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Abstract 7 

Forsterite (Mg2SiO4), a model divalent metal silicate mineral, has been extensively studied in the 8 

context of mineral carbonation. Although dissolution is a key step in this process, the 9 

mechanisms by which forsterite dissolves under high CO2 conditions remain poorly understood. 10 

Atomistic simulations could aid in exploring these mechanisms, but it is essential first to 11 

understand the structures and energetics of the relevant forsterite surfaces. We present an ab 12 

initio study of the structure and surface energy at 0 K of the flat (010), (110), (001), (111), (021), 13 

(101) and (120) faces of forsterite using the density functional PBE Hamiltonian and a plane-14 

wave basis set.  Dry surfaces became stabilized upon hydration through the formation of bonds 15 

between surface Mg and O from water, as well as by the formation of hydrogen bonds. 16 

According to surface energy values, the stability order of the hydrated forsterite faces was found 17 

to be (120) < (101) < (021) < (111) < (001) < (110) < (010).  We also investigated the energetics 18 

of the terrace-step (04̅1) surface as a model site for forsterite dissolution. Among all the facets, 19 

the (04̅1) surface is the least stable termination in water.  Hydration of Mg atoms on the (04̅1) 20 

surface increases their susceptibility to dissolution. The presence of a step and its hydration 21 

destabilizes the terraces, making step retreat more likely than a dissolution front advancing along 22 

the [010] direction. This research will support future simulations to investigate forsterite 23 

dissolution in water under CO2-rich conditions. 24 
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Introduction 25 

Olivine (M2SiO4; M=Mg, Fe) is a common mineral found in (ultra)mafic rocks, consisting of 26 

isolated silicate tetrahedra connected to metal octahedra through oxygen bonds. Due to its high 27 

divalent cation content and reactivity, olivine carbonation has attracted significant interest as a 28 

method for sequestering anthropogenic carbon dioxide to help mitigate global warming.1-4 29 

The Mg-endmember of olivine, forsterite (Mg2SiO4), has been the focus of numerous 30 

experimental5-17 and computational18-21 studies on the carbonation of divalent metal silicates. 31 

During forsterite carbonation, CO2 reacts with water to form carbonic acid, leading to the 32 

dissolution of forsterite and the precipitation of magnesium carbonates. Dissolution is a key step 33 

in this process, yet the mechanisms by which it occurs under high CO2 conditions remain 34 

unclear. In the absence of CO2, protonation of oxygens in Si-O-Mg linkages causes Mg-O bond 35 

rupture, followed by nucleophilic attack by water, releasing a fully hydrated Mg2+.  However, 36 

experiments conducted in CO2-rich environments have shown the formation of bicarbonate 37 

complexes on the forsterite surface.9 In such cases, Mg-coordinated bicarbonate anions may 38 

weaken the Mg-O bonds to the forsterite sublattice, making them more susceptible to proton-39 

induced rupture and potentially accelerating Mg2+ dissolution.  Understanding the dominant 40 

mechanism of forsterite dissolution under CO2-rich conditions is crucial for developing effective 41 

strategies to store carbon dioxide durably, but current experiments cannot definitively determine 42 

whether the primary mechanism is proton or bicarbonate-promoted. 43 

Atomistic simulations would be useful for explore the dissolution mechanisms of forsterite under 44 

CO2-rich conditions.  However, it is essential to first understand the structures and energetics of 45 

the relevant forsterite surfaces. Forsterite surfaces have been the focus of several previous 46 
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computational studies.18-33  For dry forsterite, recent density functional theory (DFT) studies by 47 

Bruno et al. and Demichelis et al. calculated the surface energies of the (010), (101), (111), 48 

(001), (110), (120), and (021) faces.31, 33 They showed that the (010) face is the most stable under 49 

dry conditions and explained the shape of olivine inclusions in diamond.31  For hydrated 50 

forsterite, De Leeuw et al. used atomistic simulations with empirical potentials to calculate the 51 

hydrated surface energies of the (001), (010), (100), (011), (101), (110), (111), and (021) faces 52 

and correctly predicted the morphology of forsterite equilibrated in water.28  King et al. 53 

employed similar methods to demonstrate that dissociative water adsorption is favored at steps, 54 

corner sites, and vacancies on the (001), (010), (100), (110), and (101) faces. They concluded 55 

that water retention is possible even at low partial pressures and high temperatures at these low-56 

coordinated surface sites.29 To our knowledge, only a few studies have used ab initio level 57 

calculations to investigate hydrated forsterite surfaces.  Kerisit et al. calculated water and carbon 58 

dioxide adsorption energies on the (010) surface using DFT and showed that carbon dioxide is 59 

easily displaced by water at the (010) surface to form thin water films in which dissolution and 60 

carbonate precipitation can take place.18, 19   Asaduzzaman et al. used DFT calculations to show 61 

that water dissociation followed adsorption on the (001), (100), (010) and (110) faces of 62 

forsterite, although two stable associative adsorption configurations were also identified.27   63 

A comprehensive study of hydrated forsterite flat surfaces using ab initio calculations is still 64 

lacking. Additionally, to our knowledge, no ab initio studies have been conducted on dry or 65 

hydrated forsterite step surfaces. This article aims to investigate the structures and energetics of 66 

the crystal faces and a specific terrace-step surface of forsterite using DFT calculations and two-67 

dimensional slab models. We initially focused on flat surfaces to establish a baseline for step 68 

energy calculations. Inspired by previous DFT studies by Bruno et al. and Demichelis et al. on 69 
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dry surfaces31, 33, we determined the equilibrium geometries and surface energies at 0 K for the 70 

hydrated (010), (101), (111), (001), (110), (120), and (021) faces of forsterite. This approach 71 

allowed us to establish a robust baseline and align our findings with existing literature. 72 

Subsequently, we concentrated on a terrace-step surface featuring two types of Mg terminations, 73 

as recent studies by Li et al. using atomic force microscopy have suggested that forsterite step 74 

surfaces are the primary sites for forsterite dissolution.34-36 The research presented here will be 75 

beneficial for future simulations of dissolution at forsterite/water interfaces under CO2-rich 76 

conditions, helping to determine whether the primary mechanism of forsterite dissolution is 77 

promoted by protons or bicarbonate. 78 

Computational Methods 79 

All geometry optimizations and surface energies of forsterite crystal facets in this study were 80 

performed using DFT37 with the pseudopotential plane-wave NWPW module38 implemented in 81 

the NWChem software package39, 40. The generalized gradient approximation of Perdew-Burke-82 

Ernzerhof (PBE)41 was used to account for the exchange-correlation energy. In our plane-wave 83 

calculations, the valence electron interactions with the atomic core were approximated with 84 

generalized norm-conserving Hamann pseudopotentials42, 43 for Si, O, and H. Norm-conserving 85 

Troullier-Martins pseudopotentials44, which contain 4s, 4p, and 3d projectors and a semi-core 86 

correction, were applied for Mg. All the pseudopotentials were modified to the separable form 87 

suggested by Kleinman and Bylander45. Spin-restricted calculations were performed since the 88 

hydrated forsterite crystal facets are closed-shell systems. The structural properties of a perfect 89 

bulk forsterite crystal were first optimized using a 2×1×2 Monkhorst-Pack Brillouin zone 90 

sampling. For the slabs, the electronic wavefunctions were expanded using a plane-wave basis 91 
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with periodic boundary conditions at the Γ-point (1×1×1 k-point mesh) with a wavefunction 92 

cutoff energy of 100 Ry and a density cutoff energy of 200 Ry. All atomic positions were 93 

entirely relaxed using the default NWChem DRIVER optimizer until the forces on the atoms 94 

were converged to less than 10-4 hartree/bohr and the total energy was converged to less than 10-6 95 

hartree.  96 

The specific surface energy 𝛾ℎ𝑘𝑙 (J/m2) of a dry crystal face ℎ𝑘𝑙 at a temperature of T = 0 K was 97 

calculated as46 98 

𝛾ℎ𝑘𝑙 =
𝐸ℎ𝑘𝑙

𝑛,0 − 𝑛 × 𝐸bulk
Mg2SiO4

2𝐴
 99 

where 𝐸ℎ𝑘𝑙
𝑛,0

 is the energy of a dry forsterite slab of crystal face ℎ𝑘𝑙 with 𝑛 Mg2SiO4 100 

stoichiometric units, 𝐸bulk
Mg2SO4 is the bulk energy per stoichiometric unit, 𝐴 is the surface area, 101 

and the factor of 2 in the denominator accounts for the upper and lower surfaces of the slab 102 

model.  103 

The surface energy of a hydrated crystal face ℎ𝑘𝑙, 𝛾ℎ𝑘𝑙 (J/m2) was defined as 104 

𝛾ℎ𝑘𝑙 =
𝐸ℎ𝑘𝑙

𝑛,𝑚 − 𝑛 × 𝐸bulk
Mg2SO4 − 𝑚 × 𝐸bulk

ice XI

2𝐴
 105 

where 𝐸ℎ𝑘𝑙
𝑛,𝑚

 is the energy of a hydrated forsterite slab of crystal face ℎ𝑘𝑙 with 𝑛 Mg2SiO4 106 

stoichiometric units and 𝑚 adsorbed water molecules, and 𝐸bulk
ice XI is the bulk energy of ice XI per 107 

H2O molecule. Because the calculations in this study did not consider temperature, ice was 108 

selected as the reference phase for H2O instead of liquid water. Ice XI, the hydrogen-ordered 109 

form of ordinary ice, is the equilibrium structure below approximately 70 K at ambient pressure. 110 
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The lattice parameters of Ice XI are presented in Table S1 and compared with those obtained by 111 

Leadbetter et al.47 at 5 K from neutron powder diffraction data. 112 

The adsorption energy of water on the forsterite facet ℎ𝑘𝑙, ∆𝐸H2O
ℎ𝑘𝑙  ,was defined as 113 

∆𝐸H2O
ℎ𝑘𝑙 =

𝐸ℎ𝑘𝑙
𝑛,𝑚 − 𝐸ℎ𝑘𝑙

𝑛,0 − 𝑚 × 𝐸gp
H2O

𝑚
 114 

where 𝐸gp
H2O

 is the energy of a water molecule in the gas phase. 115 

The step energy,  (J/m), of the terrace-step surface was determined by48 116 

𝜉 = 𝑑 (
𝛾∗𝐴∗

𝐴
− 𝛾) 117 

where 𝛾∗ represents the specific surface energy for the terrace-step face, 𝐴∗ is the area of the 118 

vicinal surface enclosed within the simulation cell, 𝛾 represents the surface energy of the 119 

cleavage surface in the simulation cell, 𝐴 is the area of this cleavage surface, and 𝑑 is the step 120 

separation.  121 

Structures and Energetics of Low-Index, Flat Forsterite Surfaces 122 

The forsterite crystal structure was first optimized, which yielded the lattice parameters a = 123 

4.7188 Å (−0.6%), b = 10.0549 Å (−1.4%), c = 5.9073 Å (−1.2%) where the percentage 124 

differences relative to the experimental lattice parameters (a = 4.7490 Å, b = 10.1985 Å, c = 125 

5.9792 Å49, Pbnm space group) are shown in parentheses. The optimized crystal structure was 126 

then cut using METADISE50 to generate seven low-index surfaces, namely, (010), (110), (001), 127 

(111), (021), (101) and (120). These surfaces are the same as those considered by Bruno et al.31 128 
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and constitute the most comprehensive set of surfaces studied to date with electronic structure 129 

methods. The two-dimensional cell parameters of the slabs are listed in Table S2 All slabs 130 

contained 224 atoms, i.e., 64 Mg atoms, 32 Si atoms, and 128 O atoms.  131 

Hydrated forsterite surfaces were generated by adsorbing a monolayer of water molecules to the 132 

dry forsterite surfaces, with the number of water molecules determined to ensure that all Mg 133 

atoms that were undercoordinated as a result of the surface formation regained six-fold 134 

coordination. Water was initially adsorbed associatively, i.e., as a molecule, in all cases. During 135 

energy minimization of the hydrated surfaces, a fraction of the adsorbed water molecules 136 

spontaneously dissociated into H+ and OH− on all the surfaces except (010) and (120) (Table 1). 137 

The as-cleaved, relaxed dry, and relaxed hydrated structures of the seven surfaces are shown in 138 

Figure 1. 139 
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 140 

Figure 1. Combined polyhedral and ball-and-stick models of the (010), (110), (001), (111), 141 

(021), (101), and (120) surfaces of forsterite (Mg2SiO4). For each facet, the as-cleaved, relaxed 142 

dry, and relaxed hydrated structures are displayed from left to right. SiO4 tetrahedra are shown in 143 

blue and Mg, O, and H atoms are shown as orange, red, and white balls, respectively.  144 
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Table 1. Numbers of Adsorbed Water Molecules and Dissociated Water Molecules of Hydrated 145 

Forsterite (010), (110), (001), (111), (021), (101), and (120) Surfaces. 146 

Face Total number of adsorbed 

water molecules 

Number of dissociated 

water molecules 

(𝟎𝟏𝟎) 24 0 

(𝟏𝟏𝟎) 24 8 

(𝟎𝟎𝟏) 16 4 

(𝟏𝟏𝟏) 28 4 

(𝟎𝟐𝟏) 24 4 

(𝟏𝟎𝟏) 24 4 

(𝟏𝟐𝟎) 24 0 

Table 2 lists the surface energies as well as the water adsorption energies of the seven dry and 147 

hydrated forsterite surfaces considered in this work, and Table 3 compares the surface energies 148 

of the seven dry forsterite faces calculated here to values reported in the literature. From Table 2, 149 

the dry surfaces, from lowest to highest surface energies (i.e., from most to least stable), were 150 

(010) < (120) < (001) < (101) < (111) < (021) < (110). This order of stability matches exactly 151 

that reported by Bruno et al.31 (Table 3) based on DFT calculations performed with an all-152 

electron, Gaussian-type basis set and the B3LYP exchange-correlation approximation. Zamirri et 153 

al.26 reported a similar order of stability (with only the (101) and (001) surfaces swapped) 154 

computed at the B3LYP//B3LYP-D* (in parentheses) level, where single-point energies at the 155 

B3LYP level were calculated using the geometries optimized with B3LYP-D* and the same 156 

Gaussian-type basis set as employed by Bruno et al. Figure 2 shows that, although the surface 157 
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energies obtained in this work for dry surfaces were systematically lower than those reported by 158 

Bruno et al. and Zamirri et al., they were highly correlated. In contrast, surface energies obtained 159 

with PBE and the pob-TZVP basis set by Demichelis et al.33 exhibited exactly the same order of 160 

stability and similar values (with differences of at most 6%) as obtained in this work (Table 3 161 

and Figure 2). The orders of stability obtained by de Leeuw et al.28 and Watson et al.30 using 162 

empirical potentials were the same as calculated here, except for the (101) and (111) surfaces 163 

being swapped. However, the surface energies were systematically higher than those obtained 164 

here with DFT (Figure 2). This difference is line with expectations because the DFT calculations 165 

account for electronic degrees of freedom that are not explicitly treated in calculations based on 166 

empirical potentials. 167 

Table 2. Surface Energies, γ (J/m2), at 0 K and Adsorption Energies, ∆𝐸H2O
ℎ𝑘𝑙  (kJ/mol), of the 168 

Hydrated and Dry Surfaces of Forsterite.  169 

Face Hydrated Dry ∆𝑬𝐇𝟐𝐎
𝒉𝒌𝒍  

(𝟎𝟏𝟎) 0.53 0.99 -80.6 

(𝟏𝟏𝟎) 0.55 1.80 -137.2 

(𝟎𝟎𝟏) 0.57 1.33 -127.2 

(𝟏𝟏𝟏) 0.59 1.43 -124.7 

(𝟎𝟐𝟏) 0.60 1.50 -134.4 

(𝟏𝟎𝟏) 0.66 1.36 -108.5 

(𝟏𝟐𝟎) 0.70 1.04 -83.2 
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Table 3. Comparison of the Surface Energies, γ (J/m2), Obtained in this Work at 0 K for the 170 

Seven Dry Forsterite Faces to Literature Data. 171 

Face This work Bruno     

et al.31 

De Leeuw 

et al.28 

Watson   

et al.30 

Zamirri  

et al.26 

Demichelis 

et al.33 

(PBE) 

(𝟎𝟏𝟎) 0.99 1.22 1.28 1.28 1.44 (1.23) 0.94 

(𝟏𝟏𝟎) 1.80 2.18 1.96 2.28 2.46 (2.17) 1.71 

(𝟎𝟎𝟏) 1.33 1.78 1.74 1.61 1.98 (1.72) 1.29 

(𝟏𝟏𝟏) 1.43 1.84 1.81 1.80 2.19 (1.83) 1.35 

(𝟎𝟐𝟏) 1.50 1.90 1.94 1.95 2.24 (1.91) 1.41 

(𝟏𝟎𝟏) 1.36 1.78 1.88 1.81 1.96 (1.62) 1.30 

(𝟏𝟐𝟎) 1.04 1.36 1.56 1.56 1.68 (1.37) 1.09 

The order of adsorption energies (from least to most exothermic) was (120) < (010) < (101) < 172 

(111) < (001) < (021) < (110), which agreed with the order (010) < (001) < (110) obtained by 173 

Asaduzzaman et al.27, 32 using DFT PBE with the PAW method (Table 4). Comparing this order 174 

to the order of stability of the dry surfaces above indicated that the high-energy dry surfaces 175 

generally had the largest adsorption energies and were thus stabilized the most upon hydration. 176 

As a result, the hydrated surfaces from lowest to highest surface energies were (010) < (110) < 177 

(001) < (111) < (021) < (101) < (120). Although the water adsorption energy on the (010) 178 

surface was one of the least exothermic adsorption energies, this surface remained the most 179 

stable surface. Furthermore, the surface energies of the hydrated surfaces were not correlated to 180 
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the dry surface energies (Figure 2), indicating that the forsterite surfaces were stabilized to 181 

different extents by water adsorption. 182 

 183 

Figure 2. Correlations between literature and calculated surface energies of the dry forsterite 184 

surfaces and between surface energies of the hydrated (black ×) and dry forsterite surfaces 185 

calculated in this work.  186 

Table 4. Comparison of the Adsorption Energies (kJ/mol) of the Forsterite Crystal Faces (010), 187 

(001) and (110) from This Work and Previous Studies 188 

Face This work Asaduzzaman et al.27, 32 

(010) -80.6 -91.7 

(001) -127.2 -169.8 

(110) -137.2 -183.3 
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To correlate the calculated adsorption energies to the hydrated surface structures, the total 189 

number and density per unit of surface area of hydrogen bonds, total number and density per unit 190 

of surface area of Mg–O bonds broken upon cleaving, and total number and density per unit of 191 

surface area of Mg–Ow bonds (between Mg and O from water) formed upon hydration were 192 

calculated and are presented in Table 5. We identified hydrogen bonds based on the following 193 

structural and geometric criteria.51 The H···OA (hydrogen to acceptor oxygen) distance is 194 

between 1.5 and 2.5 Å, while the OD···OA (donor oxygen to acceptor oxygen) distance is within 195 

2.6 to 3.5 Å. Additionally, the OD−H···OA bond angle should be greater than 120°. The order of 196 

density of hydrogen bonds per unit of surface area was (120) < (010) < (101) < (111) < (001) < 197 

(021) < (110), which matched exactly the order of adsorption energies. A high hydrogen bond 198 

density enhanced the stability of the hydrated surface by providing cohesive forces and thus 199 

reducing the surface energy. Besides, the order of density of Mg–Ow bonds formed upon 200 

hydration was (120) < (101) < (021) < (001) < (010) < (111) < (110). Comparing this order to 201 

that of the adsorption energies indicated that the formation of Mg–Ow bonds contributed to 202 

stabilizing the dry surfaces. For example, the surface energy of the (110) surface, the most 203 

unstable dry surface, decreased from 1.80 J/m2 to 0.55 J/m2 upon hydration due to the most 204 

exothermic adsorption energy of −137.2 kJ/mol, which, in turn, was due to the highest hydrogen 205 

bond density of 0.122 Å-2 and the highest density of Mg–Ow bonds of 0.137 Å-2. Figure 1 206 

illustrates that some water molecules adsorbed within the gaps of the (110) surface, which 207 

effectively smoothed the surface topography. Conversely, while the (120) surface had the second 208 

lowest dry surface energy, it became the least stable surface upon hydration due to an adsorption 209 

energy of only −83.2 kJ/mol because its hydration structure resulted in the lowest hydrogen bond 210 

density (0.080 Å-2) and the lowest density of Mg–Ow bonds (0.086 Å-2). In addition, water 211 



 14 

molecules clustered around Mg ions, increasing the surface roughness. These findings are 212 

consistent with previous studies on hydration of minerals such as MgO52, Al₂O₃53, and CaCO₃54, 213 

which showed significant stabilization of otherwise relatively unstable surfaces.  214 

Table 5. Surface Areas, Total Number of Hydrogen Bonds (𝑁H−bond), Density of Hydrogen 215 

Bonds per Unit of Surface Area (𝐷H−bond), Number of Mg–O Bonds Broken upon Cleaving 216 

(𝑁Mg–O
broken), Density of Mg–O Bonds Broken upon Cleaving (𝐷Mg–O

broken), Number of Mg–Ow Bonds 217 

Formed upon Hydration (𝑁Mg−Ow

formed), and Density of Mg–Ow Bonds Formed upon Hydration 218 

(𝐷Mg−Ow

formed ) on Hydrated Surfaces of Forsterite. 219 

Face Surface 

area (Å2) 

𝑵𝐇−𝐛𝐨𝐧𝐝 𝑫𝐇−𝐛𝐨𝐧𝐝 

(Å-2) 

𝑵𝐌𝐠–𝐎
𝐛𝐫𝐨𝐤𝐞𝐧 𝑫𝐌𝐠–𝐎

𝐛𝐫𝐨𝐤𝐞𝐧 

(Å-2) 

𝑵𝐌𝐠−𝐎𝐰

𝐟𝐨𝐫𝐦𝐞𝐝 𝑫𝐌𝐠−𝐎𝐰

𝐟𝐨𝐫𝐦𝐞𝐝 

(Å-2) 

(𝟎𝟏𝟎) 111.50 19 0.085 24 0.108 24 0.108 

(𝟏𝟏𝟎) 131.23 32 0.122 36 0.137 36 0.137 

(𝟎𝟎𝟏) 94.89 20 0.105 20 0.105 20 0.105 

(𝟏𝟏𝟏) 161.94 32 0.099 44 0.136 36 0.111 

(𝟎𝟐𝟏) 146.42 31 0.106 30 0.102 30 0.102 

(𝟏𝟎𝟏) 152.04 26 0.086 40 0.132 30 0.099 

(𝟏𝟐𝟎) 162.93 26 0.080 32 0.098 28 0.086 

Structure and Energetics of a Terrace-Step Forsterite Surface 220 

At the atomic-level, mineral dissolution typically occurs via step retreat. Therefore, we set out to 221 

identify a candidate step surface for simulating forsterite dissolution. Because the (010) surface 222 

was identified above as the most stable forsterite surface, in both dry and hydrated conditions, 223 
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we generated a terrace-step surface whose terrace consisted of the (010) surface, as depicted in 224 

Figure 3. The step spacing was limited by the size of the simulation cell that can be reasonable 225 

treated with the level of theory used in this work. The resulting terrace-step surface was the 226 

(04̅1) surface (Figure 3). There are two symmetry-inequivalent Mg sites in forsterite denoted M1 227 

and M2. Planes of M1 and M2 sites alternate along the [010] direction. Only the cleavage plane 228 

that exposes the plane of M2 sites at the (010) surface produces a non-polar surface that leaves 229 

the SiO4 tetrahedra intact. Therefore, the two terraces of the (04̅1) surface are terminated by M2 230 

sites. The dry (04̅1) slab was charge-neutral and contained 224 atoms including 64 Mg atoms, 32 231 

Si atoms, and 128 O atoms. 64 water molecules were added to generate the hydrated surface, 10 232 

of which spontaneously dissociated during the energy minimization. The optimized average 233 

Si−O distances at the dry and hydrated (04̅1) surfaces were 1.642 Å and 1.639 Å, respectively. 234 

The Mg atoms at the step edge were undercoordinated with only 5 oxygen ligands (3 from water 235 

molecules and 2 from silicate oxygen atoms), implying that these step-edge Mg atoms were less 236 

stable compared to other surface Mg atoms. Our terrace-step surface closely resembles the small-237 

stepped (010) surface proposed by King et al.,29 except that their model included two additional 238 

outer layers of SiO4 tetrahedra and Mg atoms above our outmost M2-type Mg layer, while our 239 

structure has an extra layer of M1-type Mg atoms below the outmost M2-type Mg layer. 240 

The surface energies of the dry and hydrated terrace-step surfaces were calculated to be 1.30 241 

J/m² and 1.03 J/m², respectively, and the water adsorption energy was −67.1 kJ/mol−1. The 242 

surface energy of the hydrated (04̅1) surface was higher than any of the flat surfaces, indicating 243 

it is the most unstable surface in water. The step energy for the dry (04̅1) surface was calculated 244 

to be 1.05×10-9 J/m, while for the hydrated surface it was 0.92×10-9 J/m. This result indicates 245 

that the formation of steps is energetically more favorable in the hydrated state due to water 246 
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molecules reducing surface energy and stabilizing step edges. On the hydrated (04̅1) surface, the 247 

surface Mg atoms are six-fold coordinated with four water molecules and two silicate oxygen 248 

atoms. In contrast, on the hydrated (010) surface, the surface Mg atoms are also six-fold 249 

coordinated but are bonded to three water molecules and three silicate oxygen atoms. The greater 250 

number of water molecules bonded to the Mg atoms on the (04̅1) surface makes them more 251 

susceptible to preferential dissolution. This difference suggests that the presence of a step and its 252 

hydration disrupt the terraces, making step retreat far more likely than a dissolution front 253 

advancing along the [010] direction. This dissolution behavior is consistent with atomic force 254 

microscopy (AFM) observations of (010) surface dissolution through etch-pit expansion34-36. 255 

Moreover, the step heights of the dry and hydrated step surface were calculated to be 0.57 nm 256 

and 0.54 nm, respectively, which closely matched the average height (0.58 ± 0.07 nm) of the 257 

steps around pits measured by Li et al.34 using AFM. This agreement indicates that the (04̅1) 258 

terrace-step surface is a plausible model for the atomic structure of observed etch-pit walls. 259 

 260 
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Figure 3. (A) Step surface cleavage along the [04̅1] direction is indicated by the black dashed 261 

line. The M1 and M2 terminations are represented by the purple and yellow dashed lines, 262 

respectively. The green line outlines the terrace and step on the (04̅1) surface. The as-cleaved 263 

(04̅1) surface is shown in the right. (B) The relaxed dry (04̅1) surface. (C) The relaxed hydrated 264 

(04̅1) surface. SiO4 tetrahedra are shown in blue and Mg, O, and H atoms are shown as orange, 265 

red, and white balls, respectively.  266 

Conclusions 267 

The structures and surface energies at 0 K of the dry and hydrated (010), (110), (001), (111), 268 

(021), (101) and (120) forsterite faces have been calculated using the PBE Hamiltonian and a 269 

plane-wave basis set. The stability order (the reverse of the surface energy order) of the hydrated 270 

forsterite faces is (120) < (101) < (021) < (111) < (001) < (110) < (010).  All surfaces readily 271 

adsorb water, with adsorption energies ranging from −80 to −140 kJ/mol.  Major contributions to 272 

the adsorption energies were from the formation of Mg–Ow bonds and hydrogen bonds between 273 

lattice oxygens and other water molecules. Dissociative adsorption of water is energetically 274 

favorable on most surfaces. The (120) facet is the least stable surface termination in water due to 275 

its low water adsorption energy.   276 

The (04̅1) terrace-step has the least favorable hydrated surface energy compared to the flat 277 

surfaces.  Its step energy, which is useful for studying the energetics required to generate an 278 

active surface for the dissolution, was found to be 1.05×10-9 J/m for the dry surface and 0.92×10-279 

9 J/m for the hydrated surface. This implies that step formation is energetically more favorable on 280 

the hydrated surface. Upon hydration, the surface Mg atoms are bonded with more water 281 

molecules than those on (010) facet, suggesting that dissolution of Mg atoms is probable on this 282 
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surface. This difference indicates that the presence of a step and its hydration disrupt the terraces, 283 

which makes step retreat more favorable than the progression of a dissolution front along the 284 

[010] direction. 285 

In future research, we will use the (04̅1) terrace-step as a model to investigate forsterite 286 

dissolution mechanisms.   Specifically, we will carry out Nudged Elastic Band (NEB) and 287 

metadynamics calculations to investigate whether forsterite dissolution occurs via a proton 288 

promoted or bicarbonate promoted in CO2 rich water.  This work will contribute to a better 289 

understanding of CO2 mineralization processes by carbonation of divalent metal silicates.   290 
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