl brine and (c) 0.15 M NaCl brine. Small red dots represent H2O molecules, and 

cyan, black, and green spheres represent carbon atoms, Na+ and Cl ions, respectively. These 

simulations are conducted with the force field proposed by Xiao et al.33 to describe calcite. 

 

 
Figure 7. 2D density profiles of the CO2 and H2O averaged over the 2 ns of production run. 

The CO2 droplet was surrounded by pure water. The simulations were conducted at 50 C 

and 20 MPa. Results are obtained for a) CO2 and b) H2O.  The color bar expresses density in 

the units of 1/Å3. These simulations are conducted with the force field proposed by Xiao et 

al.33 to describe calcite. 
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The observations from Figure 7 can be compared to similar ones obtained as the brine 

composition changes. In Figure 8, we report the 2D density profiles for CO2 droplets near 

calcite in the presence of different NaCl brine concentrations. Although the CO2 droplets did 

not adhere to the calcite surface, as NaCl concentration increases from 0.1 M to 1.5 M, the 

CO2 droplet seems to become more affine to calcite with a slight tendency to approach the 

surface. This suggests that as NaCl concentration increases, the calcite surface becomes less 

water-wet, potentially because the salt ions affect the interfacial hydrogen bond network. This 

is consistent with the results reported by Liu et al.,81 who suggested that the calcite surface 

becomes less water-wet due to the weak adhesion between the surface and NaCl brine. Liu et 

al.81 reported that the calcite surface becomes oil-wet in the presence of 0.6 M NaCl brine.  

The results in Figures 8 demonstrate that salinity plays an important role in controlling the 

interactions between CO2 droplets and calcite surfaces. In Figures 9, we also report the 2D 

densities of H2O within the plane perpendicular to the axis of the cylindrical CO2 droplet. The 

results show clearly that adding salt brings the CO2 droplet closer to the calcite surface. In the 

remainder of this section we attempt to use simulation results to identify the driving forces 

for the results just summarised. 

 

 

 
Figure 8. 2D density profiles of CO2 droplets near calcite in the presence of NaCl brine at 

increasing salt concentration: (a) 0.1 M, (b) 0.3 M, (c) 0.75 M, and (d) 1.5 M. The 

simulations are conducted at 50 C and 20 MPa and the last 2 ns of the simulations are used 

for data analysis. The color bar expresses density in the unit of 1/Å3. These simulations are 

conducted with the force field proposed by Xiao et al.33 to describe calcite. 
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Figure 9. 2D density distributions of water oxygen atoms averaged over the final 2 ns of 

simulation conducted at 50 C and 20 MPa on the calcite surface in the presence of NaCl 

brine at increasing salt concentration (a) 0.1 M, (b) 0.3 M, (c) 0.75 M, and (d) 1.5 M. The 

color bar expresses density in the unit of 1/Å3. These simulations are conducted with the 

force field proposed by Xiao et al.33 to describe calcite. 

 

In Figure 10, we show the density profiles of water and NaCl salt ions normal to the surface. 

The results show that water molecules formed two layers strongly adsorbed to the calcite 

surface, consistent with the results shown in Figure 3. The hydration layers affect the ability 

of the NaCl ions to directly interact with calcite.  

The ions density distributions reveal that Na+ ions prefer to accumulate closer to the surface 

when compared to the Cl anions. Na+ ions exhibit one pronounced density peak centered at 

3.00 Å, which is in between the O density peaks representative of the first and second 

hydration layers. In contrast, the Cl ions occur as two density peaks at ~ 5.00 and 7.35 Å. 

The height of the first Na+ peak indicates that these ions strongly adsorb near the calcite/brine 

interface. This is supported by the planar density distributions obtained for the ions in the 

plane perpendicular to the droplet, shown in Figure 11. These results suggest the highest 

density of Na+ ions is co-located with the first adsorbed layer on calcite, consistent with the 

results in Figure 10. Similarly, the Cl density is highest within the surface hydration region, 

above the positive Stern layer formed by Na+ ions on the first water monolayer at the 

surface.85 It should be noted that these results are in contrast with those obtained from 
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aqueous NaCl solutions simulated on a model silica crystalline surface.86-87 When the surface 

non-bridging oxygen atoms were fully protonated, Cl ions were found to preferentially 

adsorb closer to the model silica surface than Na+ ones. Both the structure of interfacial water 

and the availability of surface sites on which the ions can preferentially adsorb are 

responsible for these differences. 

 

 

  
 

Figure 10. Z-density profiles of water and NaCl salt ions along the surface normal. The CO2 

droplet was surrounded by 1.5 M NaCl brine. The results were averaged over the last 2 ns of 

simulations conducted at 50 C and 20 MPa. The location of the calcite surface (at z = 0) is 

defined by the position of the plane of the surface Ca atoms. The results for other 

concentrations are shown in the SI. These simulations are conducted with the force field 

proposed by Xiao et al.33 to describe calcite. 

 

 

To further investigate the effects of NaCl on the interfacial properties of the system, 

we examined the surface density distribution of water oxygen atoms within the first two 

hydration layers and how they are affected by the presence of NaCl ions. The hydration 

layers are identified from the position of the O density peaks in Figure 10. In Figure 12, we 

provide the surface density distribution of oxygen atoms within the first hydration layer, 

located at 2.9 Å from the plane of surface Ca atoms, and oxygen atoms within the second 

hydration layer, located 1 Å further from the first layer. The oxygen atoms in the first 

hydration layer yield a well-organized structure. It is likely that the pronounced structure of 

the first hydration layer is responsible for both the extremely low contact angle observed for 

water in our simulations (see Figure 4a and b) and also for not allowing the CO2 droplets to 

adhere directly on the surface. Density distributions at different salt content are shown in the 

SI. 
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Figure 11. 2D density profiles of (a) Na+ and (b) Cl ions surrounding the CO2 droplet. The 

CO2 droplet was surrounded by 1.5 M NaCl brine. The simulations are conducted at 50 C 

and 20 MPa and the last 2 ns of the simulations are used for data analysis. Note the 

accumulation of ions, in particular Na+, near the calcite substrate. The color bar expresses 

density in the unit of 1/Å3. In panels (c) and (d) we report expanded views of the interfacial 

region from panels (a) and (b), respectively. These simulations are conducted with the force 

field proposed by Xiao et al.33 to describe calcite. 

 

 

The oxygen density distributions in the second hydration layer, shown in the bottom 

panels of Figure 12, show that NaCl ions strongly disrupts the arrangement of water 

molecules, as demonstrated by the missing accumulation of oxygen atoms within the regions 

highlighted by circles in panels (c) and (d).  To complete the structural analysis of water 

molecules on the calcite surface, we also investigated the surface density distribution of 

hydrogen atoms within two hydration layers. These results are reported in the SI. In general, 

NaCl salt ions affect the distribution of hydrogen atoms in both hydration layers, which 

suggests that the interfacial water structure is modified.  
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Figure 12. Surface density distribution of oxygen atoms within (a) the first and (b-d) the 

second hydration layer parallel to the XY plane. The figure shows result of the first 

hydration layer obtained for the system in which the CO2 droplet was surrounded by 1.5 M 

NaCl brine. Because the surface density distribution of oxygen atoms within the first 

hydration layer is similar for all systems, only one representative is shown for brevity in 

panel (a). The results of the second hydration layer were obtained for systems in which CO2 

droplet surrounded by pure water (b) and by NaCl brine at increasing salt concentration: (c) 

0.1 M, and (d) 1.5 M. The results for other concentrations are shown in the SI. The color bar 

expresses density in the unit of 1/Å3. These simulations are conducted with the force field 

proposed by Xiao et al.33 to describe calcite. 

 

 

4. CONCLUSIONS 

The wettability of the calcite surface was probed using atomistic molecular dynamics 

simulations. Two force fields were compared to model the solid substrate, and several to 

model water. In general, the models reproduced reasonably well the structure of the first two 

hydration layers of water formed on calcite as observed experimentally. However, when the 

force fields parameterisation proposed by Xiao et al.33 was implemented, the strong water-

wetting behaviour predicted for the calcite surface prevented direct observation of the water 

contact angle as a function of temperature, pressure and salinity. In fact, within the limits of 

our simulations, complete wetting of the calcite surface by pure water or NaCl brine solutions 

was observed, which seems at odds with available experimental data. When the simulations 
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are conducted for one aqueous super-critical CO2 droplet near calcite, the results strongly 

suggest that brine composition alters the affinity between a CO2 droplet and calcite. In 

particular, NaCl ions disturb the hydration layers on calcite, which directly affects the affinity 

between the CO2 droplet and the wet calcite surface. The simulation results suggest that 

increasing NaCl salt concentration allows the supercritical CO2 droplet to more closely 

approach the surface. 

When the force fields proposed by Raiteri et al.36 and Silvestri et al.38 were implemented to 

model calcite, the simulation results showed a contact angle for pure water, surrounded by 

CO2, of ~ 46º. This value is in partial agreement with some experimental data, as reported in 

the literature, but others report contact angles as high as 80-90º. The set of force field 

parameters proposed by Silvestri et al.38 has not yet been extended to investigate NaCl, and 

therefore we could not quantify the effect of salt content on wetting properties. When a super-

critical CO2 droplet was simulated near calcite in the presence of pure water, the simulation 

results suggested strong adhesion between the CO2 droplet and the second hydration layer on 

calcite. 

These results strongly suggest that force fields need to be improved to quantitatively capture 

the wetting properties of brine-CO2-calcite systems via atomistic molecular simulations. 

However, the results suggest that ions dissolved in water can have a strong effect on the 

wetting properties. Further studies are required to fully quantify the effect of salt type and 

concentration, as well as the effect of impurities. Once these effects are quantified, a better 

understanding of the important role played by brines in controlling the CO2 wettability of 

caprocks is expected, which will yield more reliable predictions concerning structural 

trapping capacity and containment security in geological carbon sequestration. 

Supplementary Information 

Density profiles of NaCl salt ions along the Z direction, water density profiles, composition 

of simulated systems, determination of CO2-water interface, water contact angle prediction, 

water contact angle as a function of initial droplet radius, surface density distribution of 

oxygen atoms within the first and second hydration layer, surface density distribution of 

hydrogen atoms within the first and second hydration layer. 
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