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Summary 

In recent years, low salinity water (LSW) injection into carbonates and sandstone reservoirs, 
known as water flooding, has been adopted as a promising technique for enhanced oil recovery 
(EOR). This technology which is appealing to industry because of its low cost, can maintain 
pressure after initial depletion and displace oil by exploiting the effect of the viscous forces. 
Despite the rising industrial interest in LSW method, a coherent mechanism explanation for the 
technology has yet to be developed. Unknown molecular interactions in a rock-brine system are 
the primary cause for the lack of a cohesive mechanism driving LSW. In order to study molecular 
aspects of the interaction between a rock slab (solid phase) and brine (fluid phase), we used the 
molecular dynamic (MD) technique to simulate a system including calcite and brine solution. The 
results show that all mono/divalent ions are hydrated initially and a layer of water molecules 
located at 1.85 Å above the calcite surface. The Na+, Cl-, Mg2+ and SO4

2- ions scatter at a radius 
of 2.45 Å, 4.15 Å, 4.45 Å, and 4.15 Å from the calcite slab, establishing the electrical double layer 
(EDL) along the z-axis and parallel to the calcite surface. 

Introduction 

Over millions of years, the cohabitation of brine water and oil within an oil reservoir has resulted 
in a thermodynamic equilibrium between reservoir rock, brine and oil. Water flooding with a known 
composition can disrupt the current equilibrium by altering the rock’s wettability. Rock wettability 
within the oil reservoirs plays an essential role in subsurface multiphase flow behavior. Thus, 
advancements in EOR techniques are directly or indirectly related to changes in the wetting 
properties of the reservoir. Recently, water flooding has been utilized widely to displace oil, 
thereby improving the EOR technology. Injection of water with low salinity includes injection of 
diluted brine in either carbonates or sandstone reservoirs through secondary recovery/tertiary 
mode to enhance the oil recovery1. The industry as well showed immense interest in this 
technology. Because LSW injection, on the one hand, is cheap and straightforward to apply. On 
the other hand, it can maintain pressure after initial depletion and displace oil by exploiting the 
effect of the viscous forces.  

Many research studies have focused on the capability of LSW injection until now. It is known that 
the presence of mono/divalent ions (i.e., Na+, Cl-, Mg2+ and SO4

2-) control the wettability transition 
of the reservoir from thoroughly oil-wet to water-wet 2. For example, Austad 3 et al. have reported 
that CaSO4 is a key chemical for observing the LSW injection effect. They raised the sulfate 
content within an experiment while decreasing the NaCl concentration, and they found  88 percent 
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improvement in recovery. They also declared that the EOR low salinity impact is feasible in both 
carbonate and sandstone reservoirs. Mehraban4 et al. have observed that not only concentrations 
of sulfate ions but also higher Ca2+ and Mg2+ concentrations resulted in considerable 
improvements in wettability alteration and recovery.  

Improved oil recovery using the LSW approach is ascribed to several mechanisms, such as 
interfacial tension reduction5, multicomponent ion exchange (MIE)6, and electrical double layer 
(EDL) expansion7. Despite numerous attempts to realize the driving processes of wettability 
change, the interaction mechanism between LSW ions and the rock surface remains unknown at 
the molecular scale. To investigate the molecular interactions between a rock slab and brine, we 
employed molecular dynamic (MD) simulation. In this simulation, calcite plays role of the solid 
mineral interacting with a brine solution, including H2O molecules, Na+, Cl-, Mg2+ and SO4

2- ions.  

Theory 

Calcite (CaCO3) is a mineral found in abundance in natural geological systems. Since calcite is a 
key ingredient of limestone, dolomite, and chalk, it is also among the most prevalent mineral 
observed in oil reservoirs. Hence, investigation of the calcite mineral interacting with the brine on 
a molecular scale can shed light on the complexity of the molecular mechanism leading to the oil 
displacement due to the injection of LSW. As a result, several studies have focused on the surface 
characteristics of calcite.  

To study molecular interactions between a calcite slab and brine solution, we employed LAMMPS8 
(Large Atomic/Molecular Massively Parallel Simulator) for molecular dynamic (MD) simulations. 
In this study, calcite (CaCO3) was chosen as the rock mineral because it is among the most 
prevalent mineral found in oil reservoirs. The most stable cleavage of calcite, 1014 plane, was 
utilized to construct a rock surface and the established force field by Xiao9 was chosen to control 
the interaction among different species of calcite (i.e., Ca, C and O) in the solid phase. Then, the 
water molecules are wrapped and mounted above the constructed calcite slab with PACKMOL10 
software. TIP3P11 defines the force field between the water molecules.  

 

Table 1. Chemical composition of the different components in low saline water 
(LSW). 

Low saline water ions 

Na+ [ppm] Cl- [ppm] Mg2+ [ppm] SO4
2- [ppm] 

13700 24468 1620 3310 
*Note:Total density of Low saline water = 1.196 gr/cm3 
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The utilized elements and associated concentrations have been tabulated in Table 1. The number 
of elements is based on the density at T=300 K and pressure of 1 atm. 

Table 2. calculated number of LSW molecules for MD simulation. 

Low saline water ions 

H2O Na+ Cl- Mg2+ SO4
2- 

1101 14 16 2 1 
 

Table 2 includes the number of required molecules to make the chemical concentrations which 
are mentioned in Table 1. 

 
Figure 1. The sketched geometry represents the schematic configuration of the second system 
simulated with MD, which includes LSW (H2O, Na+, Cl-, SO4

2- and Mg2+) interacting with a calcite slab. 
 

To make a brine solution, it is required to mix the pure water molecules with mono/divalent ions. 
To this end, water molecules are combined with Na+, Cl-, Mg2+ and SO4

2- representing the brine 
solution. Different protocols define the governing force field between mentioned cations and 
anions. To put it differently, the OPLS-AA12 force field models the interaction of Na+, Cl- and Mg2+, 
whereas the interaction of divalent anion SO4

2- is modeled by Williams13 force field. A canonical 
ensemble (NVT) implemented by the Nose-Hoover14 thermostat ensures that the simulation is 
conducted at T=300 K. Taking a timestep of 1 ns, the simulation run is completed within 20 ns, 5 
ns for equilibration and 15 ns for production. 
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Results and discussions 

The trend of the radial distribution function of different ions and water molecules are plotted in 
Figure 2. According to Figure 2e, a layer of water is adsorbed on the rock surface with a local 
density that is 2-3 times that of the bulk density. This observation and relevant consequences 
have been reported in previous studies15,16. The water molecules connect to the oxygen of the 
calcite from the hydrogen side and locate at a radius of 1.85 Å along the z-axis. After water 
molecules, Na+ ions stay at the closest distance to the calcite surface, which is 2.45 Å, as shown 
in Figure 2a.  

 
Figure 2. Illustration of the radial distribution function for different ions and water molecules with respect 
to the solid surface at T=300 K. The distance between Na+, Cl-, Mg2+, SO4

2- and H2O from solid surface 
is 2.45 Å, 4.15 Å, 4.45 Å, 4.15 Å and 1.85 Å, respectively.  
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Rest of the mono and divalent ions are Cl-, Mg2+ and SO4
2- which are scatter at a radius of 4.15 

Å, 4.45 Å, and 4.15 Å from the calcite slab, respectively. 
The trend of radial distribution function g(r) in Figure 3 presents the distance between each anion 
and cation and the water molecules which surrounded them at T=300K. As seen, all of the 
mono/divalent ions are hydrated because the water molecules scatter at a distance of  2.5 Å, 2.2 
Å, 1.85 Å, and 2.4 Å, from Na+, Cl-, Mg2+ and SO4

2-, respectively. The shorter hydration radius is 
due to the higher hydration energy impact. 

 
Figure 3. The prfile of the radial distribution function shows the distance between the water molecules 
and different ions at T=300 K. All of the mono/divalent ions are hydrated and the water molecules scatter 
at a distance of  2.5 Å, 2.2 Å, 1.85 Å, and 2.4 Å, from Na+, Cl-, SO4

2- and Mg2+, respectively. 
 

Figure 4 shows the charge density profile. As seen, the development of a positive stern layer and 
negative diffuse layer is indicated by a positive and negative peak next to the calcite surface. The 
charge density profile above the calcite slab demonstrates the establishment of an electrical 
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double layer (EDL) parallel to the calcite slab, which includes monovalent cations in the starn 
layer and anions within the diffuse layer. Calculation of the mathematical area under the curve for 
charge density (Figure 4a) shows that the charge summation is negative.  

 
Figure 4. The charge density and zeta potential are shown with plots a and b, repectively. 

 

Conclusions  

Calcite is one of the most common minerals identified in oil reservoirs because it is the main 
component of limestone, dolomite, and chalk. Thus, investigation of the underlying mechanism of 
calcite-LSW interaction in a molecular scale can result in new understandings which can improve 
the efficicency of the EOR technology. Since, the influence of the LSW on EOR improvement has 
rarely been addressed at the molecular level, we used LAMMPS to explore the surface interaction 
of calcite with brine solution. Study of the different ions interaction with the calcite surface shows 
that the mono/divalent ions initially are hydrated. Water molecules from the first adsorbed layer 
on the calcite surface, dwelling at the closest distance, 1.85 Å above the calcite surface. Following 
that, hydrated Na+, Cl-, Mg2+ and SO4

2- remain at 2.45 Å, 4.15 Å, 4.45 Å, and 4.15 Å with respect 
to the solid surface, respectively. The charge density profile also exhibits the formation of the EDL 
parallel to the calcite surface, including the positive stern layer and the negative diffuse layer. 
Therefore, it can be said that the positive stern layer is formed by Na+ and Cl- stablished the 
negative diffuse layer. The observed oscillation of charge density curve after the diffuse layer 
reflects the presence of Mg2+ and SO4

2-. The presence of SO4
2- in the outer layer of EDL and 

negative charge summation of EDL might be a good cause for repulsion of the oil molecules and 
turning the calcite surface water wet. 
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