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Structures of Mg-Rich Phases

Periclase MgO adopts the face-centred cubic NaCl structure with the Fm3̄m space group1

in which O2− anions and Mg2+ cations are arranged to form face-sharing MgO6 octahedra.

Magnesite MgCO3 adopts a calcite structure with the the R3̄c space group,2 comprising

alternating layers of Mg2+ and CO 2–
3 ions with each carbonate anion coordinated to three

Mg2+ cations. MgCO3 is structurally related to MgO, with the a rhombohedral distortion

and the carbonate ions occupying the oxygen sites.2

Brucite Mg(OH)2 adopts a trignonal P 3̄m1 structure3 in which layers of edge-sharing

MgO6 octahedra are stacked along the crystallographic c direction and the H atoms of the

hydroxyl HO– anions project into the interlayer spacing and enable a H-bonding network

between layers.

Hydromagnesite Mg5(CO3)4(OH)2 ·4 H2O adopts a monoclinic P21/c structure4,5 com-

prising a 3D framework of two unique MgO6 octahedra with Mg2+ coordinated either to

four carbonate ions, one hydroxyl ion and one water molecule, or to four carbonate and

two hydroxyl ions. The hydroxyl groups in the structure are shared between three MgO6

octahedra and do not participate in H-bonding,6 while the water molecules are not shared

between octahedra and form a 3D H-bonded network.

Nesquehonite MgCO3 ·3 H2O adopts a monoclinic P21/n structure7 composed of 2D

chains of corner-sharing MgO6 octahedra running parallel to the crystallographic b axis.

Each octahedron has four equatorial carbonate anions and two axial H2O molecules, with

each CO 2–
3 ion coordinated to three Mg2+ ions. A third uncoordinated H2O molecule forms

a H-bonding network with the carbonate ions and the coordinated water molecules.

Finally, Lansfordite MgCO3 ·5 H2O is a low-temperature phase in the monoclinic P21/a

space group.8 The structure comprises two unique MgO6 octahedra, the first with six H2O

molecules and the second with two carbonate ions and four H2O molecules, connected by a

complex H-bonding network.
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Structural Properties

The structure and symmetry of all the Mg-rich phases was retained after minimisation with

all the DFT functionals tested. Comparison of the computed structural parameters to ex-

perimental measurements shows that the inclusion of van der Waals (vdW) dispersion cor-

rections improves the predicted lattice parameters compared to standard semi-local DFT

using the PBE functional. This indicates that the inclusion of a dispersion correction is vital

for accurately representing the structures of the phases in the MgO-CO2-H2O system, and

is therefore required to obtain reliable thermodynamic data.

The overestimation of lattice parameters and unit-cell volumes with PBE is well docu-

mented in the literature and is due to the trade off between accurate structures and accurate

energetics inherent to GGA functionals.9 However, it is important to note that experimen-

tal measurements are often performed at room temperature, whereas standard DFT op-

timisations yield “athermal” structures and do not take into account temperature effects.

Increasing the temperature generally induces thermal expansion, although some materials

do exhibit negative thermal expansion.10,11 In the usual case of positive thermal expansion,

a slight underestimation of the measured lattice parameters in the optimised structures is

expected and may indicate good agreement with experiment.

Analysis of the different bonding across the Mg-rich phases leads to some interest-

ing observations. For the Mg-rich phases containing water, viz. Lansfordite (MgCO3 ·

5 H2O), Nesquehonite (MgCO3 ·3 H2O), Artinite (Mg2CO3(OH)2 ·3 H2O) and Hydromagne-

site (Mg5(CO3)4(OH)2 ·4 H2O), the DFT functionals including a vdW correction predict a

decrease in the cell volume compared to experiment. This is attributed to the vdW correc-

tions providing a better description of the H-bonding in these structures. In keeping with

this, all of the functionals predict a similar percentage volume changes with respect to ex-

periment, regardless of whether a vdW correction is applied, for both Magnesite (MgCO3)

and Periclase (MgO), which do not contain H2O.

In contrast, Brucite (Mg(OH)2) shows a much larger variation in volume with the dif-

3



ferent functionals compared to the other structures. Brucite is a layered structure that is

particularly challenging to model, and there is some debate in the literature concerning the

nature of the bonding between layers. Work by Bushing et al.12 and a more recent theoreti-

cal study by D’Arco et al.13 suggest the interaction between the layers is dominated by vdW

forces and that these must therefore be well described in order to obtain the correct interlayer

spacing. Kruger et al.14 suggest the interlayer spacing is controlled by H-bonding, which,

based on our results for structures containing H2O, also implies that functionals incorporat-

ing vdW corrections should improve upon PBE. Indeed, PBE has the largest overestimation

of the interlayer spacing among the functionals tested (≈ 9%), and as a consequence predicts

a large expansion of the cell volume.

Finally, Mg5(CO3)4(OH)2 ·4 H2O is another example of a system where the inclusion

of vdW corrections greatly improves the structural representation compared to PBE. For

this structure optB86b-vdW and optB88-vdW both agree with experimental measurements

to within 1%. However, PBE-D3 (+2%) and PBE (+4%) both overestimate the volume,

predicting a significant expansion along the b axis. Chaka et al.15 have shown that there

are weak vdW interactions along the b axis, which would not be well described in the PBE

calculations.
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Table S1: Optimised unit-cell parameters of the Mg-rich phases from experiments and DFT

calculations: a, b, c (Å), α, β, γ (◦) and volume (Å
3
). For the lattice constants, the volume

and the cell angles not fixed by crystal symmetry, the % differences to experimental values
are given in parentheses.

Expt. optB86b-vdW optB88-vdW PBE-D3 PBE

Lansfordite MgCO3 ·5 H2O Ref.8

a 7.364 7.203 (-2.19%) 7.215 (-2.02%) 7.188 (-2.39%) 7.247 (-1.59%)
b 7.632 7.573 (-0.77%) 7.578 (-0.71%) 7.568 (-0.84%) 7.670 (0.50%)
c 12.488 12.443 (-0.36%) 12.438 (-0.40%) 12.520 (0.26%) 12.650 (1.30%)
α = γ 90 90 90 90 90
β 101.75 102.44 (0.68%) 102.49 (0.73%) 102.20 (0.44%) 102.22 (0.46%)
Volume 687.14 662.77 (-3.55%) 663.94 (-3.38%) 665.7 (-3.12%) 687.89 (0.11%)

Nequehonite MgCO3 ·3 H2O Ref.7

a 5.365 5.383 (0.34%) 5.382 (0.32%) 5.416 (0.95%) 5.461 (1.79%)
b 12.126 11.904 (-1.83%) 11.919 (-1.71%) 11.874 (-2.08%) 11.912 (-1.76%)
c 7.701 7.561 (-1.82%) 7.562 (-1.80%) 7.600 (-1.31%) 7.755 (0.70%)
α = γ 90 90 90 90 90
β 90.41 91.51 (1.22%) 91.51 (1.22%) 91.43 (1.13%) 91.35 (1.04%)
Volume 500.98 484.27 (-3.34%) 484.90 (-3.21%) 488.60 (-2.47%) 504.32 (0.67%)

Hydromagnesite Ref.4

Mg5(CO3)4(OH)2 ·4 H2O
a 10.105 10.041 (-0.63%) 10.043 (-0.61%) 10.103 (-0.02%) 10.161 (0.55%)
b 8.954 9.057 (1.15%) 9.047 (1.04%) 9.109 (1.73%) 9.192 (2.66%)
c 8.378 8.336 (-0.50%) 8.333 (-0.54%) 8.365 (-0.16%) 8.427 (0.58%)
α = γ 90 90 90 90 90
β 114.44 114.12 (-0.28%) 114.05 (-0.34%) 114.21 (-0.20%) 114.34 (-0.09%)
Volume 690.12 691.94 (0.26%) 691.47 (0.20%) 702.07 (1.73%) 717.16 (3.92%)

Brucite Mg(OH)2 Ref.3

a 6.277 6.310 (0.53%) 6.312 (0.56%) 6.320 (0.69%) 6.374 (1.55%)
b 5.437 5.464 (0.50%) 5.466 (0.53%) 5.470 (0.61%) 5.519 (1.51%)
c 9.007 9.254 (2.74%) 9.31 (3.36%) 9.130 (1.37%) 9.535 (5.86%)
α = β = γ 90 90 90 90 90
Volume 306.27 319.10 (4.19%) 321.19 (4.87%) 315.80 (3.11%) 335.40 (9.51%)

Magnesite MgCO3 Ref.2

a = b 4.637 4.661 (0.52%) 4.663 (0.56%) 4.671 (0.73%) 4.693 (1.21%)
c 15.023 14.937 (-0.57%) 14.935 (-0.59%) 15.077 (0.36%) 15.180 (1.05%)
α = β 90 90 90 90 90
γ 120 120 120 120 120
Volume 279.74 281.04 (0.46%) 281.27 (0.55%) 284.94 (1.86%) 289.58 (3.52%)

Periclase MgO Ref.1

a = b = c 4.217 4.225 (0.19%) 4.227 (0.24%) 4.219 (0.05%) 4.257 (0.95%)
α = β = γ 90 90 90 90 90
Volume 74.99 75.42 (0.57%) 75.54 (0.73%) 75.11 (0.16%) 77.16 (2.89%)

5



Elastic Constants

We also calculated the bulk modulus B of each structure (Tables S2 and S3), although exper-

imental values for comparison are only available for MgO, MgCO3 and Mg(OH)2.
16–24 There

is good agreement between the DFT calculations and experimental measurements for MgO

and MgCO3, whereas the bulk modulus of Mg(OH)2 is underestimated due to the overesti-

mated c parameter, which is in turn indicative of a problem with the theoretical description

of the interactions between the layers. For all the other structures we can only compare DFT

data from different functionals. Despite this, all the methods we tested produce reasonably

consistent values for the bulk moduli of each structure, with values within 12 GPa. As the

concentration of H2O per Mg2+ ion increases, the bulk modulus decreases, which indicates an

inverse relationship between the mechanical compressibility of the structure and the water

content. Independent elastic constants for all the phases have also been calculated and are

presented in Tables S2 and S3.
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Table S2: Calculated bulk moduli B and independent elastic constants (GPa) of Periclase
(MgO), Magnesite (MgCo3) and Brucite (Mg(OH)2) obtained from DFT calculations and
compared to literature values where available.

Literature This Work

Expt Theoretical optB86b-vdW optB88-vdW PBE-D3 PBE

Periclase (MgO) Ref.23 Ref.24

B 163.9 158.0 157.9 159.1 157.3 150.9
C11 299.0 291.0 297 295 299 273
C12 96.4 91.0 88 91 86 90
C44 157.1 139.0 146 148 144 141
Magnesite (MgCO3) Ref.19 Refs.20–22

B 104.6 81.8 - 125 118.8 122.9 114.4 110.6
C11 258.7 223 - 361 261 269 251 242
C12 7.56 56.0 - 93.2 75 78 72 723
C13 5.88 35.9 - 77.7 60 63 57 55
C33 155.5 118 - 187 157 162 153 146
C55 - 42.7 59 60 56 52
Brucite (Mg(OH)2) Refs.16,17 Ref.18

B 50.5 - 55.2 52.3 67.8 67.9 65.4 58.2
C11 154.0 - 159.0 130.6 174 175 171 159
C33 46.36 - 49.7 48.5 80 79 88 54
C12 42.1 - 44.4 70.3 50 50 48 47
C13 7.8 - 11.0 10.0 20 20 19 15
C14 0.2 - 1.3 - 0 0 0 0
C44 21.3 - 22.8 20.4 62 63 61 56
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Table S3: Calculated bulk moduli B and independent elastic constants (GPa) of Hydromag-
nesite (Mg5(CO3)4(OH)2 ·4 H2O), Nesquehonite (MgCO3 ·3 H2O) and Lansfordite (MgCO3 ·
5 H2O) obtained from DFT calculations.

optB86b-vdW optB88-vdW PBE-D3 PBE

Hydromagnesite (Mg5(CO3)4(OH)2 ·4 H2O)

B 57.0 57.5 60.6 60.9
C11 109 111 112 110
C12 32 32 36 40
C13 31 31 35 35
C15 1 2 2 0
C22 103 104 105 102
C23 34 35 38 40
C25 2 3 3 1
C33 107 109 110 106
C35 0 2 1 0
C44 32 31 33 34
C46 0 0 0 0
C55 38 37 37 36
C66 39 39 38 37
Nesquehonite (MgCO3 ·3 H2O)
B 49.6 51.2 48.3 43.5
C11 59 60 59 52
C12 19 20 19 17
C13 39 41 37 31
C15 0 0 0 0
C22 96 99 94 92
C23 37 38 36 31
C25 1 1 1 0
C33 101 103 99 89
C35 1 1 1 1
C44 13 13 13 13
C46 0 0 0 0
C55 16 16 16 17
C66 19 19 18 17
Lansfordite (MgCO3 ·5 H2O)
B 45.0 45.8 44.4 40.0
C11 69 69 69 64
C12 39 40 37 31
C13 33 34 32 28
C15 0 0 0 0
C22 58 59 58 54
C23 37 37 36 31
C25 0 0 0 0
C33 62 63 63 61
C35 1 0 1 0
C44 27 27 26 25
C46 0 0 0 0
C55 19 19 20 19
C66 16 16 17 17
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Enthalpies of Formation of the Mg-Rich Phases

The enthalpies of formation (∆H0
f ) were calculated using all four DFT methods and com-

pared to experimental values (Table S4) using Eq. 1, in which elemental species react to

produce hydrated and carbonated Mg-rich phases:

aM(s) + bH2(g) + cO2(g) + dC(s) −→Ma.H2b.O2c.Cd(s) (1)

Our theoretical values are calculated without including temperature effects (i.e. at T =

0 K) whereas experimental values are at 298 K. It is possible to correct the enthalpies of

formation to 0 K, which would result in smaller values, although the changes are typically

on the order of 1 %25 and the correction cannot be applied to all phases due to incomplete

experimental data.

Table S4: Enthalpies of formation ∆H0
f (kJ/mol) of the Mg-rich phases. The calculated

values do not account for temperature effects whereas experimental values are at 298 K.26

Percentage differences between the calculated and experimental values are shown in paren-
theses.

Expt. optB86b-vdW optB88-vdW PBE-D3 PBE

Lansfordite

MgCO3 ·5 H2O N/A -2602.02 -2621.44 -2593.19 -2493.99

Nesquehonite

MgCO3 ·3 H2O -1977.30 -1976.76 (0.03%) -2000.03 (-1.15%) -1944.80 (1.64%) -1882.08 (4.82%)

Hydromagnesite

Mg5(CO3)4(OH)2 ·4 H2O -6514.90 -6376.57 (2.12%) -6504.92 (0.15%) -6151.75 (5.57%) -5987.67 (8.09%)

Brucite

Mg(OH)2 -924.50 -897.43 (2.93%) -922.28 (0.24%) -874.94 (5.36%) -838.44 (9.31%)

Magnesite

MgCO3 -1095.80 -1074.29 (1.96%) -1100.42 (-0.42%) -1010.27 (7.81%) -983.79 (10.22%)

Periclase

MgO -601.70 -572.01 (4.93%) -593.67 (1.33%) -542.37 (9.86%) -522.70 (13.13%)

As shown in Table S4, the inclusion of vdW corrections improves the representation of

the calculated enthalpies of formation of all the Mg-rich phases compared to PBE, and the

optB86b-vdW and optB88-vdW functionals show better performance than PBE-D3.

Comparing the differences between the calculated and experimental ∆H0
f per Mg2+ ion,

for the structures that contain H2O the DFT techniques that include vdW corrections predict
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a decrease (i.e. stabilisation) of approximately 10-20 kJ/mol per H2O molecule compared to

PBE, which improves agreement with experiment. Among the structures that do not contain

H2O, optB86b-vdW and optB88-vdW also show excellent agreement with experiment across

a variety of Mg-O bond types (i.e. Mg-OH, Mg-O-CO2 and Mg-O).
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Phase Stability Plots at T = 0 K

Figure S1: Phase stability plots of � Mg(OH)2, � MgO and � MgCO3 at T = 0 K com-
puted using (a) optB88-vdW, (b) PBE-D3, and (c) PBE. The solid and dashed white lines
correspond to 1 bar pressure at 0 K and 298 K respectively.

All the DFT techniques are in good agreement and predict the same Mg-rich phases to be

stable under a given set of conditions. However, closer inspection of the phase stability plots

reveals small shifts in the location of the phase boundaries. For a fixed ∆µCO2 , all the vdW-

corrected DFT functionals predict the phase boundaries to occur at a smaller (more negative)

∆µH2O compared to PBE. It is clearly evident that the inclusion of vdW corrections again

provides a better representation of weak and medium-strength bonding. For a given ∆µH2O,

PBE-D3 and PBE predict the phase boundaries to occur at a larger (more positive) ∆µCO2
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Figure S2: Phase stability plots of all Mg-rich phases, viz. � MgO, � MgCO3, � Mg(OH)2
and � MgCO3 ·5 H2O, at T = 0 K computed using (a) optB88-vdW, (b) PBE-D3 and (c)
PBE. The solid and dashed white lines correspond to 1 bar pressure at 0 K and 298 K
respectively and the white circle represents atmospheric conditions of 298 K with 400 ppm
CO2 and 32 mbar of H2O.

compared to optB86b-vdW and optB88-vdW, which is due to PBE failing to describe the

weak vdW interactions accurately. PBE-D3 offers a slight improvement over PBE, but there

is still a shift compared to optB86b-vdW and optB88-vdW due to the significant differences

between the exchange-correlation treatments.27
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Predicted Free Energies as a Function of Temperature

Free energies at pCO2
= 1 bar (∆µCO2

= 0 eV) and pH2O = 1 bar

(∆µH2O = 0 eV)

Figure S3: Predicted free energies ∆G0
f as a function of temperature at pCO2 = 1 bar (∆µCO2

= 0 eV) and pH2O = 1 bar (∆µH2O = 0 eV) computed using (a) optB88-vdW, (b) PBE-D3
and (c) PBE. Legend: � MgO, � MgCO3, � Mg(OH)2, � Mg5(CO3)4(OH)2 ·4 H2O, �
Mg2CO3(OH)2 ·3 H2O, � MgCO3 ·3 H2O and � MgCO3 ·5 H2O.
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Free Energies at Low pCO2
= 10−17 bar (∆µCO2

= -1 eV) and pH2O

= 1 bar (∆µH2O = 0 eV)

Figure S4: Predicted free energies ∆G0
f as a function of temperature at pCO2 = 10−17 bar

(∆µCO2 = -1 eV) and pH2O = 1 bar (∆µH2O = 0 eV). Legend: � MgO, � MgCO3, �
Mg(OH)2, � Mg5(CO3)4(OH)2 ·4 H2O, � Mg2CO3(OH)2 ·3 H2O, � MgCO3 ·3 H2O and �
MgCO3 ·5 H2O.
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Free Energies at High pCO2
= 1010 bar (∆µ = 0.6 eV) and pH2O =

1 bar (∆µ = 0 eV)

Figure S5: Predicted free energies ∆G0
f as a function of temperature at pCO2 = 1010 bar

(∆µCO2 = 0.6 eV) and pH2O = 1 bar (∆µH2O = 0 eV). Legend: � MgO, � MgCO3, �
Mg(OH)2, � Mg5(CO3)4(OH)2 ·4 H2O, � Mg2CO3(OH)2 ·3 H2O, � MgCO3 ·3 H2O and �
MgCO3 ·5 H2O.
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Table S5: Predicted phase transition temperatures at ∆µCO2 = -1 eV (pCO2 = 10−17 bar)
and ∆µH2O = 0 eV (pH2O = 1 bar). The symbols > and < indicate that phase transitions
are predicted to occur respectively above and below the simulated temperature range.

Phase Transition optB86b-vdW optB88-vdW PBE-D3 PBE

MgO/Mg(OH)2 > > > 350

MgCO3 ·3 H2O/MgCO3 ·5 H2O 308 310 320 <

MgCO3/MgCO3 ·5 H2O < 274 277 <

Table S6: Predicted phase transition temperatures at ∆µCO2 = 0 eV (pH2O = 1 bar) and
∆µCO2 = 0 eV (pCO2 = 1 bar). The symbols > and < indicate that phase transitions are
predicted to occur respectively above and below the simulated temperature range.

Phase Transition optB86b-vdW optB88-vdW PBE-D3 PBE

MgO/Mg2CO3(OH)2 ·3 H2O > > 368 349

MgO/Mg(OH)2 > > > 350

MgO/MgCO3 ·3 H2O 368 366 336 330

MgO/MgCO3 ·5 H2O 348 347 330 308

Mg2CO3(OH)2 ·3 H2O/Mg(OH)2 > 371 353 348

Mg2CO3(OH)2 ·3 H2O/MgCO3 ·3 H2O 322 311 282 297

Mg2CO3(OH)2 ·3 H2O/MgCO3 ·5 H2O 314 310 304 280

Mg(OH)2/MgCO3 ·3 H2O 355 340 316 322

Mg(OH)2/MgCO3 ·5 H2O 336 328 318 299

MgCO3 ·3 H2O/MgCO3 ·5 H2O 308 310 320 <

MgCO3 ·3 H2O/Mg5(CO3)4(OH)2 ·4 H2O 285 284 275 <

MgCO3/MgCO3 ·5 H2O < 274 277 <

MgCO3 ·5 H2O/Mg5(CO3)4(OH)2 ·4 H2O 296 296 296 <
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Table S7: Predicted phase transition temperatures at ∆µCO2 = 0.6 eV (pCO2 = 1010 bar)
and ∆µH2O = 0 eV (pH2O = 1 bar). The symbol > and < indicate that phase transitions are
predicted to occur respectivey above and below the simulated temperature range.

Phase Transition optB86b-vdW optB88-vdW PBE-D3 PBE

MgO/Mg(OH)2 > > > 350

MgO/MgCO3 ·5 H2O > > > 368

Mg2CO3(OH)2 ·3 H2O/MgCO3 ·5 H2O 365 361 354 330

MgCO3 ·3 H2O/MgCO3 ·5 H2O 308 310 320 <

MgCO3 ·3 H2O/Mg5(CO3)4(OH)2 ·4 H2O 317 316 306 282

MgCO3/MgCO3 ·5 H2O < 274 277 <

Mg(OH)2/MgCO3 ·5 H2O > > > 372

MgCO3 ·5 H2O/Mg5(CO3)4(OH)2 ·4 H2O 313 313 313 276
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Phase Stability Plots of the Mg-Rich Phases as a Func-

tion of ∆µCO2 and ∆µH2O at 298 K

Figure S6: Predicted phase stability plots of � Periclase (MgO), � Magnesite (MgCO3), �
Brucite (Mg(OH)2), � Artinite (Mg2CO3(OH)2 ·3 H2O) and � Lansfordite (MgCO3 ·5 H2O)
as a function ∆µCO2 and ∆µH2O at 298 K obtained using (a) optB88-vdW, (b) PBE-D3 and
(c) PBE. On each plot the dashed white line represents pCO2 = 1 bar.

18



Phase Stability Plots of Mg-rich Phases as a Function

of ∆µCO2 and Temperature at ∆µH2O = 0 eV (pH2O = 1

bar)

Phase Stability Plots Including All Mg-Rich Phases

Figure S7: Predicted phase stability plots of � Periclase (MgO), � Magnesite (MgCO3) and
� Brucite (Mg(OH)2) as a function of ∆µCO2 and temperature at ∆µH2O = 0 eV (pH2O =
1 bar) obtained using (a) optB88-vdW, (b) PBE-D3 and (c) PBE. On each plot the solid
white line represents pCO2 = 1 bar.
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Phase Stability Plots of the Mg-Rich Phases with Magnesite (MgCO3)

Inhibited

Figure S8: Predicted phase stability plots of � Periclase (MgO), � Brucite (Mg(OH)2), �
Hydromagnesite (Mg5(CO3)4(OH)2 ·4 H2O), � Artinite (Mg2CO3(OH)2 ·3 H2O), � Nesque-
honite (MgCO3 ·3 H2O) and � Lansfordite (MgCO3 ·5 H2O) as a function of ∆µCO2 and
temperature at ∆µH2O = 0 eV (pH2O = 1 bar), with Magnesite (MgCO3) inhibited, obtained
using (a) optB88-vdW, (b) PBE-D3 and (c) PBE. On each plot the solid white line represents
pCO2 = 1 bar.
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Quasi-Harmonic Free Energy Calculations

Table S8 shows for each of the structures investigated in this work the total number of

integrated modes and the number of imaginary modes for each of the volume expansions

and compressions used in the quasi-harmonic free energy calculations. For all structures a

relatively small percentage of the modes are imaginary, with a maximum of < 5% in Brucite

(Mg(OH)2). The Artinite structure with a 5% contraction has an imaginary mode at the q

= Γ wavevector, possibly indicative of an issue during the minimisation, and so this volume

was excluded from the QHA calculation.

Table S8: Number of imaginary modes (i-modes) present at each of the volume expansions
and compressions used in the quasi-harmonic free-energy calculations relative to the total
number of modes.

Volume
Change

Total
Modes

Integrated
Modes

i-modes % Total Γ-point
i-modes

Artinite Mg2CO3(OH)2 ·3 H2O

-5% 6,156,000 6,141,630 14,370 0.23 1

-4% 6,156,000 6,144,839 11,161 0.18 0

-3% 6,156,000 6,154,387 1,613 0.03 0

-2% 6,156,000 6,154,909 1,091 0.02 0

-1% 6,156,000 6,153,497 2,503 0.04 0

0 6,156,000 6,153,345 2,655 0.04 0

1% 6,156,000 6,155,867 133 0.00 0

2% 6,156,000 6,154,303 1,697 0.03 0

3% 6,156,000 6,153,783 2,217 0.04 0

4% 6,156,000 6,151,183 4,817 0.08 0

5% 6,156,000 6,150,381 5,619 0.09 0

Brucite Mg(OH)2

-5% 120,000 114,653 5,347 4.46 0

-4% 120,000 115,424 4,576 3.81 0

-3% 120,000 116,777 3,223 2.69 0

-2% 120,000 118,238 1,762 1.47 0

-1% 120,000 119,100 900 0.75 0
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Table S8: Number of imaginary modes (i-modes) present at each of the volume expansions
and compressions used in the quasi-harmonic free-energy calculations relative to the total
number of modes.

Volume
Change

Total
Modes

Integrated
Modes

i-modes % Total Γ-point
i-modes

0 120,000 119,441 559 0.47 0

1% 120,000 119,728 272 0.23 0

2% 120,000 119,906 94 0.08 0

3% 120,000 119,737 263 0.22 0

4% 120,000 119,888 112 0.09 0

5% 120,000 119,692 308 0.26 0

Hydromagnesite Mg5(CO3)4(OH)2 ·4 H2O

-5% 5,994,000 5,993,997 0 0.00 0

-4% 5,994,000 5,993,997 0 0.00 0

-3% 5,994,000 5,993,997 0 0.00 0

-2% 5,994,000 5,993,997 0 0.00 0

-1% 5,994,000 5,993,997 0 0.00 0

0 5,994,000 5,993,467 533 0.01 0

1% 5,994,000 5,993,815 185 0.00 0

2% 5,994,000 5,993,921 79 0.00 0

3% 5,994,000 5,993,969 31 0.00 0

4% 5,994,000 5,993,905 95 0.00 0

5% 5,994,000 5,993,783 217 0.00 0

Lansfordite MgCO3 ·5 H2O

-5% 6,480,000 6,476,085 3,915 0.06 0

-4% 6,480,000 6,476,313 3,687 0.06 0

-3% 6,480,000 6,475,363 4,637 0.07 0

-2% 6,480,000 6,475,563 4,437 0.07 0

-1% 6,480,000 6,476,735 3,265 0.05 0

0 6,480,000 6,478,401 1,599 0.02 0

1% 6,480,000 6,478,743 1,257 0.02 0

2% 6,480,000 6,479,195 805 0.01 0

3% 6,480,000 6,479,101 899 0.01 0

4% 6,480,000 6,479,373 627 0.01 0

5% 6,480,000 6,477,827 2,173 0.03 0
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Table S8: Number of imaginary modes (i-modes) present at each of the volume expansions
and compressions used in the quasi-harmonic free-energy calculations relative to the total
number of modes.

Volume
Change

Total
Modes

Integrated
Modes

i-modes % Total Γ-point
i-modes

Magnesite MgCO3

-5% 9,953,280 9,950,591 2,689 0.03 0

-4% 9,953,280 9,951,073 2,207 0.02 0

-3% 9,953,280 9,951,927 1,353 0.01 0

-2% 9,953,280 9,953,277 0 0.00 0

-1% 9,953,280 9,950,349 2,931 0.03 0

0 9,953,280 9,953,277 0 0.00 0

1% 9,953,280 9,951,383 1,897 0.02 0

2% 9,953,280 9,952,365 915 0.01 0

3% 9,953,280 9,950,231 3,049 0.03 0

4% 9,953,280 9,951,791 1,489 0.01 0

5% 9,953,280 9,953,277 0 0.00 0

Periclase MgO

-5% 1,119,744 1,119,743 0 0.00 0

-4% 1,119,744 1,119,742 0 0.00 0

-3% 1,119,744 1,119,741 0 0.00 0

-2% 1,119,744 1,119,743 0 0.00 0

-1% 1,119,744 1,119,743 0 0.00 0

0 1,119,744 1,119,741 0 0.00 0

1% 1,119,744 1,119,742 0 0.00 0

2% 1,119,744 1,119,742 0 0.00 0

3% 1,119,744 1,119,742 0 0.00 0

4% 1,119,744 1,119,742 0 0.00 0

5% 1,119,744 1,119,742 0 0.00 0

Nesquehonite MgCO3 ·3 H2O

-5% 4,536,000 4,529,105 6,895 0.15 0

-4% 4,536,000 4,532,253 3,747 0.08 0

-3% 4,536,000 4,532,347 3,653 0.08 0

-2% 4,536,000 4,532,995 3,005 0.07 0

-1% 4,536,000 4,533,865 2,135 0.05 0
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Table S8: Number of imaginary modes (i-modes) present at each of the volume expansions
and compressions used in the quasi-harmonic free-energy calculations relative to the total
number of modes.

Volume
Change

Total
Modes

Integrated
Modes

i-modes % Total Γ-point
i-modes

0 4,536,000 4,533,525 2,475 0.05 0

1% 4,536,000 4,534,165 1,835 0.04 0

2% 4,536,000 4,534,581 1,419 0.03 0

3% 4,536,000 4,534,503 1,497 0.03 0

4% 4,536,000 4,534,133 1,867 0.04 0

5% 4,536,000 4,532,389 3,611 0.08 0
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Figure S9: Helmholtz free energy as a function of volume equation of state (EoS) curves for
each phase simulated for temperatures from 0-1000 K in 100 K steps. On each plot the red
line marks the equilibrium volume as a function of temperature, determined as the minimum
on each of the EoS curves.
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