
Dynamics and Solubility of He and CO2 in Brine 

Tuan A. Ho1 and Craig Tenney2

1Geochemistry Department, Sandia National Laboratories, Albuquerque, New Mexico 87185, 

USA.

2WMD Threats and Aerosol Science, Sandia National Laboratories, Albuquerque, New Mexico 

87185, USA.

This research is conducted in an effort to collaborate with Baole Wen and Marc Hesse at UT to 

study the effect of convection on the solubility and dynamics of gas in brine at Bravo Dome 

natural gas field. Below we summarize the method and results for the study of dynamics and 

solubility of He and CO2 in NaCl aqueous solution.

1. Dynamics of gas in NaCl aqueous solution

a. Method

Molecular dynamics simulation was implemented using LAMMPS simulation package (1) to 

study the diffusivity of He3 and CO2 in NaCl aqueous solution.  To simulate at infinite dilute 

gas concentration, we placed one He3 or CO2 molecule in an initial simulation box of 

24x24x33Å3 containing 512 water molecules and a certain number of NaCl molecules 

depending on the concentration. Initial configuration was set up by placing water, NaCl, and 

gas molecules into different regions in the simulation box. Calculating diffusion coefficient 

for one He or CO2 molecule consistently yields poor results. To overcome this, for each 

simulation at specific conditions (i.e., temperature, pressure, and NaCl concentration), we 

conducted 50 simulations initiated from 50 different configurations. These configurations are 

obtained by performing the simulation starting from the initial configuration mentioned

above in the NVE ensemble (i.e., constant number of particles, volume, and energy). for

100,000 time steps and collecting one configuration every 2,000 times step. The output 

temperature of this simulation is about 500K. The collected configurations were then

equilibrated for 2ns in the NPT ensemble (i.e., constant number of particles, pressure, and 

temperature) followed by 9ns simulations in the NVT ensemble (i.e., constant number of 

particles, volume, and temperature). The time step is 1fs for all simulations.
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We focused on studying the diffusivity of He and CO2 in brine at the conditions relevant to 

those found at the Bravo Dome CO2 gas field in New Mexico (2). For example, the pressure 

varies from 2 MPa to 14 MPa depending upon the location at Bravo Dome. Temperature is 

from 300K to 320K, and NaCl concentration is about 0.4 mol/l (3). In our simulation, we 

varied NaCl concentration from 0 to 4 mol/l to study the effect of salinity on the diffusion 

coefficient. Water molecule was simulated using the SPC/E model (4). This water model can

properly predict the diffusion coefficient of bulk water (5). The He molecule was modeled as 

a Lennard-Jones sphere with the potential parameters taken from Tang and Toennies (6). The 

CO2 molecule was described by the TRaPPE model (7) and kept rigid using an algorithm 

proposed by Kamberaj et al. (8). The NaCl force field was adopted using the SD model

proposed by Smith and Dang (9). The cross-interaction between He and water molecules was

taken from Warr et al. (10). Other unlike-pair parameters were computed using the Lorentz-

Berthelot combining rule rules ��� = ������� and 	��� = (��� + ���) 2⁄ , where ε and σ are the 

depth of the potential well and the distance at which inter-particle the potential is zero in the 

Lennard-Jones potential, respectively. 

Diffusion coefficient D was calculated by using Einstein relation (11)

� = lim�→�
�[�(�)��(�)]��

��
, where [�(�) − �(0)] is the distance from the starting point at time t 

= 0 that molecule diffuses in time t.  Trajectories of He, CO2, and water obtained in 9ns NVT 

simulations are divided into 3 blocks of 3ns each. The mean square displacement (i.e., 

numerator in the Einstein relation) was averaged from 50 simulations for each block and used 

to compute the diffusion coefficient. Finally, the mean value of the diffusion coefficient and 

the standard deviation were calculated from the result obtained for each block. To validate 

our methodology and models, we compared the diffusion coefficient of CO2 and He in pure 

water at 300K and 1atm with those available in literature. The diffusion coefficient of CO2 in 

water obtained from our simulation is 1.83±0.44x10-9m2/s, which is in agreement with that

calculated by Moultos (12) (2.2±0.5x10-9m2/s) and experimental results (13). The diffusion 

coefficient of He in pure water calculated from our simulation is 7.06±0.75x10-9m2/s, which 

is comparable with the experimental data by Jahne (14) (D=7.22 ± 0.36 x10-9m2/s).

b. Results



In the left panel of Figure 1 we present the diffusion coefficient of CO2 and He in 0.44mol/l 

NaCl solution at 0.1MPa as a function of temperatures ranging from 300 to 340K. As 

expected, when the temperature increases, the diffusion coefficient increases for He, CO2,

and water. The ratio of the diffusion coefficient of He/CO2 is from 2.69 to 3.45. We also 

observed that the diffusion coefficient of dissolved CO2 is comparable with that of water.

Note that dissolved CO2 is coordinated by around 19 water molecules (15). Therefore, the 

diffusivity of CO2 strongly depends on the movement of the surrounding water molecules.

On the other hand, the diffusion coefficient of solute He is much higher than those of water 

and dissolved CO2, in part, because He mass is smaller and because water does not form a

strong hydration shell around He.
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Figure 1. Diffusion coefficient of CO2 (solid circles), water (triangles), and He (empty

circles) as a function of temperature (left), pressure (middle), and salt concentration (right). 

The NaCl concentration is 0.44 mol/l for the left and middle panels. The pressure is 0.1MPa

for the left and right panels. The temperature is 300K for the middle and right panels.

In the middle panel of Figure 1 we report the diffusion coefficient as a function of pressure 

ranging from 0.1 to 14MPa. The temperature is 300K and NaCl concentration is 0.44m/l. Our 

results indicate that the pressure change observed at Bravo Dome does not affect the mobility 

of gas in NaCl aqueous solution. This is expected because water is incompressible and its 

diffusion coefficient does not change as a function of pressure. In the right panel of Figure 1

we present the diffusion coefficients of water, He and CO2 as a function of NaCl 



concentration increasing from 0 to 4 mol/l. The temperature is 300K and pressure is 0.1MPa. 

The results suggest that diffusion coefficients of water, CO2 and He decrease when NaCl 

concentration increases. This observation is in agreement with experiment (16). As the 

number of Na+ and Cl- ions increases, more water molecules bind to Na+ and Cl- ions to form 

the ion-water cluster. These clusters diffuse more slowly than water. Because the diffusion 

coefficient of water decreases when increasing NaCl concentration, the diffusion coefficients

of dissolved CO2 and He decrease. 

2. Solubility of CO2 and He in NaCl aqueous solution

a. Method

The NPT-Gibbs ensemble (17) Monte Carlo (MC) simulation was conducted using 

TOWHEE simulation package (18) to study the solubility of CO2 and He in an NaCl aqueous 

solution. In our simulation setup there are two simulation boxes: the liquid box containing 

512 water molecules and a certain number of NaCl depending on the concentration, and the 

gas box containing 512 gas molecules (either CO2 or He). These two boxes were kept at a 

constant temperature and pressure. During the course of simulation, liquid/gas phase 

equilibrium was obtained by the molecule exchanges between two boxes. In addition, the 

equilibration in each phase is carried out by molecule movement (i.e., translational and 

rotational moves) and reinsertion move. After each MC move, the potential energy of the 

system was calculated and used in the Metropolis algorithm (19) to decide if the move was

accepted. Our simulations were carried out for 180 million steps. The last 120 million steps 

were divided into 10 blocks of 12 million steps each to calculate the mole fraction of gas in 

the brine and standard deviation. 

For the He/NaCl aqueous system, we implemented the same potential energy for water, He, 

and NaCl as we did in the study of the diffusion coefficient. The Henry’s constant of He in 

pure water obtained from our simulation is 16.1±3.4GPa at 300K and 0.1MPa. This is 

consistent with the experimental result (14.6 ± 1.4 GPa)(20). For the CO2/brine system, 

following Vorholz et al. (21), we used the SPC model (22) for water and EPM2 (23) model 

for CO2. The SPC water model yields a better prediction of vapor pressure than most water 

models (24). When simulating EPM2 CO2 the unlike-pair interaction between carbon and 

oxygen atoms was calculated by using the geometric combining rules ��� = ������� and 



��� = �������, where ε and σ are the depth of the potential well and the distance at which 

inter-particle the potential is zero in the Lennard-Jones potential, respectively. Other unlike-

pair parameters were calculated by using Lorentz-Berthelot rules ��� = ������� and 	��� =

(��� + ���) 2⁄ . In Figure 2 we compare our results with the simulation results by Vorholz et 

al. (21) and experimental data by Hou et al. (25) to validate our methodology. Agreement 

between our simulation data with those by Vorholz et al. (21) is observed within the 

statistical uncertainties (smaller error bar in our results probably is because our simulations 

are longer). Comparison also indicates that simulation underestimates the solubility of CO2 in 

pure water, especially at high pressure, possibly because of the inadequacy of the combining 

rules. However, the trend of the effect of the temperature, pressure and NaCl concentrations 

on the solubility can be studied using these models.
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Figure 2. Mole fraction of CO2 in pure water at 348.15K and 1 atm. Comparisons of our 

results (empty circles) with simulation results by Vorholz et al. (21) (triangles) and 

experimental data by Hou et al. (25) (solid circles).

b. Results

In the top left panel of Figure 3 we present the mole fraction of He in an NaCl aqueous 

solution when the temperature changes from 290K to 340K. The pressure is 3MPa and NaCl 

concentration is 0.44 mol/l. The results indicate that within the narrow temperature range at 

Bravo Dome, the solubility of He into the aqueous solution does not change significantly. 

However, pressure variation at Bravo Dome (i.e., from 2 to 14MPa) remarkably affects the 



solubility of He (top middle panel of Figure 3). The He solubility increases up to 2 orders of 

magnitude when pressure increases from 0.1MPa to 14MPa. The concentration of NaCl also 

significantly affects the solubility of He (top right panel of Figure 3). The He solubility 

decreases up to 1 order of magnitude when the NaCl concentration increases from 0.44 mol/l 

(i.e, Bravo Dome NaCl concentration) to 4.0 mol/l.

Figure 3. Mole fraction of He (top panels) and CO2 (bottom panels) in an NaCl aqueous 

solution as a function of temperature (left panels), pressure (middle panels) and NaCl 

concentration (right panels). The NaCl concentration is 0.44 mol/l for left and middle panels. 

The pressure is 3MPa for the left and right panels.  The temperature is 300K for middle and 

right panels.

In the bottom left panel of Figure 3 we report the mole fraction of CO 2 in NaCl aqueous 

solution as a function of temperature varying from 290K to 340K. The effect of the 

temperature on the solubility of CO2 is more significant when compared with the result for 

He. The solubility of CO2 decreases when temperature increases. The results shown in the 



bottom middle panel of Figure 3 indicate that when pressure increases, the solubility of CO2 

increases, as expected. This observation suggests that at a different location at the Bravo 

Dome, the solubility of CO2 in brine might be different. We also observed that, because of 

the salting out effect, when the NaCl concentration increases, the solubility of CO2 decreases. 

As ions electrostrict water molecules in the hydration shell, increasing the number of ions in 

the solution reduces the number of water molecules available to coordinate with gas 

molecules (3).     
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